
Citation: Xiong, J.; Yeung, K.-W.;

Wong, C.T.T.; Fong, W.-P.; Ng, D.K.P.

Comparison of the In Vitro

Photodynamic Activity of the C1α

and C1β Anomers of a Glucosylated

Boron Dipyrromethene. Colorants

2022, 1, 193–207. https://doi.org/

10.3390/colorants1020012

Academic Editor: Anthony Harriman

Received: 15 March 2022

Accepted: 27 April 2022

Published: 2 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Comparison of the In Vitro Photodynamic Activity of the C1α
and C1β Anomers of a Glucosylated Boron Dipyrromethene
Junlong Xiong 1 , Ka-Wing Yeung 2, Clarence T. T. Wong 1,3, Wing-Ping Fong 2,* and Dennis K. P. Ng 1,*

1 Department of Chemistry, The Chinese University of Hong Kong, Shatin, N.T., Hong Kong, China;
junlong0727@163.com (J.X.); clarence-tt.wong@polyu.edu.hk (C.T.T.W.)

2 School of Life Sciences, The Chinese University of Hong Kong, Shatin, N.T., Hong Kong, China;
yeungkawing223@yahoo.com.hk

3 Department of Applied Biology and Chemical Technology, The Hong Kong Polytechnic University, Kowloon,
Hong Kong, China

* Correspondence: wpfong@cuhk.edu.hk (W.-P.F.); dkpn@cuhk.edu.hk (D.K.P.N.)

Abstract: Photodynamic therapy (PDT) is an established treatment modality for a range of super-
ficial and localized cancers. There has been tremendous interest in the development of advanced
photosensitizers that exhibit superior photophysical properties, high tumor selectivity, and improved
pharmacokinetics. Glucose is one of the well-studied targeting moieties that can deliver various
therapeutic agents to cancer cells selectively via the Warburg effect. However, the use of glucosylated
photosensitizers for targeted PDT has remained little studied and to the best of our knowledge, the
PDT effect of the positional isomers of these conjugates has never been compared. We report herein
the preparation and photophysical properties of the C1α and C1β anomers of a glucosylated boron
dipyrromethene-based photosensitizer. The cellular uptake and photocytotoxicity of both anomers
were also studied and compared using A549 human lung carcinoma cells and HEK293 human em-
bryonic kidney cells. Interestingly, the cellular uptake of the C1α anomer was approximately 2-fold
higher than that of the C1β anomer regardless of the cell type and incubation time. The uptake
pathway of both anomers was also studied. It was found that they were internalized through energy-
dependent receptor/protein-mediated endocytosis rather than the well-known glucose transporters
and sodium-driven glucose symporters.
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1. Introduction

D-Glucose is the primary energy source of living organisms. Its cellular uptake is
mediated by the membrane-bound glucose transporters, including the major glucose facili-
tators GLUTs, the sodium-driven glucose symporters SGLTs, and the recently identified
SWEETs [1]. Among the 14 human GLUTs reported so far, only GLUT1-GLUT4 have been
extensively studied and only GLUT1 and GLUT3 have been structurally characterized. It
has been reported that these glucose transporters, particularly GLUT1, are overexpressed
in various cancer cells in response to the higher rate of glycolysis, and the expression levels
in biopsy samples correlate well with the prognosis [2,3]. On the basis of this Warburg
effect [4], a large number of glucoconjugated theranostic agents have been studied with a
view to achieving specific delivery to cancer cells for cancer imaging and therapy [5,6]. A
well-known example is the radiolabeled glucose derivative 18F-FDG, which is widely used
for positron emission tomography imaging [7].

Glycoconjugation of various anticancer drugs, such as paclitaxel, glufosfamide, chlo-
rambucil, and triptotide, has been reported [8–10]. The introduction of sugar moieties
generally enhances their water solubility and stability, and when a GLUT substrate is
used, it can also enable specific targeting to cancer cells. Apart from the organic anticancer
drugs, the well-known platinum-based counterparts have also been glycosylated [11,12].
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In particular, Lippard et al. synthesized all the possible positional isomers (C1α, C1β, C2,
C3, C4, and C6) of a glucose-platinum conjugate and evaluated their in vitro and in vivo
biological activities [12]. It was found that the site of substitution affected not only the
cellular uptake and cytotoxicity, but also the specificity toward GLUT1. Through a series
of control experiments, they also revealed that the C2-substituted conjugate exhibited the
highest GLUT1-specific internalization. In tumor-bearing nude mice, the tumor uptake
of this conjugate was also significantly higher than that of the non-glucosylated analogue.
This represents the first study of the biological activities of a complete set of positional
isomers of a given glycoconjugate.

Over the last few decades, photodynamic therapy (PDT) has emerged as a promising
treatment modality for a range of cancers [13]. To enhance the therapeutic efficacy, various
approaches have been explored to improve the tumor specificity of the photosensitizers,
such as conjugation with tumor-targeting ligands [14], encapsulation in multifunctional
nanocarriers [15], and incorporation of control units for selective activation [16]. As a major
class of biomolecules, sugars have been widely used as potential tumor-targeting ligands.
Glycoconjugation of various classes of photosensitizers, including porphyrins, phthalo-
cyanines, chlorins, bacteriochlorins, corroles, porphyrazines, and boron dipyrromethenes
(BODIPYs) have been prepared and evaluated for their photodynamic activities [17,18].
Generally, glycoconjugation can enhance the solubility of these macrocyclic compounds in
aqueous media and promote cellular uptake, resulting in higher photocytotoxicity. How-
ever, the uptake pathways have not been unambiguously elucidated in most cases. The
effect of the substitution position on the cellular uptake and photodynamic activity has
also been little studied. As a result, we initiated this study and report herein the synthe-
sis, photophysical properties, cellular uptake, and photocytotoxicity of two anomers of a
glucose-conjugated BODIPY. Although a large number of BODIPY-based photosensitizers
have been reported [19,20], the glycoconjugated analogues remain relatively rare [21–28].

