Volume 1
Number 4
October 2020
Pages 159-290

RSC
Chemical Biology

rsc.li/rsc-chembio

‘ ROYAL SOCIETY COMMUNICATION

Kousuke Tsuchiya, Yutaka Kodama, Keiji Numata et al.
“ OF CH EMISTRY Cellular internalization mechanism of novel Raman probes

designed for plant cells




Open Access Article. Published on 20 August 2020. Downloaded on 4/3/2026 7:07:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC
Chemical Biology

W) Check for updates ‘

Cite this: RSC Chem. Biol., 2020,
1, 204

Received 17th July 2020,
Accepted 29th July 2020

Takuya Asai,“ Takanori lino,
Keiji Numata (2 *2°

DOI: 10.1039/d0cb00128g

rsc.li/rsc-chembio

Diphenylacetylene derivatives containing different polymeric com-
ponents, poly(L-lysine) (pLys) or tetra(ethylene glycol) (TEG) were
designed as novel Raman imaging probes with high Raman sensi-
tivity and low cytotoxicity in living plant cells. The pLys-conjugated
probe is internalized via an endocytosis-dependent pathway,
whereas TEG-conjugated probe most likely induces direct penetra-
tion into the plant cells.

Plant cells synthesize many more secondary metabolites than
animal cells, many of which are useful to humans."* Therefore,
much effort has been made to stabilize production and increase
yields for these metabolites by plant biotechnology. Recently,
an intracellular delivery system using a complex with a polymer
carrier has emerged as a tool that enables cellular internaliza-
tion of various bioactive molecules.®* These molecules contri-
bute to the improvement of production efficiency of metabolite
with genetic modification. In order to further improve the
delivery of materials it is important to elucidate the internaliza-
tion mechanisms that remain unknown. Thus, the tools are
needed to visualize the process of target molecule internaliza-
tion in living cells. Site-selective staining using fluorescent
probes has been developed to visualize how biomolecules are
localized in living cells using fluorescence microscopy.” How-
ever, following the target molecules themselves is difficult in
fluorescence microscopy using conventional probe dyes unless
the target molecules are chemically labelled with a fluorescent
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probe via in vivo reactions. On the other hand, Raman micro-
scopy can detect a vibration attributed to a specific chemical
structure within target molecules and can be applied to observe
molecular behaviour in living cells without invasion or stain-
ing. The alkyne group is the best candidate as a Raman probe
for modifying target molecules because it produces a specific
peak in a silent region of the Raman spectrum,® which enables
detection of the probe in molecular crowding situations found
in living cells. Furthermore, since the acetylene moiety is a
bioorthogonal functional group with an inert nature to chemical
reactions in vivo, it has the advantage that it is less susceptible to
non-specific interactions and intracellular reactions. Therefore,
the fluorescent probe needs to be designed in consideration of
non-specific interactions in vivo and unexpected chemical reac-
tions, whereas the Raman probe can be applied to a wide range of
targets. In recent years, the introduction of alkynyl groups into
low-molecular-weight compounds, such as drugs and metabolites,
has been reported for visualization in vivo.”*

Notably, the metabolites of interest must be independently
modified with a Raman-detectable moiety for visualization in
the previous examples. To date, analysis using Raman micro-
scopy has been applied effectively to both animal and plant
cells.”™** Therefore, a novel Raman-based monitoring system
would be highly beneficial for the visualization of various
phenomena associated with molecular translocation in living
plant cells. However, in general, Raman spectromicroscopic
analysis has lower detection sensitivity than fluorescence probe
imaging. To enhance the sensitivity, Raman probes require a
chemical structure with a stronger Raman signal intensity, such
as diphenylacetylene moieties. The drawbacks of these struc-
tures are hydrophobic, water-insoluble, cytotoxic, and poorly
permeable into plant cells."*'* Hence, we have overcome these
problems by adding a hydrophilic and highly biocompatible
polymeric carrier to diphenylacetylene, which shows strong
Raman intensity. Besides, further functionalization enables
such the polymeric component-fused Raman probes to be
utilized for delivery of various target molecules into a cell, as
we have reported that the polymeric carriers can be easily

This journal is © The Royal Society of Chemistry 2020


http://orcid.org/0000-0003-2364-8275
http://orcid.org/0000-0003-2553-9005
http://orcid.org/0000-0002-9004-0799
http://orcid.org/0000-0002-4720-7311
http://orcid.org/0000-0003-2199-7420
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cb00128g&domain=pdf&date_stamp=2020-08-04
http://rsc.li/rsc-chembio
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cb00128g
https://pubs.rsc.org/en/journals/journal/CB
https://pubs.rsc.org/en/journals/journal/CB?issueid=CB001004

Open Access Article. Published on 20 August 2020. Downloaded on 4/3/2026 7:07:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

combined with arbitrary functional molecules via the thiol-ene
reaction when the polymeric carriers are modified with a
maleimide group.?

