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ABSTRACT: Cancer cells deploy several glucose transport protein (GLUT)
channels on the cell membranes to increase glucose uptake. Cancer cells die within
24 h in the absence of glucose. Thus, preventing the deployment of GLUT
channels can deprive them of glucose, resulting in apoptosis within 24 h. Herein,
we developed the ID-Checker with a glucose tag that ensures its highly specific
macroscale delivery of anticancer agents to the cancer cells through the GLUT
channels. ID-Checker presented here showed IC50 values of 0.17−0.27 and 3.34
μM in cancer and normal cell lines, respectively. ID-Checker showed a selectivity
index of 12.5−20.2, which is about 10−20 times higher than that of known
anticancer agents such as colchicine. ID-Checker inhibits the microtubule
formation, which results in the prevention of the deployment of GLUT channels
in 6 h and kills the cancer cells within 24 h without any damage to normal cells.

1. INTRODUCTION
Anticancer drug discovery has always been a hot topic.1 Despite
decades of efforts, an anticancer drug with high cancer cell
selectivity and almost no side effects has been a distant goal.2

The drugs currently in practice for cancer therapy are known to
be highly toxic and require several months of treatment without
the desired outcomes in many cases.3,4 Furthermore, the recent
research on using stem cells to treat incurable diseases has
shown promising results, but with the drawback that such
patients eventually develop cancer.5,6 Due to the unavailability
of nontoxic chemotherapy, such efforts are in vain. Therefore,
developing a highly selective anticancer drug that can kill cancer
cells within 24 h without damaging normal cells is highly
awaited.

There has been tremendous research on cancer cell
metabolism and the development of anticancer drugs.7−11

Despite the outstanding accomplishments in achieving knowl-
edge on cancer cell metabolism, a breakthrough in the cancer-
cell selective and nontoxic anticancer drug is long-awaited. The
inefficient energy production through anaerobic glycolysis
requires cancer cells to enhance glucose uptake. Cancer cells
achieve this by elevating the expression and relocation of glucose
transport proteins (GLUTs) such as GLUT1 and GLUT4 to the
plasma membrane compared to normal cells.12−17 The
exemplary work in crystallization of the GLUT1 channel in
2014 and the identification of the mechanism behind glucose
recognition and transport in the following year18 has
significantly contributed to the field of anticancer drug discovery
by exploiting the GLUT channels.19−22 The conformational
change in the GLUT channel induces the alternate exposure of

the glucose-binding site(s) to either side of the plasma
membrane and allows glucose transport into the cells.23,24

Therefore, drug−glucose conjugates are developed to use
GLUTs to boost membrane permeation and site-selective
delivery of anticancer drugs.25−27 Even though the drug−
glucose conjugates show higher anticancer activity than the drug
itself, they are ineffective in terminating the tumor. The primary
reason behind this anomaly is that the drug−glucose conjugates
cross the GLUTs at a single molecular level. They do not achieve
enough intracellular levels to shut down the targeted cancer cell
mechanism. Therefore, a novel method for macroscale delivery
of anticancer agents to the cancer cells through GLUT is
essential to terminate tumors.28−30

The GLUT channels are deployed into the plasma membrane
through a multistep process involving microtubule cytoskele-
tons. The polymerization and depolymerization process of
tubulin (intracellular concentration of ∼5 μM) into micro-
tubules is crucial for several intracellular processes. One of these
processes is the GLUT channel transport to and from the plasma
membrane. Therefore, the microtubule-targeting agents
(MTAs) are gaining high interest in recent years because the
stabilization or destabilization of microtubules results in the
collapse of cellular mechanisms, including GLUT relocation to
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and from the plasma membrane, resulting in eventual cancer cell
apoptosis. Cancer cells die within 24 h in glucose-depleted
media, which has attracted our attention to develop a novel
MTA that destabilizes the microtubule network and induces
apoptosis in cancer cells.