2. Experimental
2.1. Materials and Methods

N,N-Dimethylformamide (DMF), tetrahydrofuran (THF), CH2Cl2, and toluene were
purified using an Inert Solvent Purification System prior to use. All other solvents were of
analytical grade and used as received without further purification. All the reactions were
performed under an atmosphere of nitrogen and monitored by thin layer chromatography
(TLC; Merck pre-coated silica gel 60 F254 plates). Chromatographic purification was
performed on a silica gel (Macherey-Nagel, 230–400 mesh) column with the indicated eluent.
Size-exclusion chromatography was performed on Bio-Beads S-X1 beads (200–400 mesh)
with THF as the eluent. 1H and 13C{1H} NMR spectra were recorded on a Bruker Avance III
400 spectrometer (1H, 400 MHz; 13C, 100.6 MHz) or a Bruker Avance III 500 spectrometer
(1H, 500 MHz; 13C, 125.7 MHz) in deuterated solvents. Spectra were referenced internally
by using the residual solvent {1H, δ = 7.26 (for CDCl3), δ = 3.31 (for CD3OD), δ = 2.50
[for dimethylsulfoxide (DMSO)-d6]} or solvent [13C, δ = 77.2 (for CDCl3), δ = 49.0 (for
CD3OD), δ = 39.5 (for DMSO-d6)] resonances relative to SiMe4. High-resolution electrospray
ionization (ESI) mass spectra were recorded on a Thermo Finnigan MAT 95 XL mass
spectrometer or a Bruker SolariX 9.4 Tesla FTICR mass spectrometer. UV-Vis and steady-
state fluorescence spectra were taken on a Shimazu UV-1800 UV-Vis spectrophotometer
and a Horiba FluoroMax-4 spectrofluorometer, respectively. BODIPY 7 was prepared as
described [29].

2.2. Chemical Synthesis
2.2.1. Preparation of 3

Sodium (1.21 g, 52.6 mmol) was added to a solution of 2-methoxyethanol (1) (20.0 g,
0.26 mol) in THF (100 mL) at 0 ◦C. The mixture was refluxed for 6 h, and then epichlorohy-
drin (2) (4.87 g, 52.6 mmol) was added dropwise. The resulting mixture was stirred at 50 ◦C
overnight. After cooling, the mixture was extracted with ethyl acetate (300 mL × 3). The
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combined organic phase was dried over anhydrous Na2SO4, filtered, and evaporated under
reduced pressure. The crude product was purified by silica gel column chromatography
using hexane/ethyl acetate (1:2, v/v) as the eluent to afford 3 as a colorless oil (3.94 g, 36%).
1H NMR (400 MHz, CDCl3): δ 3.97–4.02 (m, 1 H, CH), 3.63–3.66 (m, 4 H, OCH2), 3.48–3.59
(m, 8 H, OCH2), 3.37 (s, 6 H, CH3). 13C{1H} (100.6 MHz, CDCl3): δ 72.7, 72.0, 70.9, 69.6, 59.1.
HRMS (ESI): m/z calculated for C9H20NaO5 [M + Na]+ 231.1202, found 231.1203.

2.2.2. Preparation of 4

A mixture of 3 (2.52 g, 12.1 mmol), triethylamine (5 mL, 35.8 mmol), and p-toluenesulfonyl
chloride (2.77 g, 14.5 mmol) in CH2Cl2 (60 mL) was stirred at room temperature for 4 h. The
mixture was then washed with brine (20 mL). The organic phase was dried over anhydrous
Na2SO4, filtered, and evaporated under reduced pressure. The crude product was purified by
silica gel column chromatography using hexane/ethyl acetate (3:2, v/v) as the eluent to give 4
as a colorless oil (4.03 g, 92%). 1H NMR (400 MHz, CDCl3): δ 7.80 (d, J = 8.4 Hz, 2 H, ArH),
7.30 (d, J = 8.4 Hz, 2 H, ArH), 4.66–4.71 (m, 1 H, CH), 3.61–3.68 (m, 4 H, OCH2), 3.48–3.57
(m, 4 H, OCH2), 3.37–3.45 (m, 4 H, OCH2), 3.30 (s, 6 H, OCH3), 2.43 (s, 3 H, ArCH3). 13C{1H}
NMR (100.6 MHz, CDCl3): δ 144.6, 134.1, 129.7, 128.2, 79.7, 71.8, 70.9, 69.8, 59.1, 21.7. HRMS
(ESI): m/z calculated for C16H26NaO7S [M + Na]+ 385.1291, found 385.1290.

2.2.3. Preparation of 6

A mixture of 4 (3.15 g, 8.7 mmol), 4-hydroxybenzaldehyde (5) (1.27 g, 10.4 mmol), and
K2CO3 (3.60 g, 26.0 mmol) in DMF (80 mL) was stirred at 90 ◦C for 16 h. After cooling, the
mixture was extracted with ethyl acetate (200 mL × 2). The combined organic phase was
dried over anhydrous Na2SO4, filtered, and evaporated under reduced pressure. The crude
product was purified by silica gel column chromatography using hexane/ethyl acetate (1:2,
v/v) as the eluent to afford 6 as a colorless oil (2.04 g, 75%). 1H NMR (400 MHz, CDCl3): δ
9.85 (s, 1 H, CHO), 7.78 (d, J = 8.8 Hz, 2 H, ArH), 7.07 (d, J = 8.8 Hz, 2 H, ArH), 4.68–4.73
(m, 1 H, CH), 3.69–3.78 (m, 4 H, OCH2), 3.58–3.67 (m, 4 H, OCH2), 3.49 (t, J = 4.8 Hz, 4 H,
OCH2), 3.33 (s, 6 H, OCH3). 13C{1H} NMR (100.6 MHz, CDCl3): δ 190.9, 163.5, 132.0, 130.2,
116.2, 76.8, 71.9, 71.1, 70.5, 59.1. HRMS (ESI): m/z calculated for C16H24NaO6 [M + Na]+

336.1235, found 336.1233.

2.2.4. Preparation of 9

A mixture of BODIPY 7 (0.48 g, 1.41 mmol), propargyl bromide (8) (0.51 g, 4.29 mmol),
and K2CO3 (0.58 g, 4.20 mmol) in acetone (20 mL) was stirred at room temperature
overnight. The solvent was removed in vacuo, and then the residue was dissolved in
CH2Cl2 (60 mL). The solution was washed with brine (20 mL), and the organic extract
was dried over anhydrous Na2SO4 followed by evaporation under reduced pressure. The
residue was purified by silica gel column chromatography using hexane/ethyl acetate
(5:1, v/v) as the eluent to give 9 as an orange-red solid (0.48 g, 90%). 1H NMR (400 MHz,
CDCl3): δ 7.20 (d, J = 8.8 Hz, 2H, ArH), 7.09 (d, J = 8.8 Hz, 2 H, ArH), 5.98 (s, 2 H, CH), 4.76
(d, J = 2.4 Hz, 2 H, OCH2), 2.55 (s, 7 H, ≡CH and CH3), 1.42 (s, 6 H, CH3). 13C{1H} NMR
(100.6 MHz, CDCl3): δ 158.2, 155.5, 143.3, 141.6, 131.9, 129.4, 128.1, 121.3, 115.8, 78.2, 76.0,
56.2, 14.7, 14.6. HRMS (ESI): m/z calculated for C22H21BF2N2NaO [M + Na]+ 401.1611,
found 401.1611.

