6,6′-Bis(O-4-pyren-1-yl-ethynylbenzoyl)-α,α-trehalose
(aryl-substituted trehalose) activates the NF-κB signaling pathway
and is an effective fluorescent probe for
cell imaging in HeLa CD4+ cells
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Abstract
Cell imaging is expected to contribute not only to basic life science research but also to clinical diagnosis,
treatment, and drug discovery as a method for exploring and interpreting biological phenomena. We have
shown that 6,6′-bis(O-4-pyren-1-yl-ethynylbenzoyl)-α,α-trehalose (aryl-substituted trehalose) is taken up
by HeLa CD4+ cells, a human cervical cancer cell line, and shows bright green luminescence. In this study,
we evaluated the effect of aryl-substituted trehalose on HeLa CD4+ cells and its utilization as a cell
imaging material. An analysis of the change in intracellular fluorescence of aryl-substituted trehalose over
time by fluorescence microscopy revealed uptake by HeLa CD4+ cells and fluorescence signals in the
cytoplasm. The number of cells incorporating aryl-substituted trehalose was higher at 48 h than at 24 h
after the addition. Aryl-substituted trehalose did not affect cell cycle progression in HeLa CD4+ cells. It
was suggested that aryl-substituted trehalose is taken up into cancer cells via glucotransporter in the same
way as glucose uptake. Aryl-substituted trehalose is not taken up by normal cells but is specifically taken
up by cancer cells, so it may be used for detection of cancer cells.
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1 Introduction
Bioimaging technology has become an important
tool

in

the

field

of

biomedicine

for

the

multidimensional visualization of biomolecules,
cells, tissues, and

organisms1,2).

fluorescent molecules to label and visualize
intracellular complex sugars11). Barattucci et al.
reported

that

dimethylamino-substituted

oligo

(phenylene ethynylene) glucosides act as efficient

The visualization of

biocompatible fluorescent probes12,13). Ribagorda et

biological phenomena is a focus of disease research

al. found that dimethylamino-oligo glucoside

and is providing new insights into the etiology of

derivatives have photophysical properties, such as

diseases3,4).

high quantum yield, singlet oxygen production,

In particular, fluorescence bioimaging,

in which fluorescence is imparted to the target

biocompatibility,

substance for visualization, is an indispensable

internalization, and very good responsiveness; they

technique in biomedical

research3,5).

stability,

easy

intracellular

For the further

can be utilized as photosensitizers for photodynamic

development of fluorescence bioimaging technology,

therapy14). In addition, Park et al. monitored the

it is important to clarify correlations between the

fluorescence

molecular structure of imaging materials and optical

glucosamine-modified

properties, toxicity, and bioactivity5).

efficiently distinguish between cancer cells and

Fluorescent molecules used in cell imaging

normal

intensity

cells15).

of

cells

silicone

Therefore,

treated

with

rhodamine
combinations

to
of

include those based on small organic fluorescent

fluorescent molecules and sugars are expected to be

molecules and those based on fluorescent proteins,

promising fluorescent probes for cell imaging.

such as green fluorescent protein6,7). Imaging with

Trehalose

(α-D-glucopyranosyl-α-D-

fluorescent proteins requires gene transfer for

glucopyranoside) is a disaccharide composed of two

expression in living cells8). Small organic fluorescent

glucose molecules linked by an α,α-1,1 bond16).

substances benefit from their ability to be quickly

Trehalose is widely distributed in nature and is used

introduced into all cells simply via extracellular

as an energy source in a broad range of taxa,

fluid9).

including bacteria, fungi, insects, plants, and

The design conditions for organic fluorescent

invertebrates17). In addition, it is widely used in

small molecule-based imaging materials include a

foods and biomaterials and is attracting attention an

lack of cytotoxicity and high water solubility to

excipient for pharmaceuticals. Trehalose has more

ensure in vivo compatibility and hydrophobicity for

favorable hydration properties compared with other

the permeation of cell

membranes10).