Nocodazole (NOZ), fenbendazole (FBZ), mebendazole
(MBZ), and albendazole (Al) like anthelmintic drugs containing
the benzimidazole scaffold are recently reported to exhibit
anticancer activity by inhibiting the formation of micro-
tubules.31−35 The dividing cells are thus arrested in the G2/M

phase, leading to the phagocytic removal of cancer cells.
However, these drugs lack cancer cell selectivity and are bound
to demonstrate high toxicity to normal cells as they are designed
to cross the cell membrane. There are no reports on glucose
conjugates of these drugs. The glucose conjugates of the drug
molecules are known to have higher cancer cell selectivity than
the nude ones.36−39

Herein, we report on the design and development of the ID-
Checker for highly selective macroscale delivery of an anticancer
agent to cancer cells. The ID-Checker is obtained by

Figure 1. Preparation of ID-Checker. (A) Scheme for the synthesis of Al−NH2, Al−NH3
+Cl−, and Al−G and (B) their use in the preparation of the

Al−NH3
+ aggregate,Al−G aggregate, and ID-Checker. (C,E,G) HPLC spectra for Al−NH2,Al−NH3

+Cl−, and Al−G samples prepared in methanol.
(D,F,H) HPLC spectra for Al−NH3

+ aggregate, Al−G aggregate, and ID-Checker samples prepared in 0.9% saline solution. The aqueous solution
containing 40% methanol was used as an eluent.
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constituting aggregates of the albendazole amine glucose
conjugate (Al−G) and albendazole ammonium ion (Al−
NH3

+) in a 1:100 ratio. The glucose tag on the surface of the
ID-Checker ensures their highly specific entry to the cancer cells
through the GLUT channels. The ID-Checker provides enough
Al−NH3

+ in the cancer cells to completely inhibit the
polymerization of tubulins into microtubules, resulting in cancer
cell apoptosis. The obtained results indicate that the ID-
Checker technology presented here can prevent the deployment
of GLUT channels in 6 h and kill the cancer cell in 24 h.

2. RESULTS AND DISCUSSION
2.1. Development of ID-Checker for a Highly Specific

Anticancer Therapy. The conjugation of glucose to the drug
molecules imparts the cancer cell selectivity as compared to the
drug itself. Therefore, we synthesized Al−G [a glucose
conjugate of albendazole−amine (Al−NH2)] to develop an
MTA−glucose conjugate for highly selective cancer cell
targeting. Figure 1A depicts the reaction pathway for Al−G
synthesis (Supporting Information, Figures S1−S9). The
hydrolytic removal of the carbamate group of Al at 70 °C
using an aqueous solution of potassium hydroxide in methanol
generates Al−NH2 with over 72% yield. The glycosylation of
Al−NH2 was carried out by a slight variation in the reported
method for glycosylation of the aromatic amines. In brief, a
hydrochloric acid solution (pH = 3.45) containingAl−NH2 (1.2
mM) and β-D-glucose (0.5 mM) in a Teflon-coated rubber-
stoppered glass vial was kept at 40 °C for 4 h. During this time,
aliquots of the reaction mixture were subjected to thin-layer
chromatography (TLC) using 10% methanol in dichloro-
methane to check the progress of the reaction. The reaction
was quenched by diluting the vial contents with acetate buffer
(0.5 M, pH = 5.8). The solvent was evaporated under reduced
pressure at 40 °C. The crude residue was then dissolved in an
ample amount of methanol and purified by column chromatog-
raphy using 10% methanol in dichloromethane as an eluent. The
aliquots of the eluent were concentrated under vacuum to obtain
Al−G with a yield of over 62%. We prepared the Al−NH3

+Cl−
(yield = 100%), a hydrochloride salt, by bubbling the HCl gas in
the acetone solution containing Al−NH2 at 25 °C. All
compounds are determined to be >95% pure by high-
performance liquid chromatography (HPLC) analysis (Sup-
porting Information, Figures S10−S12).

As shown in Figure 1B, the Al−NH3
+ aggregate, Al−G

aggregate, and ID-Checkerwere prepared separately. The 1.0 M
Al−NH3

+ ethanolic stock solution was diluted to 200 mM using
0.9% saline solution to prepare the Al−NH3

+ aggregate. The
obtained solution was sonicated for 30 min and then allowed to
stand for 2 h. Then, the solvent (about 1.5 times the amount of
ethanol in the solution) was evaporated under reduced pressure
to eliminate the ethanol. Then, the volume was matched with
the distilled water to maintain the salinity (0.9%) of the final
solution containing 200 mMAl−NH3

+, which was left overnight
at 25 °C to produce a solution containing the Al−NH3

+

aggregate. Similarly, the 200 mM Al−G aggregate solution
was prepared from the 1.0 M Al−G ethanolic stock solution by
following the process mentioned for the Al−NH3

+ aggregate.
For ID-Checker preparation, the ethanolic stock solutions of
Al−NH3

+ and Al−G were mixed in a 100:1 ratio and diluted to
200 mM solution using 0.9% saline. The obtained mixture was
sonicated for 30 min, and then, the solvent was evaporated to
eliminate the ethanol from the solution, as mentioned earlier.
The volume of the solution was matched with double-distilled

water. The obtained solution was left overnight at 25 °C to
produce a solution containing 200 mM ID-Checker.