2.2.5. Preparation of 10

A solution of iodic acid (0.56 g, 3.18 mmol) in water (2 mL) was added dropwise
into a mixture of 9 (0.48 g, 1.27 mmol) and iodine (0.81 g, 3.18 mmol) in ethanol (40 mL).
The mixture was heated at 50 ◦C for 3 h. The solvent was then removed in vacuo and
the residue was dissolved in CH2Cl2 (100 mL). The solution was washed with saturated
aqueous Na2SO3 (20 mL) and brine (20 mL), and the organic extract was dried over
anhydrous Na2SO4 followed by evaporation in vacuo. The residue was purified by silica
gel column chromatography with hexane/ethyl acetate (3:1, v/v) as the eluent to give 10
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as a bright-red solid (0.69 g, 86%). 1H NMR (400 MHz, CDCl3) δ 7.16 (d, J = 8.8 Hz, 2 H,
ArH), 7.11 (d, J = 8.8 Hz, 2 H, ArH), 4.78 (d, J = 2.0 Hz, 2 H, OCH2), 2.64 (s, 6 H, CH3), 2.57
(t, J = 2.0 Hz, 1 H, ≡CH), 1.43 (s, 6 H, CH3). 13C{1H} NMR (100.6 MHz, CDCl3): δ 158.6,
156.8, 145.5, 141.3, 131.8, 129.3, 127.8, 116.1, 85.8, 78.0, 76.2, 56.2, 17.3, 16.2. HRMS (ESI):
m/z calculated for C22H19BF2I2N2NaO [M + Na]+ 652.9544, found 652.9545.

2.2.6. Preparation of 11

A mixture of 10 (0.54 g, 0.86 mmol) and 6 (2.13 g, 6.82 mmol) was dissolved in toluene
(100 mL), to which glacial acetic acid (1.0 mL, 17.5 mol), piperidine (1.0 mL, 10.1 mmol),
and a small amount of Mg(ClO4)2 were added. After the consumption of 10 as indicated
by TLC, the mixture was evaporated under reduced pressure. The residue was purified
by silica gel column chromatography using CHCl3/MeOH (30:1, v/v) as the eluent. The
green fraction was collected and evaporated in vacuo. The crude product was further
purified by size-exclusion chromatography using THF as the eluent followed by silica gel
column chromatography again using CHCl3/MeOH (30:1, v/v) as the eluent to afford 11
as a dark green solid (0.33 g, 32%). 1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 16.8 Hz, 2 H,
=CH), 7.55–7.60 (m, 6 H, ArH and =CH), 7.20 (d, J = 8.8 Hz, 2 H, ArH), 7.13 (d, J = 8.8 Hz,
2 H, ArH), 7.03 (d, J = 8.8 Hz, 4 H, ArH), 4.80 (d, J = 2.4 Hz, 2 H, OCH2), 4.66 (quintet,
J = 4.8 Hz, 2 H, OCH), 3.73–3.82 (m, 8 H, OCH2), 3.64–3.71 (m, 8 H, OCH2), 3.53–3.55 (m,
8 H, OCH2), 3.38 (s, 12 H, OCH3), 2.58 (t, J = 2.4 Hz, 1 H, ≡CH), 1.50 (s, 6 H, CH3). 13C{1H}
NMR (100.6 MHz, CDCl3): δ 159.4, 158.6, 150.6, 145.8, 139.2, 133.3, 130.1, 129.8, 129.4, 128.4,
117.0, 116.6, 116.1, 82.9, 78.0, 77.4, 77.0, 76.2, 72.1, 71.2, 70.5, 59.2, 56.2, 17.8. HRMS (ESI):
m/z calculated for C54H63BF2I2N2NaO11 [M + Na]+ 1241.2483, found 1241.2501.

2.2.7. Preparation of 14β

A mixture of 1,2,3,4,6-penta-O-acetyl-β-D-glucopyranose (12) (3.94 g, 10.0 mmol), 3-
azido-1-propanol (13) (2.02 g, 20.0 mmol), and BF3·Et2O (3.78 mL, 30.0 mmol) in CH2Cl2
(50 mL) was stirred at room temperature for 20 h. The mixture was extracted with ethyl
acetate (150 mL). The organic phase was washed with saturated aqueous NaHCO3 (20 mL)
and brine (20 mL), and then dried over anhydrous Na2SO4 followed by evaporation under
reduced pressure. The crude product was purified by silica gel column chromatography
using hexane/ethyl acetate (4:1, v/v) as the eluent to afford 14β as a white solid (2.37 g,
55%). 1H NMR (400 MHz, CDCl3) δ 5.19 (t, J = 9.6 Hz, 1 H, H-3), 5.07 (t, J = 9.6 Hz, 1 H,
H-4), 4.97 (dd, J = 8.0, 9.6 Hz, 1 H, H-2), 4.49 (d, J = 8.0 Hz, 1 H, H-1), 4.25 (dd, J = 4.8,
12.4 Hz, 1 H, H-6a), 4.13 (dd, J = 2.0, 12.4 Hz, 1 H, H-6b), 3.91–3.96 (m, 1 H, H-5), 3.67–3.71
(m, 1 H, CH), 3.56–3.62 (m, 1 H, CH), 3.33–3.37 (m, 2 H, CH2), 2.07 (s, 3 H, OAc), 2.04 (s,
3 H, OAc), 2.01 (s, 3 H, OAc), 1.99 (s, 3 H, OAc), 1.79–1.87 (m, 2 H, CH2). 13C{1H} NMR
(100.6 MHz, CDCl3): δ 170.8, 170.4, 169.6, 169.5, 100.9, 72.9, 71.9, 71.4, 68.5, 66.6, 62.0, 48.0,
29.1, 20.9, 20.8, 20.7. HRMS (ESI): m/z calculated for C17H25N3NaO10 [M + Na]+ 454.1432,
found 454.1433.