Herein, we developed novel Raman probes that enable us to
monitor the active translocation of target molecules in plant
cells with high Raman sensitivity and low cytotoxicity to plant
cells. We combined diphenylacetylene with two types of poly-
meric components, poly(i-lysine) (pLys) and poly(ethylene glycol)
(PEG) of different lengths. The pLys and PEG components,
which are both hydrophilic but membrane-interactive or physio-
logically inert, respectively, are often used as part of carriers to
deliver exogenous molecules. The two types of conjugated
materials were found to function as efficient Raman probes in
plant cells with different uptake mechanisms depending on the
polymeric components. Furthermore, to improve the sensitivity,
we used stimulated Raman scattering (SRS) microscopy.">'® The
current system combining the novel Raman probes and SRS
imaging allows us to analyse molecular behaviours in live cells
at a practical level.

Amine-terminated pLys (n = 4-8, the average DP is 6),
tetra(ethylene glycol) (TEG), and PEG (n = 24) were conjugated
with 4-phenylethynylphthalic anhydride to obtain the Raman
probes, PhC = CPh-pLys (1), PhC= CPh-TEG (2), and PhC=CPh-
PEG (3), respectively (Fig. 1a). The peptide pLys was selected as
membrane-permeable component according to the screening
study of cell penetrating peptides (CPPs) for plant cells."” The
CPPs designated for animal cells showed different internaliza-
tion behaviour in plant cells, and Lys-containing peptides
showed a relatively high internalization efficiency in plant cells.

The chemical structures of the probes were confirmed by
"H NMR spectroscopy and matrix-assisted laser time-of-flight
(MALDI-TOF) mass spectrometry (Fig. S1-S6, ESIT). The alkyne-
tagged thymidine analog 5-ethynyl-2’-deoxyuridine (EdU) was
used as an internal standard for the probe solutions,'® and the
obtained spectra were normalized to compare the Raman
intensities. All three probes showed a strong peak in the same
Raman shift region (2215 cm™'). Additionally, we confirmed
that the intensities of the three probes were similar (Fig. 1b), with
higher intensity than the standard ethynyl compound EdU.

Although both EdU and diphenylacetylene have alkynyl
groups, diphenylacetylene shows higher Raman intensity
because of the aromatic rings at both ends, which leads to
the enhancement of Raman scattering. We confirmed that this
enhanced Raman effect was maintained when the polymeric
component was combined. Then, in order to investigate
whether these probes are applicable to plant cells, we examined
the internalization of the probes by Raman microscopy using
tobacco bright yellow 2 (BY-2) cells and Arabidopsis thaliana.
The BY-2 cell line is the most widely used plant cell culture."®
After the BY-2 cells were incubated in a probe-containing
medium, the peak at 2215 cm ™' assignable to the diphenyla-
cetylene moiety was detected within the cytoplasm of cells in
the Raman spectra (Fig. 2a and b).

The internalization of 1 and 2 into BY-2 cells was observed,
whereas no Raman peak for the diphenylacetylene moiety was
detected in the cells treated with 3. We confirmed that the
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Fig. 1 Relative Raman intensity of new probes. (a) Chemical structure of
Raman probes. PhC = CPh-pLys (1), PhC = CPh-TEG (2), PhC=CPh-PEG
(3). (b) Comparison of Raman intensity/shift between three types of
probes. The spectrum was normalized to the Raman intensity of EdU.