The formation of the Al−NH3
+ aggregate, Al−G aggregate,

and ID-Checker was confirmed by HPLC, as shown in Figure
1C−H. As shown in Figure 1C,E,G, the methanolic solutions of
Al−NH3

+, Al−G, and 100:1 Al−NH3
+, Al−G mixture, when

eluted with 40% aqueous methanol, show two distinct peaks
corresponding to the respective monomers (26.863, 20.768, and
26.865 min) and aggregates (27.957, 22.565, and 27.967 min).
However, the Al−NH3

+ aggregate (27.969 min), Al−G
aggregate (22.684 min), and ID-Checker (27.977 min) samples
showed a single peak for respective particles when eluted with
40% aqueous methanol, as shown in Figure 1D,F,H. The HPLC
spectra indicate the formation of the particles of the Al−NH3

+

aggregate and Al−G aggregate from their respective monomers.
Furthermore, the formation of ID-Checker containing Al−
NH3

+ and Al−G with a 100:1 ratio is evident from its HPLC
spectra as the peak for the Al−G aggregate (22.513 min) is less
than 0.1%, and the peak corresponding to the ID-Checker
(27.977 min) is over 99.9%.

The Al−NH3
+ aggregate, Al−G aggregate, and ID-Checker

were characterized by dynamic light scattering (DLS) using the
Malvern Zetasizer NanoZS90, at 25 °C and a fixed angle of 90°.
As shown in Table 1 (Supporting Information Figure S13), the

sizes of the Al−NH3
+ aggregate and ID-Checker were around

2.0 nm. The size of the Al−G aggregate was found to be around
2.5 nm. These results indicate that the Al−NH3

+ aggregate, Al−
G aggregate, and ID-Checker are nearly spherical in nature.

2.2. In Vitro Antiproliferation Activity of ID-Checker
Compared to Al, Al−NH3

+, and Al−G. The compounds Al,
Al−NH3

+ aggregate, Al−G aggregate, and ID-Checker were
studied for in vitro anticancer activities using five cell lines,
including pancreatic cancer (ASPC-1), lung cancer (A549),
breast cancer (MCF-7), colon cancer (HCT 116), and lung
normal (MRC-5, IMR-90, CCD-18Co) cell lines. The IC50
(μM) values for 24 h incubation obtained through MTT assay
are presented in Table 2. Colchicine (CLC) and NOZ were used
as reference standards. The IC50 values for Al were in the range
of 52.7−72.4 μM in cancer cell lines and 96.1 μM in a normal
cell line (MRC-5).Al showed 7−10 times lower activity than the
CLC and NOZ. Moreover,Al did not show significant selectivity
for cancer cells (A549) over normal cells (MRC-5), indicated by
a selectivity index (SI) of 1.32. TheAl−NH3

+ aggregate had IC50
values in the range of 64.6−86.7 μM in cancer cell lines and
178.9 μM in a normal cell line (MRC-5), which is about 2−2.8
times cancer cell selectivity. Interestingly, the Al−G aggregate
demonstrated the IC50 values in the range of 131.0−182.5 μM in
cancer cell lines and 895.1 μM in a normal cell line. The Al−G
aggregate showed five to seven times cancer cell selectivity over
normal cells (MRC-5).
ID-Checker showed IC50 values of 0.17−0.27 and 3.34 μM in

cancer cell lines and normal cell line (MRC-5), respectively, with
an SI of 12.5−20.2. The SIs for CLC and NOZ were in the range
of 1.3−1.7 and 1.1−1.8, respectively. As shown in Table 2, it is

Table 1. Characterization of Aggregates (n = 3)

aggregate Al−NH3
+/Al−G ratio size (nm)a

Al−NH3
+ aggregate 100:0 2.03 ± 0.89

Al−G aggregate 0:100 2.50 ± 1.05
ID-Checker 100:1 2.02 ± 0.71

aMean diameter measured by dynamic light scattering (DLS).
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crucial to note that the ID-Checker efficiently inhibits glucose
uptake in cancer cells with highly selective macroscale delivery of
anticancer agents to cancer cells without damage to normal cells.