2.2.8. Preparation of 14α

A mixture of 14β (1.63 g, 3.78 mmol) and anhydrous FeCl3 (3.04 g, 18.74 mmol) in
CH2Cl2 (60 mL) was stirred at room temperature for 48 h. The reaction was quenched by
slow addition of water (20 mL). The resulting mixture was then extracted with CH2Cl2
(80 mL × 2). The combined organic layer was washed with brine (40 mL), and the organic
extract was dried over anhydrous Na2SO4 and evaporated under reduced pressure. The
crude product was purified by silica gel column chromatography using hexane/ethyl
acetate (4:1, v/v) as the eluent to afford 14α as a white solid (0.65 g, 40%). 1H NMR
(400 MHz, CDCl3) δ 5.37 (t, J = 9.6 Hz, 1 H, H-3), 4.98 (d, J = 4.0 Hz, 1 H, H-1), 4.94–4.97
(m, 1 H, H-4), 4.79 (dd, J = 4.0, 9.6 Hz, 1 H, H-2), 4.17 (dd, J = 4.8, 12.4 Hz, 1 H, H-6a), 4.01
(dd, J = 2.4, 12.4 Hz, 1 H, H-6b), 3.89–3.93 (m, 1 H, H-5), 3.71–3.76 (m, 1 H, OCH), 3.32–3.45
(m, 3 H, OCH and N3CH2), 2.00 (s, 3 H, OAc), 1.98 (s, 3 H, OAc), 1.94 (s, 3 H, OAc), 1.92
(s, 3 H, OAc), 1.79–1.84 (m, 2 H, CH2). 13C{1H} NMR (100.6 MHz, CDCl3): δ 170.5, 170.0,
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169.9, 169.5, 95.8, 70.6, 70.0, 68.5, 67.3, 64.9, 61.9, 47.9, 28.6, 20.6. HRMS (ESI): m/z calculated
for C17H25N3NaO10 [M + Na]+ 454.1432, found 454.1432.

2.2.9. Preparation of 15β

A mixture of 11 (80.0 mg, 65.6 µmol), 14β (56.6 mg, 131.2 µmol), CuI (6.3 mg,
33.1 µmol), and pentamethyldiethylenetriamine (PMDETA) (10 µL) in THF (10 mL) was
stirred at room temperature for 6 h. The solvent was removed in vacuo, and the residue
was purified by silica gel column chromatography using CHCl3/MeOH (20:1, v/v) as the
eluent to afford the product as a dark green solid (95.3 mg, 88%). 1H NMR (400 MHz,
CDCl3) δ 8.12 (d, J = 16.4 Hz, 2 H, =CH), 7.74 (s, 1 H, triazole-H), 7.55–7.60 (m, 6 H, ArH
and =CH), 7.20 (d, J = 8.8 Hz, 2 H, ArH), 7.15 (d, J = 8.8 Hz, 2 H, ArH), 7.03 (d, J = 8.8 Hz,
4 H, ArH), 5.13–5.27 (m, 3 H, OCH2 and H-3), 5.10 (t, J = 9.6 Hz, 1 H, H-4), 5.04 (dd, J = 8.0,
9.6 Hz, 1 H, H-2), 4.66 (quintet, J = 4.8 Hz, 2 H, OCH), 4.52–4.56 (m, 2 H, H-1 and OCH),
4.42–4.49 (m, 1 H, OCH), 4.27 (dd, J = 4.8, 12.4 Hz, 1 H, H-6a), 4.09–4.18 (m, 1 H, H-6b),
3.86–3.91 (m, 1 H, H-5), 3.73–3.81 (m, 8 H, OCH2), 3.63–3.70 (m, 9 H, OCH2 and NCH),
3.53–3.55 (m, 9 H, OCH2 and NCH), 3.38 (s, 12 H, OCH3), 2.17–2.27 (m, 2 H, CH2), 2.10
(s, 3 H, OAc), 2.08 (s, 3 H, OAc), 2.03 (s, 3 H, OAc), 2.02 (s, 3 H, OAc), 1.49 (s, 6 H, CH3).
13C{1H} NMR (100.6 MHz, CDCl3): δ 170.7, 170.4, 169.7, 169.6, 159.5, 159.4, 150.6, 145.8,
139.2, 138.5, 133.4, 130.1, 129.9, 129.4, 128.1, 123.7, 117.0, 116.6, 115.8, 100.9, 82.9, 72.8, 72.1,
72.0, 71.4, 71.2, 70.5, 68.5, 65.9, 62.2, 62.0, 59.2, 47.0, 30.3, 21.0, 20.9, 20.8, 17.9. HRMS (ESI):
m/z calculated for C71H88BF2I2N5NaO21 [M + Na]+ 1672.4026, found 1672.4043.

2.2.10. Preparation of 15α

A mixture of 11 (72.0 mg, 59.1 µmol), 14α (51.0 mg, 118.2 µmol), CuI (5.6 mg,
29.4 µmol), and PMDETA (8 µL) in THF (4 mL) was stirred at room temperature for
6 h. The solvent was removed in vacuo, and the residue was purified by silica gel column
chromatography using CHCl3/MeOH (20:1, v/v) as the eluent to give the product as a dark
green solid (79.9 mg, 82%). 1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 16.4 Hz, 2 H, =CH),
7.74 (s, 1 H, triazole-H), 7.55–7.60 (m, 6 H, ArH and =CH), 7.20 (d, J = 8.8 Hz, 2 H, ArH),
7.14 (d, J = 8.8 Hz, 2 H, ArH), 7.03 (d, J = 8.8 Hz, 4 H, ArH), 5.50 (t, J = 9.6 Hz, 1 H, H-3),
5.28 (s, 2 H, OCH2), 5.05–5.10 (m, 2 H, H-1 and H-4), 4.92 (dd, J = 4.0, 9.6 Hz, 1 H, H-2),
4.66 (quintet, J = 4.8 Hz, 2 H, OCH), 4.51–4.61 (m, 2 H, OCH2), 4.28 (dd, J = 4.4, 12.4 Hz,
1 H, H-6a), 4.11 (dd, J = 2.4, 12.4 Hz, 1 H, H-6b), 4.01–4.10 (m, 1 H, H-5), 3.73–3.81 (m,
9 H, OCH2 and NCH), 3.63–3.70 (m, 8 H, OCH2), 3.54 (t, J = 4.8 Hz, 8 H, OCH2), 3.40–3.43
(m, 1 H, NCH), 3.37 (s, 12 H, OCH3), 2.25–2.30 (m, 2 H, CH2), 2.11 (s, 3 H, OAc), 2.09
(s, 3 H, OAc), 2.04 (s, 3 H, OAc), 2.03 (s, 3 H, OAc), 1.49 (s, 6 H, CH3). 13C{1H} NMR
(100.6 MHz, CDCl3): δ 170.8, 170.4, 170.2, 169.7, 159.4, 159.3, 150.6, 145.7, 143.8, 139.2, 138.4,
133.3, 130.1, 129.9, 129.4, 128.1, 123.1, 116.9, 116.6, 115.8, 96.1, 82.9, 72.0, 71.1, 70.9, 70.5, 70.2,
68.6, 67.6, 64.7, 62.2, 61.9, 59.2, 47.1, 30.1, 20.9, 20.8, 17.8. HRMS (ESI): m/z calculated for
C71H88BF2I2N5NaO21 [M + Na]+ 1672.4026, found 1672.4049.