signal from Raman probe 1 and 2 was detected at multiple
points in one BY-2 cell, mainly within the cytoplasm region
(Fig. S7 and S8, ESIt). These results indicate that the pLys and
TEG components function as effective carriers to internalize the
hydrophobic diphenylacetylene moiety, which hardly dissolves
in an aqueous buffer. In contrast, the long PEG chain ham-
pered the internalization of the probe, probably because a long
PEG chain shows minimal nonspecific interaction with bio-
molecules, including membrane lipids, due to its large exclu-
sion volume.* Similarly, we carried out an experiment using
Arabidopsis thaliana, which is a model plant. In the experiment
with leaf cells, we used var2-1 mutant plant having variegated
leaves to suppress autofluorescence derived from chlorophyll in
leaves (Fig. S9, ESIT).*"** The var2-1 mutant plant has muta-
tions in the subunits of the thylakoid-localized FtsH complex
that are likely involved in chloroplast biosynthesis and
development.*** The leaves were dipped in the 100 uM probe
solution, then washed and observed with a Raman microscope.
As a result, internalization into cytoplasm was confirmed for 1
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Fig. 2 Internalization of Raman probes into BY-2 cells and Arabidopsis
thaliana leaf cells. (a) Squares indicate irradiated points in the cytoplasm in
BY-2 cells (1 pm x 1 pm in size). Scale bars are 10 um. (b) Averaged Raman
spectra in the cytoplasm of BY-2 cells were obtained after 5 h treatment with
100 pM 1, 2, or 3. Diphenylacetylene shows a Raman peak at 2215 cm™2.
(c) Squares indicate irradiated points in the cytoplasm (cp) and vacuole (vc) in a
var2-1leaf cells (1 pm x 1 umin size). Scale bars are 10 pm. (d) Raman spectra in
a var2-1 leaf cells were obtained after 5 to 8 h treatment with 100 uM 1, 2, or 3.
Three spectra were obtained at different positions in each cite.

and 2. On the other hand, the Raman peak of the diphenyla-
cetylene moiety was not detected in the cell treated with 3
(Fig. 2c and d). Similar results were obtained with root cells
(Fig. S10, ESIT). These results indicate that the pLys and TEG
components can be applied in planta.

For Raman probes 1 and 2, which showed internalization
into plant cells, we carried out a cell viability assay in BY-2 cells
(Fig. S11, ESIY). Notably, the cytotoxicity of 1 was higher than
that of 2 at the concentration used in this experiment (100 pM),
and TEG-modified probe 2 showed negligible cytotoxicity,
which is associated with the different interactions of 1 and 2
with biological membranes. Then, we further investigated the
intracellular uptake mechanism of the probe using BY-2 cells in
which the intracellular structure is easier to observe. The
membrane was stained with an endocytic tracer FM4-64, and
the cells were observed by confocal laser scanning microscopy

206 | RSC Chem. Biol., 2020, 1, 204-208
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Fig. 3 CSLM imaging of BY-2 cells. (a) Cells treated with each Raman
probe were stained with FM4-64 (yellow). (b) Expanded CLSM images for
the cells treated with 1, 2, or 3. Arrowheads show vesicles with a size less
than 500 nm induced by internalization of 1. Scale bars are 10 um.

(CLSM) (Fig. 3a). The biological membrane in BY-2 cells was
entirely stained in all the cells treated with three probes. In
particular, only the cells treated with 1 showed characteristic
vesicle structures with a size less than 500 nm stained with
FM4-64 in the cytoplasmic area in addition to the other
biological membrane (Fig. 3b). We assume that these vesicles
are endosomes formed by endocytosis. This result suggests that
both probes 1 and 2 are taken into the cells, but their inter-
nalization pathways are different.

To investigate whether intracellular internalization of 1 is
dependent on endocytosis, we performed two kinds of endocy-
tosis inhibition assays. First, we performed low-temperature
treatment to stop the major endocytosis pathway in the cells.”®
BY-2 cells were treated with 1 or 2 and incubated at 4 °C for 5 h.
Then, the probe signal in the cytoplasm was detected by Raman
microscopy. As a result, the probe signal was detected in the
cells treated with 2 but not with 1 (Fig. 4a and Fig. S12, ESI).

Subsequently, the same experiment was conducted by treat-
ment with Wortmannin, an endocytosis inhibitor. Wortmannin
is a specific inhibitor of the phosphatidylinositol (PI) 3-kinase
that has been shown to block endocytosis in mammalian
cells.”” 1t also has been shown to be active in plant cells, where
it inhibits protein sorting to the vacuole through action on both
the PI 3- and PI 4-kinases.?® In the cells treated with Wortmannin,
the signal of 2 was detected, whereas the signal of 1
was faintly observed (Fig. 4b and Fig. S13, ESI{). Compared
with untreated cells, both low-temperature and Wortmannin