We believe that the high SI of ID-Checker for cancer cells is
because of the tagged glucose on its surface. As shown in Scheme
1, the glucose of the ID-Checker acts as an identity (ID) key for
the GLUT channel. The GLUT channels on the cell membrane
recognize the glucose of ID-Checker in its glucose-binding site
and allow the entry of ID-Checker into the cell. The dynamics of
opening and closing of the GLUT through glucose recognition
enable the transport of ID-Checker across the cell membrane.
There are many more GLUT proteins on the cancer cell
membrane than normal cells, deployed originally to uptake
glucose in large amounts. The uptake of ID-Checker exclusively
through the GLUT channel endows higher selectivity for cancer
cells than normal cells. TheAl−G aggregate contains onlyAl−G
molecules. Thus, this closely packed glucose in the Al−G
aggregate prohibits it from recognition by GLUT channels. The
Al−NH3

+ aggregate does not enter the cell through GLUT

channels. The Al−NH3
+ aggregate and Al−G aggregate enter

the cell through the cell membrane, probably by endocytosis,
and show high toxicity toward the normal cells. However, due to
the high selectivity of GLUT channels, the ID-Checker
selectively kills cancer cells within 24 h without significant
harm to normal cells.

2.3. In Vivo Antitumor Activity of ID-Checker. We
evaluated ID-Checker’s in vivo antitumor activity using the
xenograft model in BALB/c mice. The xenograft model was
established by subcutaneous injection of 4T1 cells into the left
mammary adipose tissues of the BALB/c mice. Results of the 11
day animal study are presented in Figure 2A−E, and the results
of the 3 day study are shown in Figure 2F.

When the tumor volume had grown about 50 mm3, mice were
arbitrarily allocated to four groups. Group 1 (G1) was assigned
as a control group and was subjected to intraperitoneal (IP)
administration of the vehicle (0.9% saline). Mice in group 2
(G2) received the ID-Checker by IP administration at a dose of
0.711 mg/kg for days 1−3 and 14.22 mg/kg for days 4−11. Mice

Table 2. In Vitro Antiproliferation Activity of Al, Al−NH3
+ Aggregate, Al−G Aggregate, and ID-Checker in Various Cell Lines

After 24 h Incubation

IC50 ± SD (μM)a

compound ASPC-1 A549 MCF-7 HCT 116 MRC-5 IMR-90 CCD-18Co

Al 56.3 (±4.81) 72.4 (±6.15) 59.0 (±9.01) 52.7 (±1.95) 96.1 (±2.33) 284.7 (±21.2) 119.0 (±15.5)
Al−NH3

+ 86.7 (±8.84) 70.9 (±7.62) 64.6 (±11.3) 73.2 (±4.01) 178.9 (±7.32) >1000 337.9 (±12.3)
Al−G 182.5 (±12.5) 138.6 (±17.7) 131.0 (±14.4) 156.3 (±16.0) 895.1 (±13.7) >1000 701.1 (±11.2)
ID-Checker 0.27 (±0.02) 0.21 (±0.03) 0.17 (±0.002) 0.18 (±0.01) 3.34 (±0.10) 15.9 (±2.25) 11.6 (±2.45)
CLC 10.4 (±0.12) 9.63 (±0.25) 8.34 (±0.62) 7.81 (±0.34) 14.0 (±1.15) * *
NOZ 10.5 (±0.76) 10.8 (±0.53) 7.41 (±0.33) 6.82 (±0.75) 12.0 (±1.18) * *

aData are the average of three independent assays and presented as mean (±SD); *, not determined; Al, albendazole; CLC, colchicine; and NOZ,
nocodazole.

Scheme 1. Scheme Depicting the (A) ID-Checker Entering the Cell through the GLUT Channel by ID (Glucose) Recognition,
(B) Al−G Aggregate, and (C) Al−NH3

+ Aggregate That Cannot Enter through the GLUT Channel or Directly through the Cell
Membrane
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in group 3 (G3) were treated with IP injection of ID-Checker at
a dose of 1.422 mg/kg for days 1−3 and 28.44 mg/kg for days
4−11, whereas mice in group 4 (G4 DOX) were given IP
injection of 2 mg/kg doxorubicin once in 3 days. Animals in all
groups were sacrificed, and solid tumors were excised on day 12
(Figure 2E). The excised tumor tissues were dissected and
stained with hematoxylin−eosin (H&E, Figure 2A,B) after

measuring the respective volume (Figure 2C) and mass (Figure
2D). There was no significant difference in the weight of animals
in each group measured at the beginning and the endpoint
(Supporting Information, Table S1).