2.2.11. Preparation of 16β

A mixture of 15β (72.1 mg, 43.7 µmol) and K2CO3 (30.2 mg, 0.22 mmol) in CHCl3/MeOH
(1:1, v/v, 8 mL) was stirred at room temperature for 6 h. The solvent was removed in vacuo,
and then the residue was purified by silica gel column chromatography using CHCl3/MeOH
(10:1, v/v) as the eluent to give the product as a dark green solid (48.5 mg, 75%). 1H NMR
(500 MHz, CDCl3) δ 8.11 (d, J = 16.5 Hz, 2 H, =CH), 7.80 (s, 1 H, triazole-H), 7.55–7.58 (m, 6 H,
ArH and =CH), 7.17 (d, J = 8.0 Hz, 2 H, ArH), 7.13 (d, J = 8.0 Hz, 2 H, ArH), 7.02 (d, J = 9.0 Hz,
4 H, ArH), 5.23 (br s, 2 H, Glu-H), 4.64 (quintet, J = 5.0 Hz, 2 H, OCH), 4.58 (br s, 2 H, OCH2),
4.33 (br s, 2 H, Glu-H), 3.88 (br s, 3 H, Glu-H), 3.73–3.80 (m, 8 H, OCH2), 3.63–3.70 (m, 9 H,
OCH2 and NCH), 3.53 (t, J = 4.5 Hz, 8 H, OCH2), 3.45 (br s, 1 H, NCH), 3.37 (s, 12 H, OCH3),
2.20 (br s, 2 H, CH2), 1.47 (s, 6 H, CH3). 13C{1H} NMR (125.7 MHz, CDCl3): δ 159.5, 159.3,
150.6, 145.8, 139.3, 138.4, 133.3, 130.1, 129.9, 129.4, 128.1, 117.0, 116.6, 115.8, 103.0, 82.9, 75.9,
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73.7, 72.1, 71.1, 70.5, 70.1, 66.0, 62.0, 59.2, 47.4, 30.5, 29.9, 17.9. HRMS (ESI): m/z calculated for
C63H80BF2I2N5NaO17 [M + Na]+ 1504.3602, found 1504.3629.

2.2.12. Preparation of 16α

A mixture of 15α (62.0 mg, 37.6 µmol) and K2CO3 (25.9 mg, 0.19 mmol) in CHCl3/MeOH
(1:1, v/v, 8 mL) was stirred at room temperature for 6 h. The solvent was removed in vacuo,
and then the residue was purified by silica gel column chromatography using CHCl3/MeOH
(10:1, v/v) as the eluent to give the product as a dark green solid (43.4 mg, 78%). 1H NMR
(500 MHz, CDCl3): δ 8.11 (d, J = 16.5 Hz, 2 H, =CH), 7.79 (s, 1 H, triazole-H), 7.55–7.59 (m, 6 H,
ArH and =CH), 7.18 (d, J = 8.0 Hz, 2 H, ArH), 7.13 (d, J = 8.0 Hz, 2 H, ArH), 7.02 (d, J = 9.0 Hz,
4 H, ArH), 5.24 (br s, 2 H, Glu-H), 4.85 (br s, 2 H, Glu-H), 4.65 (quintet, J = 5.0 Hz, 2 H, OCH),
4.58 (br s, 2 H, OCH2), 3.84 (br s, 3 H, Glu-H), 3.73–3.80 (m, 9 H, OCH2 and NCH), 3.63–3.70
(m, 8 H, OCH2), 3.59 (br s, 1 H, NCH), 3.53 (t, J = 4.5 Hz, 8 H, OCH2), 3.37 (s, 12 H, OCH3),
2.22 (br s, 2 H, CH2), 1.47 (s, 6 H, CH3). 13C{1H} NMR (125.7 MHz, CDCl3): δ 159.5, 159.3,
150.6, 145.8, 139.3, 138.4, 133.3, 130.1, 130.0, 129.4, 128.1, 117.0, 116.6, 115.8, 99.0, 82.9, 74.5, 72.4,
72.1, 71.9, 71.2, 70.6, 70.5, 64.8, 62.1, 59.2, 47.8, 30.3, 29.9, 17.9. HRMS (ESI): m/z calculated for
C63H80BF2I2N5NaO17 [M + Na]+ 1504.3602, found 1504.3619.

2.3. Photophysical Measurements

The fluorescence quantum yields (ΦF) were determined by the equation [30]:

ΦF(sample) =

(Fsample

Fref

)(
Aref

Asample

)(
n2

sample

n2
ref

)
F(ref)

where F, A, and n are the measured fluorescence (area under the emission peak), the
absorbance at the excitation wavelength (610 nm), and the refractive index of the sol-
vent, respectively. Zinc(II) phthalocyanine (ZnPc) in DMF was used as the reference
[ΦF(ref) = 0.28] [31]. To minimize re-absorption of radiation by the ground-state species, the
emission spectra were obtained in very dilute solutions of which the absorbance at the
excitation wavelength was less than 0.05.

The singlet oxygen quantum yields (Φ∆) were measured using 1,3-diphenylisobenzofuran
(DPBF) as the singlet oxygen scavenger and ZnPc in DMF as the reference (Φ∆ = 0.56). A
mixture of DPBF (30 µM) and the photosensitizer (2 µM) in DMF was illuminated with red
light coming from a 300 W halogen lamp after passing through a water tank for cooling and a
color filter (Newport, cut-on at 610 nm). The decay of DPBF was monitored spectroscopically
at its absorbance at 415 nm along with the irradiation time. The Φ∆ values were obtained by
the following equation [32]:

Φ∆(s) = Φ∆(ref) (Ws × Iabs(ref))/(Wref × Iabs(s))

where Φ∆(ref) stands for the Φ∆ of ZnPc in DMF, Ws and Wref refer to the DPBF photo-
bleaching rates in the presence of the photosensitizer and ZnPc, respectively, and Iabs(s) and
Iabs(ref) are the rates of light absorption by the photosensitizer and ZnPc, respectively.

2.4. Biological Studies
2.4.1. Cell Lines and Culture Conditions

A549 human lung carcinoma cells (ATCC, no. CCL–185) and HEK293 human embry-
onic kidney cells (ATCC, no. CRL–1573) were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (ThermoFisher Scientific, cat. no. 12100–046) supplemented with fetal
bovine serum (FBS) (10%) and penicillin–streptomycin (100 unit mL−1 and 100 µg mL−1,
respectively). Cells were grown at 37 ◦C in a humidified 5% CO2 atmosphere.
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2.4.2. Flow Cytometric Analysis

Approximately 2 × 105 A549 and HEK293 cells in DMEM (2.0 mL) were seeded on
6-well culture plates and incubated overnight at 37 ◦C under 5% CO2. After being rinsed
with phosphate–buffered saline (PBS) (1.0 mL) twice, the cells were treated with 11, 16α, or
16β (2 µM) at 37 ◦C for 1, 2, 4, and 6 h, respectively. The cells were then rinsed with PBS
(1.0 mL) and harvested by 0.25% trypsin–EDTA (Invitrogen, 0.2 mL) for 5 min. The activity
of trypsin was quenched with a serum-containing medium (0.5 mL), and the mixture was
centrifuged at 1500 rpm for 3 min at room temperature. The pellet was washed with PBS
(1.0 mL) and then subject to centrifugation under the same conditions. The cells were then
suspended in PBS (1.0 mL) and the intracellular fluorescence intensities were measured
using a BD FACSVerse flow cytometer (Becton Dickinson) with 104 cells counted in each
sample. The photosensitizers were excited by an argon laser at 640 nm and the emitted
fluorescence was monitored at 650–750 nm. The data collected were analyzed using the BD
FACSuite. All experiments were performed in triplicate.