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Raman spectra of BY-2 cells in the cytoplasm. (a) The cells were
treated with 1 or 2 at 4 °C. (b) The cells were treated with 1 or 2 in the
presence of Wortmannin. The spectra were obtained after 5 h of treatment
with 100 pM 1 or 2. The cytoplasm area in BY-2 cells (1 pm x 1 um in size)
used for obtaining the averaged Raman spectra are presented by squares
in the images. Scale bars are 10 pm.

treatments provided a significant decrease in the Raman inten-
sity at 2215 cm ™" in the BY-2 cells treated with 1 (Fig. S14, ESI{).
From these results, it was clear that endocytosis is a dominant
pathway for the internalization of 1 into BY-2 cells. In contrast,
because 2 was efficiently internalized into the cells even under
endocytosis-inhibited conditions, it is assumed that the inter-
nalization of 2 is most likely via an energy-independent path-
way such as direct penetration.

Hitherto, transmission electron microscopy and atomic
force microscopy analyzes have shown that gold nanoparticles
coated with pLys or PEG are encapsulated in vesicles and taken
up to cells.?**® Nevertheless, the probe containing the PEG
component was not applicable to plant cells. It is considered
that the PEG-probe caused aggregate formation, so that it could
not pass through the cell wall meshwork structure.

Finally, to investigate the intracellular localization of these
probes in detail, we performed SRS imaging analysis because of
its rapid visualization for the distribution of the Raman probes
in cells with high sensitivity.'>'® We observed BY-2 cells treated
with the Raman probes by SRS microscopy. SRS images were
obtained at three Raman shifts: 2190, 2235, and 2215 cm ™.
The peak intensity at 2215 cm™ " was used to visualize the cells
after subtracting the background of the average between 2190
and 2235 cm . The obtained images revealed that the three
types of Raman probes show different intracellular internaliza-
tion (Fig. 5).

In the cells treated with 1, a strong signal was detected at a
specific site in the cells by SRS imaging. Since we assume that
the internalization of 1 proceeds via endocytosis, it is consid-
ered that the accumulation site was captured by SRS imaging.
Meanwhile, the signal of 2 was detected throughout the cyto-
plasm. Unlike 1, 2 showed efficient intracellular uptake by
direct penetration. The energy-independent direct penetration

This journal is © The Royal Society of Chemistry 2020
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2215 cm™!

Background

Fig. 5 SRS imaging of BY-2 cells treated with Raman probes. BY-2 cells
were incubated for 8 h in solution containing Raman probes 1-3 (100 puM).
The images at 2215 cm™ (left) show the diphenylacetylene moiety of the
Raman probe. Background (right) is the images using average intensities of
2190 and 2235 cm™t The arrowhead shows the putative endosome
observed in the cell treated with 1. Scale bars are 10 pm.

pathway probably allows easier accumulation in cells than the
energy-dependent endosomal pathway.*! In addition, probe 3
was not detected in any of the cells, which is consistent with the
results of Raman microscopy and CLSM shown in Fig. 2 and 3.
The result revealed that the structural difference of the poly-
meric components (pLys or TEG) resulted in the different
internalization and localization which play an important role
in delivery of exogenous materials into plant cells.

In summary, we demonstrated that the novel alkyne com-
pounds consisting of a diphenylacetylene moiety with a high
signal intensity and hydrophilic polymeric components, pLys
and TEG. Interestingly, these Raman probes exhibit different
intracellular internalization mechanisms depending on the
added macromolecular components. The pLys component is
considered to interact with biological membranes and dom-
inantly induce endocytosis. In contrast, since TEG shows little
interaction with membranes, the probe with the TEG compo-
nent was proven to be most likely internalized into the cells via
direct penetration with negligible cytotoxicity. Based on the
findings obtained from this study, practical Raman probes
showing high Raman sensitivity, high permeability in plant cells,

RSC Chem. Biol., 2020, 1,204-208 | 207


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cb00128g

Open Access Article. Published on 20 August 2020. Downloaded on 4/3/2026 7:07:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

and low cytotoxicity can be developed by combining diphenyl-
acetylene and specific polymeric components. As an ongoing
study, by attaching a reactive functional group to diphenylace-
tylene, such as a maleimide group, it is possible to bind target
cargos, including plasmid DNA, enzyme proteins, and other
physiologically active molecules to be delivered intracellularly.
The modification with a functional group to the diphenylacetylene
moiety is expected to enable tracking of the target cargos by the
Raman probe with maintaining the function of pLys or TEG as a
membrane-permeable carrier. Visualization of molecules using
such Raman probes in plant cells will allow us to obtain deep
insights for biological research on the internalization process into
plant cells during material delivery.
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