As depicted in Figure 2A,B, the outside and inside H&E-
stained tumor sections demonstrate nonsignificant necrosis in
G1. However, H&E-stained tumor sections from G2 and G3

Figure 2. ID-checker treatment causes tumor regression in BALB/c mice. Representative H&E-stained tumor sections from (A) outside and (B)
inside the tumor tissues. The white area indicates necrotic tumor cells. All images were acquired at 20× magnification. (C) Changes in the tumor
volume. (D) Average mass (g) of the excised tumor tissue at the endpoint. Photographs of excised tumors from each animal in the respective groups
after (E) 11 day treatment (G1, vehicle control; G2, ID-Checker) low-dose group (0.711 mg/kg for day 1−3 and 14.22 mg/kg for day 4−11); G3, ID-
Checker high-dose group (1.422 mg/kg for day 1−3 and 28.44 mg/kg for day 4−11); G4, 2 mg/kg doxorubicin (once in 3 days), and (F) 3 day
treatment (G1, vehicle control; G3, 28.44 mg/kg ID-Checker). (G) MCF-7 cells were treated with vehicle (0.9% saline), 0.50, 0.25, 0.50, and 1.0 μM
ID-Checker for 6, 12, 18, and 24 h. Cells were incubated with the anti-α-tubulin antibody followed by anti-mouse IgG/FITC antibody (green
fluorescence) to stain the microtubules, and nuclei were stained by subsequent incubation of cells with DAPI (blue fluorescence). Bottom, DAPI;
middle, microtubule network; top, merged images observed by confocal microscopy.
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showed a higher degree of necrosis than the doxorubicin-treated
G4 DOX group. Interestingly, cancer cells inside the tumor
undergo several folds higher degree of necrosis upon treatment
with the 28.44 mg/kg ID-Checker compared to doxorubicin-
treated mice. We believe that one of the reasons behind necrotic
tumor cells is their inability to uptake glucose. As mentioned
earlier, ID-Checker enters cells through the GLUT channels
and inhibits the tubulin polymerization into microtubules. The
disruption of the microtubule network causes a collapse in
GLUT channel translocation to the cell membranes responsible
for the necrosis in glucose-deprived tumor cells.

As shown in Figure 2C, the lower dose (G2 = 0.711 and G3 =
1.422 mg/kg) treatment for 3 days with ID-Checker did not
show a significant change in the tumor volume compared to
mice in G1 and G4 DOX. Thus, we increased the dose by 20-fold
from the fourth day of treatment. The tumor volume showed
about 30−40% decrease during just 3 days (day 4−day 6) in
mice treated with higher doses of ID-Checker (G2 = 14.22 and
G3 = 28.44 mg/kg) compared to mice in G1. At the endpoint,
the average tumor volume for G3 showed rescission by 37.2%
compared to the G1. Mice in G3 showed 2× and 1.3× lower
reduction in tumor volumes compared to G2 (16.4%) and G4

DOX (29.4%) group mice. As shown in Figure 2D, the average
mass of tumor tissue for mice in G3 (24.6%) showed a
significant reduction compared to the mice in G2 (9.2%) and G4
DOX (14.5%). However, it is noticeable that the decrease in
tumor volumes was not expressed well in reducing tumor
masses. One of the reasons behind this discrepancy is the severe
necrosis inside the tumor, resulting in lower chances for dead
cell clearance.

The promising results of the initial in vivo investigation of the
anticancer activity of ID-Checker prompted us to evaluate its
effectiveness in a short study. Hence, we conducted a new 3 day
study by administering 28.44 mg/kg ID-Checker to mice
designated as G3 and vehicle to the control group (G1). The
pictures of excised tumor tissues in both groups on day 4 are
presented in Figure 2F. The treatment with ID-Checker
resulted in a 61% tumor mass decrease in G3 (0.033 g)
compared to untreated group G1 (0.085 g). The tumor volume
in treated group G3 (41.9 mm3) was about 50% lower compared
to that in G1 (84.5 mm3). These results indicate that the ID-
Checker shows excellent results in killing the cancer cells in just
3 days. Even at a 14 times higher dose than doxorubicin, ID-
Checker kills cancer cells without observable toxicity to mice.