2.4.3. Confocal Fluorescence Microscopic Study

Approximately 2 × 105 A549 cells in DMEM (2.0 mL) were seeded on a glass-bottom
confocal dish and incubated overnight at 37 ◦C in a humidified 5% CO2 atmosphere. After
being rinsed with PBS (1.0 mL) twice, the cells were treated with 16α or 16β (2 µM) in the
medium (1.5 mL) at 4 ◦C or 37 ◦C for 4 h. After removing the medium, the cells were rinsed
with PBS (1.0 mL) twice before being examined using a Leica TCS SP8 high-speed confocal
microscope equipped with solid-state 488 and 638 nm lasers. The photosensitizers were
excited at 638 nm and their fluorescence was monitored at 650–750 nm. The images were
digitized and analyzed using a Leica Application Suite X software.

2.4.4. Cellular Uptake Inhibition Assay

Approximately 2 × 105 A549 cells in DMEM (2.0 mL) were seeded on 6-well culture
plates and incubated overnight at 37 ◦C under 5% CO2. After being rinsed with PBS
(1.0 mL) twice, the cells were pre-incubated in the medium at 37 ◦C for 2 h with or without
the addition of cytochalasin B (50 µM) or dapagliflozin (100 nM). A solution of 16α or 16β
(2 µM) was then used for subsequent incubation at 37 ◦C for a further 4 h. The cells were
then rinsed with PBS (1.0 mL) and harvested by 0.25% trypsin–EDTA (Invitrogen, 0.2 mL)
for 5 min. The activity of trypsin was quenched with a serum-containing medium (0.5 mL),
and the mixture was centrifuged at 1500 rpm for 3 min at room temperature. The pellet was
washed with PBS (1.0 mL) and then subject to centrifugation under the same conditions.
The cells were then suspended in PBS (1.0 mL) and the intracellular fluorescence intensities
were measured using a BD FACSVerse flow cytometer (Becton Dickinson) with 104 cells
counted in each sample. The photosensitizers were excited by an argon laser at 640 nm and
the emitted fluorescence was monitored at 650–750 nm. The data collected were analyzed
using the BD FACSuite. All experiments were performed in triplicate.

2.4.5. Study of Subcellular Localization

Approximately 2 × 105 A549 cells in DMEM (2.0 mL) were seeded on a glass-bottom
confocal dish and incubated at 37 ◦C overnight in a humidified 5% CO2 atmosphere. After
being rinsed with PBS (1.0 mL) twice, the cells were treated with 16α or 16β (2 µM) at
37 ◦C for 4 h. After being washed twice with PBS (1.0 mL) twice, the cells were suspended
in Hank’s balanced salt solution (1.0 mL) with LysoTracker Green DND-26 (Thermo Fisher
Scientific Inc., L7526, 1.5 µM) at 37 ◦C for 20 min. After removing the solution, the cells were
rinsed with PBS (1.0 mL) twice before being examined using a Leica TCS SP8 high-speed
confocal microscope equipped with solid-state 488 and 638 nm lasers. The LysoTracker was
excited at 488 nm and its fluorescence was monitored at 500–570 nm, while 16α and 16β
were excited at 638 nm and their fluorescence was monitored at 650–750 nm.
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2.4.6. Photocytotoxicity Assay

Approximately 2 × 104 A549 or HEK293 cells per well in DMEM were inoculated in
96-well culture plates and incubated overnight at 37 ◦C in a humidified 5% CO2 atmosphere.
A stock solution of 16α or 16β (40 µM) was prepared by dissolving the compound (59 µg,
40 nmol) in DMSO (40 µL). The stock solution was diluted with a serum-free DMEM
to various concentrations (8.0, 4.0, 2.0, 1.0, and 0.5 µM by two-fold dilution). The cells,
after being rinsed with PBS twice, were treated with 16α or 16β (100 µL for each well)
at various concentrations (8.0, 4.0, 2.0, 1.0, and 0.5 µM) for 6 h at 37 ◦C under a 5% CO2
atmosphere. The cells were then rinsed with PBS (100 µL for each well) twice and re-fed
with the fresh culture medium (100 µL for each well) before being illuminated at ambient
temperature. The light source consisted of a 300 W halogen lamp, a water tank for cooling,
and a color glass filter (Newport) cut-on at 610 nm. The fluence rate (λ > 610 nm) was
23 mW cm−2. Illumination of 20 min led to a total fluence of 28 J cm−2. Cell viability was
determined by means of a colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay [33]. After illumination, the cells were incubated at 37 ◦C under 5%
CO2 overnight. A MTT (Sigma) solution in PBS (3 mg mL−1, 50 µL) was added to each
well followed by incubation for 4 h under the same environment. DMSO (100 µL) was
then added to each well. Solutions in all the wells were mixed until homogenous. The
absorbance at 490 nm of each well on the plate was taken by a microplate reader (Tecan
Spark 10M) at ambient temperature. The average absorbance of the blank wells, which did
not contain the cells, was subtracted from the readings of the other wells. The cell viability
was then determined by the equation:

% viability =
∑
(

Ai
Acontrol

)
× 100

n

where Ai is the absorbance of the ith datum (i = 1, 2, . . . , n), Acontrol is the average
absorbance of the control wells in which the compound was absent, and n (=4) is the
number of data points.