Many organic

sugars such as glucose, galactose, and sucrose.

fluorescent molecules are hydrophobic, which can

Given the need for imaging materials with water

result in various issues, including aggregation and

solubility for use in living tissues, as well as its

precipitation in extracellular fluid, emphasizing the

hydrophobicity for penetrating the cell membrane

importance of water solubility.

and its low cytotoxicity, trehalose is a promising

Against this background, multiple cell imaging
techniques in which sugars are complexed with

sugar.
We have previously synthesized 6,6′-bis(O-4-

fluorescent molecules have been reported. Hsu et al.

pyren-1-yl-ethynylbenzoyl)-α,α-trehalose

reported

substituted trehalose) by TMS protection and

that

hyperacetylated

cell

glycans

alkynyl

fucose

incorporating
N-

selective deprotection of the hydroxy group of

acetylmannosamine by azide-alkyne click chemistry

trehalose, esterification of the primary hydroxy

with

group, and the Sonogashira coupling reaction13). The

3-azido-7-hydroxycoumarin

and

(aryl-

function

as

65

aryl-substituted trehalose showed an absorption

observed using a flow cytometer. HeLa CD4+ cells

maximum in the visible region and a high

were seeded on 24-well plates (105 cells/well) for 24

fluorescence quantum yield in diluted THF solutions.

h to allow adherence and were then incubated with

It generated strong fluorescent signals. Strong

aryl-substituted trehalose at concentrations of 0 (1%

fluorescence was maintained even in a THF/H2O

DMSO) and 9.4 µmol/L for 24 and 48 h. After they

mixed solvent. We further confirmed that aryl-

were washed twice with PBS(-), the cells were

substituted trehalose could be introduced into HeLa

trypsinized and collected for the measurement of

CD4+ cells and used as a green fluorescent probe.

uptake efficiency. Fluorescence was monitored using

In this study, we evaluated the effects of aryl-

a flow cytometer (BD Biosciences). Ten thousand

substituted trehalose, as a candidate cell imaging

events were collected per sample, and the data were

material, on HeLa CD4+ cells.

analyzed using CellQuest (BD Biosciences).

2.4 Cell proliferation and viability assays.
2 Experimental
2.1 Culture conditions and reagents. HeLa
CD4+cells and Vero cells were cultured as a
monolayer in Dulbecco’s Modified Eagle Medium
(DMEM; Sigma-Aldrich) supplemented with 10%
heat-inactivated fetal bovine serum (Cytiva), 100
units/mL penicillin G, and 100 μg/mL streptomycin
(Fujifilm Wako Pure Chemical Corporation). The
aryl-substituted trehalose was dissolved in dimethyl
sulfoxide (DMSO) and the final concentration of
DMSO was 1%.

2.2 Observation of uptake of the arylsubstituted trehalose with a fluorescence
microscope. The uptake of the aryl-substituted
trehalose by HeLa CD4+ cells and Vero cells was
observed using a fluorescence microscope. HeLa
CD4+

cells and Vero cells were seeded on 96-well

plates (2×104 cells/well) for 24 h to allow adherence
and were then incubated with aryl-substituted
trehalose at concentrations of 0 (1% DMSO) and 9.4
µmol/L for 24 or 48 h. After incubation, nuclear
staining was performed using Hoechst33342
(ImmunoChemistry Technologies). Cells

were

viewed under a fluorescence microscope (Keyence
Co.).

2.3 Evaluation of the aryl-substituted
trehalose uptake efficiency. Uptake of the arylsubstituted trehalose by HeLa CD4+ cells was

The trypan blue method was used to evaluate the
effects of aryl-substituted trehalose on the viability
and proliferation of HeLa CD4+ cells and Vero cells.
The aryl-substituted trehalose was synthesized and
diluted in DMSO. For proliferation and viability
assays, 105 cells were plated in 24-well plates and
treated with aryl-substituted trehalose for 24 and 48
h. After treatment, cells were trypsinized and
counted using a TC20 Automated Cell Counter (BioRad Laboratories, Inc.).

2.5 Comparison of glut4 expression in
cancer cells and normal cells by adding arylsubstituted trehalose. The expression level of
glut4 present on the cell surface was compared to
investigate the cell uptake pathway of arylsubstituted trehalose in HeLa CD4+cells and Vero
cells. HeLa CD4+ cells were seeded into 24-well
plates (105 cells/well) for 24 h to allow the cells to
grow adherently, followed by incubation with arylsubstituted trehalose at 0 (1% DMSO) and 9.4
µmol/L for 48 h. Cells were stained with PE-binding
anti-glut4 antibody (BioLegend) for 15 min, after
which glut4 expression levels were measured with a
flow cytometer.