Figure 3. ID-Checker disrupts the transport of GLUT channels in cancer cells. Immunofluorescence staining of GLUT channels in (A,B) MCF-7,
(C,D) A549 cells, and (F) MRC-5 cells. Cells were treated with vehicle (0.9% saline) and 0.05, 0.25, 0.50, and 1.0 μM ID-Checker for 24 h followed by
successive incubation with rabbit anti-GLUT1 or anti-GLUT4 antibodies and the donkey anti-rabbit IgG/ALEXA488 antibody (green fluorescence)
to stain the GLUT channels. The nuclei were stained by subsequent incubation of cells with DAPI (blue fluorescence). (E) MRC-5 cells were
incubated with the anti-α-tubulin antibody followed by the anti-mouse IgG/FITC antibody (green fluorescence) to stain the microtubules, and the
nuclei were stained by subsequent incubation of cells with DAPI (blue fluorescence). Bottom, DAPI; middle, GLUT channels; top, merged images
observed by confocal microscopy.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c00646
J. Med. Chem. 2022, 65, 12883−12894

12888

https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00646?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00646?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00646?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00646?fig=fig3&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c00646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.4. Investigation of the Mode of Action for
Anticancer Activity of ID-Checker. 2.4.1. ID-Checker
Inhibits Tubulin Polymerization. We investigated the mode
of action for anticancer activity of ID-Checker through an in
vitro tubulin polymerization assay (Supporting Information,
Figure S14). Paclitaxel (PCL) and NOZ are known micro-
tubule-stabilizing and microtubule-destabilizing agents, respec-
tively. Hence, these compounds were used as positive controls.
The control experiments were carried out without adding any
compounds to the vehicle (DMSO). As expected, the PCL (20
μM) enhanced the tubulin polymerization, and NOZ (20 μM)
inhibited it compared to the vehicle control. The incubation of

tubulin with 20 μM each of Al, Al−NH3
+ aggregate, and Al−G

aggregate and 0.20 μM ID-Checker demonstrated the
inhibition of tubulin polymerization similar to Al and NOZ.
These results indicate that the ID-Checker binds to the tubulin
and inhibits the tubulin polymerization, making it a microtubule
destabilizing agent.
2.4.2. ID-Checker Disrupts the Microtubule Cytoskeleton

and Blocks GLUT Channel Transport in Cancer Cells. We
investigated the effect of ID-Checker on the tubulin polymer-
ization into the microtubule network, its distribution, and
arrangement in MCF-7, A549, and MRC-5 cells by in situ
immunofluorescence assay. As shown in Figure 2G, treatment of

Figure 4. ID-Checker arrests the cell cycle in the G2/M phase. (A) Effects on the cell cycle distribution of A549 cells upon treatment with Al, Al−
NH3

+, Al−G, and ID-Checker at various concentrations (0, 0.05, 0.25, 0.50, and 1.0 μM) for 24 h followed by staining with PI to determine the
proportion of DNA by flow cytometry, (B,C) Bar graph shows the percentage of A549 and MCF-7 cells in each phase of the cell cycle.
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MCF-7 with ID-Checker at various concentrations (0, 0.05,
0.25, 0.50, and 1.0 μM) for various time intervals (6, 12, 18, and
24 h) revealed its ability to inhibit the tubulin polymerization in
tumor cells. Interestingly, ID-Checker disrupts the microtubule
cytoskeleton in 6 h at 1.0 μM, and a similar result is observed for
0.05 μM when cells were treated for 24 h. The results for
immunofluorescence staining of microtubules in A549 cells also
confirm ID-Checker’s ability to disrupt the microtubule
cytoskeleton (Supporting Information, Figure S15). In both
MCF-7 and A549 cell lines, ID-Checker inhibited tubulin
polymerization upon treatment for 6−12 h at lower concen-
trations and killed most cells upon treatment with 0.5 and 1.0
μM in 18−24 h.