3. Results and Discussion
3.1. Synthesis and Characterization

Owing to the ease of chemical modification and tunable electronic absorption and
photophysical properties, BODIPYs are promising photosensitizers for PDT [19,20] and
were therefore selected for this study. Scheme 1 shows the synthetic route used to prepare
the BODIPY-based photosensitizing component. 2-Methoxyethanol (1) was first treated
with sodium. The alkoxide formed in situ was then treated with epichlorohydrin (2)
to give the substituted product 3, which was tosylated to afford 4. It then underwent
nucleophilic substitution with 4-hydroxybenzaldehyde (5) in the presence of K2CO3 in
DMF to give benzaldehyde 6. For the BODIPY part, the previously reported phenol-
substituted analogue 7 [29] was used as the starting material. Treatment of this compound
with propargyl bromide (8) and K2CO3 gave 9. To promote intersystem crossing and the
formation of singlet oxygen through the heavy-atom effect [34], 9 was iodinated using a
mixture of iodine and iodic acid in ethanol to give the diiodo product 10, which underwent
Knoevenagel condensation with benzaldehyde 6 to afford distyryl BODIPY 11. With
two branched ethylene glycol moieties, this compound was expected to exhibit enhanced
solubility and reduced aggregation tendency in aqueous media.

With an alkynyl moiety, this BODIPY could be coupled with an azide-substituted
D-glucose readily through copper-promoted alkyne-azide cycloaddition reaction. As
shown in Scheme 2, treatment of 1,2,3,4,6-penta-O-acetyl-β-D-glucopyranose (12) with
3-azido-1-propanol (13) in the presence of BF3·OEt2 afforded 14βwith the azide-containing
substituent at the C1β position. For the conversion to the α-anomer, 14β was treated
with anhydrous FeCl3 to mediate the anomerization [35], giving the α-anomer 14α. The
C1 anomeric proton resonated as a doublet at δ 4.49 ppm with a coupling constant of
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8.0 Hz for 14β in the 1H NMR spectrum, while that for 14α appeared as a doublet at δ
4.98 ppm with a coupling constant of 4.0 Hz, which are the typical spectral features of
C1β and C1α anomers, respectively. In addition, the 13C NMR signal of the C1 carbon
was also significantly different for the two anomers (δ 100.9 and 95.8 ppm for 14β and
14α, respectively), which also supported the assignment of the stereochemistry. Both 14β
and 14α could “click” with 11 readily in the presence of CuI and PMDETA to give the
corresponding conjugates 15β and 15α, respectively. Upon alkaline hydrolysis, these com-
pounds underwent deacetylation to give the C1β and C1α anomeric glucosylated BODIPY
derivatives 16β and 16α, respectively. Both conjugates could be purified readily using
chromatography on a silica gel column and were characterized with various spectroscopic
methods.

Scheme 1. Synthetic scheme of alkynyl distyryl BODIPY 11.

Scheme 2. Synthetic scheme of the anomeric glucosylated BODIPY derivatives 16β and 16α.

UV-Vis and fluorescence spectra of 16α and 16βwere first measured in DMF (Figure S1
in the Supporting Information). The absorption spectra were essentially the same, showing
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typical absorptions of distyryl BODIPYs. The longest-wavelength absorption appeared
at 662 nm, which strictly followed the Beer-Lambert law, suggesting that both anomers
were not aggregated in DMF (Figure S2 in the Supporting Information). Upon excitation
at 610 nm, both compounds showed a fluorescence band at 689 nm with a fluorescence
quantum yield (ΦF) of 0.18 relative to ZnPc (ΦF = 0.28). By using DPBF as the singlet oxygen
probe, the singlet oxygen generation efficiency of both compounds was also evaluated. As
shown in Figure S3a in the Supporting Information, both of them could effectively trigger
the photodecay of DPBF as shown by the decrease in the absorbance of its absorption at
415 nm along with the irradiation time, from which the singlet oxygen quantum yield
could be determined. The values (Φ∆ = 0.42 for 16α and 0.41 for 16β) were just slightly
lower than that of ZnPc (Φ∆ = 0.56). These data are summarized in Table 1. The spectral
and photophysical properties of these two anomers were also measured in PBS with 0.1%
Tween 80 (v/v) added to increase the water solubility of the conjugates (Figures S3b and S4
in the Supporting Information). The results were very similar to those measured in DMF.

Table 1. Electronic absorption and photophysical properties of 16α and 16β in DMF.

Compound λmax/nm (log ε) λem
a/nm ΦF

b Φ∆
c

16α 319 (4.24), 379 (4.52), 447 (4.14), 662 (4.82) 689 0.18 0.42
16β 320 (4.23), 379 (4.52), 448 (4.13), 662 (4.81) 689 0.18 0.41

a Excited at 610 nm. b Using ZnPc in DMF as the reference (ΦF = 0.28). c Using ZnPc in DMF as the reference
(Φ∆ = 0.56).

3.2. Cellular Uptake

The in vitro properties of these two anomers were then studied using A549 human
lung carcinoma cells and HEK293 human embryonic kidney cells. The former is known to
exhibit the Warburg effect [4], while the latter is a normal cell type that was used as the
negative control. We first examined the cellular uptake of these two compounds using flow
cytometry. After incubation (at 2 µM) for 6 h, the intracellular fluorescence intensities were
measured, which could reflect the extent of cellular uptake. As shown in Figure 1a, the
intensity generally followed the order: 16α > 16β for both cell lines and A549 > HEK293
for both anomers. Interestingly, the intensities were much higher than those for the non-
glucosylated analogue 11 against both the cell lines. The strongest intracellular fluorescence
was observed for 16α in A549 cells, of which the intensity was about 7-fold higher than that
in HEK293 cells. In addition, we also compared the fluorescence intensities of 16α and 16β
in A549 cells after incubation for different periods of time. As for small molecular-based
photosensitizers, incubation for a few hours is usually long enough to deliver a sufficient
amount of the dyes into the cells for fluorescence imaging and PDT [21,22,24,36,37], and
the results shown in Figure 1a indicate that incubation with these two compounds for 6 h
already led to strong intracellular fluorescence intensities, we chose the period from 1 to
6 h in this study. As shown in Figure 1b, the intensity of 16α was consistently higher than
that of 16β by about 2-fold for all the incubation times. The results demonstrated that
the glucose moiety greatly promoted the internalization of the BODIPY core, particularly
against the cancer cells, and the α-anomer 16α exhibited significantly higher cellular uptake
than the β-anomer 16β.

It is worth noting that Lippard et al. compared the cytotoxicity of all the possible
positional isomers of a glucose-platinum conjugate and found that the cellular uptake of
the C1α anomer was slightly higher than that of the C1β anomer for a range of cancer
cell lines, and GLUT1 was the transporter responsible for the uptake [12]. However,
He et al. conjugated triptolide with glucose via C1α and C1β linkages [9]. The results
demonstrated that the C1β conjugate exhibited higher uptake and lower IC50 value than the
C1α counterpart. It seems that the binding affinity of the glucose moiety is greatly affected
by the conjugated drug component. In attempts to reveal the cellular internalization
mechanism of 16α and 16β, further in vitro studies were carried out as reported below.
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Figure 1. (a) Intracellular fluorescence intensities of A549 and HEK293 cells after incubation with
11, 16α, or 16β (2 µM) for 6 h determined by flow cytometry. Data are reported as mean ± standard
deviation (SD) of three independent experiments. *** p < 0.01. (b) Intracellular fluorescence intensities
of A549 cells after incubation with 16α or 16β (2 µM) for 1, 2, 4, and 6 h. Data are reported as mean
± SD of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001.