2.6 Confirmation of NF-κB and Bcl-X
expression by flow cytometry. Cells were
incubated with 1% DMSO and 9.4 µmol/L arylsubstituted trehalose for 24 h and 48 h. NF-κB and
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Bcl-XL were measured by flow cytometry using PE-

supplemented with 1% DMSO, which solubilizes

conjugated

antibodies

aryl-substituted trehalose, and cells supplemented

(BioLegend) along with standard binding buffer.

with aryl-substituted trehalose. We observed that

Antibody staining was performed following the

aryl-substituted trehalose was taken up by HeLa

manufacturer’s recommended protocol.

CD4+ cells and Vero cells and then labeled the

NF-κB

and

Bcl-X

2.7 Statistical analysis. All data were

cytoplasmic compartment (Fig. 1). We have

processed using Microsoft Office Excel

previously

(Microsoft). Each experiment was repeated

concentration of 37.5 µmol/L is taken up by cells; in

independently at least 3 times, and all

this study, we used the minimum concentration for

results were expressed as mean ± standard

cellular uptake13). Aryl-substituted trehalose was

deviation (SD). In addition, statistical

taken up by HeLa CD4+ cells but not by Vero cells.

differences were analyzed by Student’s t-

This suggests that aryl-substituted trehalose is taken

tests. A p-value of less than 0.05 was

up by cancer cells but not by normal cells.

considered statistically significant.

confirmed

that

trehalose

at

a

3.2 Evaluation of aryl-substituted trehalose
uptake in HeLa CD4+cells by flow cytometry.

3 Result
3.1 Aryl-substituted trehalose uptake by
HeLa

CD4+

fluorescence

cells.
were

Nuclear

compared

staining
between

and

As determined by flow cytometry, the fluorescence
intensities of aryl-substituted trehalose in HeLa
CD4+ cells at 9.4 µmol/L for 24 and 48 h were

cells

Fig. 1 Analysis of aryl-substituted trehalose uptake by HeLa CD4+cells and Vero cells by fluorescence
microscopy. HeLa CD4+cells were incubated with aryl-substituted trehalose or 1% DMSO for 24 h (A) or
48 h (B). Vero cells were incubated with aryl-substituted trehalose or 1% DMSO for 24 h (C) or 48 h (D).
From left to right, Phase, Hoechst, and Fluorescence images are shown. Scale bar represents 50 µm.
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significantly greater than that in the control by 13%
and 22%, respectively (Fig. 2). The fluorescence
intensity of aryl-substituted trehalose incorporated
into HeLa CD4+ cells increased in a time-dependent
manner.

Fig. 2 Flow cytometer analysis of the
fluorescence intensity of aryl-substituted
trehalose incorporated into HeLa CD4+ cells.
Cells were incubated with aryl-substituted
trehalose for 24 h ( □ ) or 48 h ( ■ ) at
concentrations of 9.4 µmol/L and 1% DMSO.
Compared with the control, p < 0.001 (***). All
data are representative of three experiments
(±SD).

3.3 Cytotoxicity of aryl-substituted trehalose.
The trypan blue method was used to evaluate the
effect of aryl-substituted trehalose on the viability
and proliferation of HeLa CD4+ cells and Vero cells.
After treatment with aryl-substituted trehalose, cell
viability was greater than 90% at both 24 and 48 h.
In addition, viability did not differ significantly
between treated cells and 1% DMSO (data not
shown). There was no difference in cell proliferation
between cells that were and were not supplemented
with aryl-substituted trehalose after 24 and 48 h (Fig.
3). It was suggested that aryl-substituted trehalose
does not affect the proliferative potential of cancer
cells and normal cells.

Fig. 3 Proliferation analysis of HeLa CD4+ cells
and Vero cells. HeLa CD4+ cells were treated
with 1% DMSO and aryl-substituted trehalose
for 24 h (A) or 48 h (B). Vero cells were treated
with 1% DMSO and aryl-substituted trehalose
for 24 h (C) or 48 h (D). All data are
representative of three experiments (±SD).
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3.4 Intracellular uptake of aryl-substituted

aryl-substituted trehalose, but not in Vero cells (Fig.

trehalose. Cellular glucose uptake is mediated by

4). This result suggests that aryl-substituted

membrane-bound

trehalose is taken up into cells via glut4.

glucose

transporters.

The

expression level of glut4 present on the cell surface
was compared to investigate the cell uptake pathway
of aryl-substituted trehalose of HeLa

CD4+

3.5 Expression of factors related to the NFκB

signal

transduction

pathway.

NF-κB

cells,

expression levels were 14% higher than those in the

which are cancer cells, and Vero cells, which are

control for concentrations of 9.4 µmol/L after 24 h

normal cells. The expression level of glut4 was

and 10% higher after 48 h (Fig. 5A, B). Furthermore,

increased in HeLa

CD4+

cells supplemented with

Bcl-XL expression levels were 15% higher than

Fig. 4 Comparison of glut4 expression by addition of aryl-substituted trehalose in cancer cells and normal
cells. The aryl-substituted trehalose was added to HeLa CD4+ cells (A,B) and Vero cells (C,D). Populations
of glut4-positive cells were analyzed using a flow cytometer. Compared to 1% DMSO, p < 0.05 (*) or p
< 0.001 (***). All data are means ± SD of three samples from three independent experiments.
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Fig. 5 NF-κB and Bcl-XL expression in response to aryl-substituted trehalose. HeLa CD4+ cells were
stained with NF-κB-PE (A,B) or Bcl-XL-PE (C,D) for flow cytometry. (A,C) Representative profile. The
solid line and dashed line represent the aryl-substituted trehalose and 1% DMSO, respectively. (B,D) Each
bar represents the mean ± SD of three independent experiments (p < 0.01 (**) or p < 0.001 (***) compared
to 1% DMSO).
those in the control for concentrations of 9.4 µmol/L

materials is a lack of cytotoxicity. Another

after 24 h and 4% higher after 48 h (Fig. 5C, D). The

requirement for the design of an imaging material is

addition of aryl-substituted trehalose increased the

good water solubility for adapting to the biological

expression of NF-κB signaling pathway-related

environment and hydrophobicity for penetrating the

factors (i.e., NF-κB and Bcl-XL), thereby promoting

cell membrane. Therefore, we focused on trehalose,

CD4+ cells.

which is a water-soluble sugar. Trehalose has

the survival of HeLa

beneficial characteristics for applications as a raw

4 Discussion

material for processed foods and as an excipient for

Cell imaging is expected to contribute to clinical

pharmaceuticals19). We successfully synthesized

diagnosis, treatment, drug discovery, and life science

aryl-substituted trehalose, in which trehalose with

research as a methodology for exploring and

high hydration ability was combined with a

interpreting biological phenomena from a new

hydrophobic organic fluorescent molecule, for cell

perspective18). One of the design requirements for

imaging. Aryl-substituted trehalose showed efficient

organic fluorescent small molecule-based imaging

time-dependent cellular uptake (Fig. 1).
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We verified that aryl-substituted trehalose was

trehalose is easily taken up by cells via glut4 and

taken up by HeLa CD4+ cells and verified its

does not affect cell viability and proliferation, so we

effectiveness as a cell imaging probe. In addition, a

expect it to be useful as a new cell imaging

quantitative flow cytometry analysis revealed that

technology.

the

fluorescence

intensity

of aryl-substituted

In addition, aryl-substituted trehalose did not

cells depends on the

influence cell proliferation in HeLa CD4+ cells and

treatment duration. HeLa CD4+ cells supplemented

Vero cells. In this assay, we used HeLa CD4+ cells as

with aryl-substituted trehalose did not show

a representative cancer cell line and Vero cells as a

morphological changes typical of apoptosis, as

representative normal cell line. Aryl-substituted

evaluated by light microscopy, even 48 h after

trehalose was not taken up by Vero cells but was

treatment. During the early stages of apoptosis, cell

specifically taken up by HeLa CD4+ cells,

contraction and enrichment can be observed using a

suggesting that it may be used for cancer cell

light microscope. Cells show a reduced cell size,

detection and drug discovery. We believe that aryl-

dense cytoplasm, densely packed organelles, and

substituted trehalose will serve as a valuable tool in

pyknosis as a result of chromatin condensation, a

the treatment of cancer.

trehalose in HeLa

CD4+

morphological feature of

apoptosis20).

NF-κB is a nuclear transcription factor involved
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significantly increases the expression levels of NFκB and Bcl-XL, which act as anti-apoptotic proteins
in HeLa CD4+ cells (Fig. 5). These results suggest
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