First, we examined whether GLUTs were involved. These unique channels can medi-
ate the bidirectional transport of monosaccharides across the cell membrane down their
concentration gradient in an energy-independent manner [1]. Thus, we studied and com-
pared the cellular uptake of 16α and 16β against A549 cells at 4 ◦C and 37 ◦C to reveal
whether they are internalized via an energy-dependent or energy-independent pathway. If
they are internalized via GLUTs, the cellular uptake should not be affected by the incuba-
tion temperature. Unexpectedly, the fluorescence intensity was almost invisible for both
compounds at 4 ◦C, showing that the cellular uptake was greatly inhibited. In contrast,
bright intracellular fluorescence was observed for incubation at 37 ◦C (Figure 2). The results
suggested that the internalization of 16α and 16β was mediated by an energy-dependent
pathway and did not involve the GLUTs. This was further supported by the study using the
GLUTs inhibitor cytochalasin B [12]. As shown in Figure 3a, the fluorescence intensity as
determined by flow cytometry was not significantly changed when cytochalasin B (50 µM)
was added during the incubation with 16α or 16β (2 µM) for 4 h at 37 ◦C.

Figure 2. Bright-field, fluorescence, and the merged confocal images of A549 cells after incubation
with 16α or 16β (2 µM) for 4 h.

Besides GLUTs, the SGLTs are also common transporters for glucose uptake, which
are overexpressed in a range of cancer cells [38,39]. However, unlike the GLUTs, the SGLT-
mediated uptake is an energy-dependent process which requires the use of adenosine
triphosphate. To reveal whether this pathway was involved in the uptake of 16α and 16β,
the SGLTs inhibitor dapagliflozin [40] (100 nM) was added during the drug incubation (at
2 µM) for 4 h at 37 ◦C, and then the intracellular fluorescence intensities were determined
by flow cytometry. As shown in Figure 3b, the intensities remained unchanged upon
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addition of dapagliflozin for both compounds, showing that their cellular uptake also did
not involve the SGLTs.

Figure 3. Intracellular fluorescence intensities of A549 cells after incubation with 16α or 16β (2 µM)
for 4 h at 37 ◦C with or without the addition of (a) cytochalasin B (50 µM) and (b) dapagliflozin
(100 nM) determined by flow cytometry. Data are reported as mean ± SD of three independent
experiments.

Furthermore, for transporter-mediated internalization, the compounds should be dis-
tributed evenly in the cytoplasm. Hence, we further examined the subcellular localization
of 16α and 16β in A549 cells after incubation for 4 h. As shown in Figure 4, the fluorescence
due to these two compounds could overlap well with that due to LysoTracker Green and
the co-localization coefficient was found to be 0.725 and 0.760 for 16α and 16β, respectively.
These results suggested that both compounds were taken up by the cells through endocyto-
sis, for which they are trafficked sequentially to the early endosomes, the late endosomes,
and eventually the lysosomes [41]. The preferential localization of these compounds in
lysosomes further precluded the uptake through the two conventional GLUTs and SGLTs.
Although the actual uptake pathway of 16α and 16β remains elusive at this stage, it was
found that they are internalized through an energy-dependent endocytosis process and the
cellular uptake of 16α is significantly higher than that of 16β.

Figure 4. Confocal fluorescence images of A549 cells after incubation with 16α or 16β (2 µM) for 4 h,
followed by staining with LysoTracker Green (1.5 µM) for 20 min.

3.3. Photocytotoxicity

The cytotoxic effect of these two anomers was then studied and compared against A549
and HEK293 cells by MTT assay, both in the absence and presence of light irradiation. The
corresponding dose-dependent survival curses are shown in Figure 5. It can be observed
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that both anomers were not cytotoxic in the dark toward the two cell lines. Upon irradiation
(λ > 610 nm, 23 mW cm−2, 28 J cm−2), they became highly photocytotoxic toward A549
cells. The IC50 value was found to be 0.7 and 1.5 µM for 16α and 16β, respectively. The
higher photocytotoxicity of the former could be attributed to its higher cellular uptake
reported above. Interestingly, the photocytotoxicity was significantly reduced for HEK293
cells as a result of the lower uptake by these non-cancerous cells. The results demonstrated
that 16α and 16β have a cell-selective property and the former is a particularly potent
photosensitizer for PDT.

Figure 5. Comparison of the cytotoxic effect of 16α and 16β against A549 and HEK293 cells, both
in the absence and presence of light irradiation (λ > 610 nm, 23 mW cm−2, 28 J cm−2). The cells
were incubated with the photosensitizers for 6 h, followed by the dark or light treatment. Data are
reported as mean ± standard error of the mean of three independent experiments, each performed in
quadruplicate.

4. Conclusions

In summary, we have synthesized and characterized two anomeric glucosylated
distyryl BODIPY-based photosensitizers 16α and 16β. They showed relatively strong
fluorescence emission and behaved as efficient singlet oxygen generators, both in DMF
and in aqueous media. Through a series of in vitro experiments, it was found that they
could be taken up selectively by A549 cancer cells, while for the non-cancerous HEK293
cells, the intracellular fluorescence intensities were ca. 6- to 7-fold weaker. As a result,
both anomers exhibited higher photocytotoxicity toward the former cell line with an IC50
value of 0.7 and 1.5 µM for 16α and 16β, respectively. The higher potency of the α-anomer
16α could be attributed to its 2-fold higher cellular uptake than the β-anomer 16β. The
uptake of these anomers was through an energy-dependent endocytosis pathway, but not
via the common GLUTs and SGLTs. It is worth noting that Kamkaew et al. reported two
bis(glucose)-substituted aza-BODIPYs that exhibited enhanced cellular uptake toward the
GLUTs-overexpressed breast cancer cells [24]. Based on the reduced uptake in the presence
of D-glucose or a glucose metabolism suppressor (combretastatin), it was suggested that
GLUTs were involved in the uptake of the dyes. These results suggest that introduction of
additional glucose moieties may assist the active uptake via the GLUTs, which could be a
direction for further chemical modification of this class of photosensitizers. Nevertheless,
the overall results of this study demonstrated that glucose moieties could promote the
cellular uptake of BODIPYs and different anomeric forms could greatly affect the uptake
and photocytotoxicity of the conjugates. The anomer 16α reported herein serves as a potent
photosensitizer for PDT.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/colorants1020012/s1.
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