The disruption of the microtubule network hampers the
transport of GLUT channels to and from the cell membrane,
resulting in cancer cell apoptosis as they cannot uptake glucose.
Thus, we investigated the effect of ID-Checker on the GLUT1
and GLUT4 translocation process by in situ immunofluor-
escence assay in MCF-7 and A549 cells. As shown in Figure 3A−
D, the number of GLUT channels on the cancer cells decreases
with increasing ID-Checker concentrations from 0.05 to 0.50
μM, and all cells die at a concentration of 1.0 μM upon 24 h
treatment. Furthermore, the time-dependent study including 6,
12, 18, and 24 h treatment of A549 cells with various
concentrations of ID-Checker revealed that GLUT channel
transport is blocked in just 6 h by 1.0 μM ID-Checker
(Supporting Information, Figure S16). These results indicate
that the disruption of the microtubule network by ID-Checker
collapses the GLUT channel transport, leading to the shortage in
intracellular glucose and eventual cell death in 24 h.

As shown in Table 2, the IC50 (3.34 ± 0.11) value of ID-
Checker in a normal cell line (MRC-5) was 16 times higher than
that of A549 cancer cell lines, indicating that it would not show
any toxicity even at 1.0 μM concentration upon 24 h treatment.
An SI of 1.2 for NOZ and CLC indicated that these drugs enter
the cell through the cell membrane. An SI of 16 for ID-Checker
indicated that ID-Checker enters the cell through the GLUT
channel and not the cell membrane. Thus, we investigated the
effect of ID-Checker (0, 0.5, 0.25, 0.50, and 1.0 μM) on the
microtubule cytoskeleton and GLUT1 channel in normal cells
(MRC-5) in a 24 h study. ID-Checker did not affect the
microtubule cytoskeleton (Figure 3E) or translocation of
GLUT1 channels (Figure 3F) in normal cells even at the
highest concentration of 1.0 μM. These results indicate that the
ID-Checker is not absorbed well by normal cells, thus showing
almost no toxicity. As mentioned earlier, we believe that one of
the reasons behind the selectivity of ID-Checker toward cancer
cells is its ability to enter cells through the GLUT channels.
Cancer cells present a lot more GLUT channels than normal
cells. Therefore, the selectivity of ID-Checker for cancer cells is
apparent. Reported glucose-conjugated drugs enter cells
through GLUT channels as individual molecules. Thus, these
drugs do not reach enough intracellular concentration to kill
cancer cells. However, ID-Checker delivers a large amount of
Al−NH3

+ at once that effectively disrupts the microtubule
cytoskeleton in 6−12 h, resulting in cell cycle arrest and ensuing
apoptosis.
ID-Checker technology presented here can completely

inhibit glucose uptake in cancer cells with highly selective
macroscale delivery of anticancer agents to cancer cells.
Therefore, ID-Checker prevents the deployment of GLUT
channels in 6 h and kills the cancer cells within 24 h without any
damage to normal cells.

2.4.3. ID-Checker Arrests the Cell Cycle in the G2/M Phase.
Almost all MTAs induce cell-cycle arrest at the G2/M phase,
thereby influencing cell division and cell proliferation.40,41 ID-
Checker exhibited a potent antiproliferation activity against a
panel of breast and lung cancer cell lines and in vivo antitumor
activity. Thus, we investigated its effect on the cell cycle
distribution in A549 and MCF-7 cells by flow cytometry after
staining the cells with propidium iodide.

A549 and MCF-7 cells were treated with 0, 0.5, 0.25, 0.50, and
1.0 μM Al, Al−NH3

+, Al−G, and ID-Checker for 24 h. The cell
cycle phase distributions (G1/G0, S, and G2/M) were
compared among the cells from each group. A549 (Figure 4A)
and MCF-7 (Supporting Information, Figure S17) cell lines
treated with vehicle displayed the normal cell cycle progression.
The treatment of cells with Al, Al−NH3

+, and Al−G resulted in
the slight accumulation of cells in the G2/M phase. However,
these changes were insignificant compared to cells treated with
the vehicle. In contrast, cells treated with ID-Checker resulted
in a pronounced accumulation of cells in the G2/M phase and
associated decrease in cells in the G1 and S phases.

As shown in Figure 4A, 5 μM ID-Checker arrested over 80%
of cells in the G2/M phase, and almost no living cell was found at
1.0 μM in the A549 cell line. In a study with the MCF-7 cell line,
0.25 μM ID-Checker arrested over 60% of cells in the G2/M
phase, and no living cell was found when treated with 1.0 μM
ID-Checker (Supporting Information, Figure S17). As shown in
Figure 4B,C, the treatment of A549 cells and MCF-7 with ID-
Checker for 24 h at various concentrations resulted in cell cycle
arrest at the G2/M phase with higher percentages than Al, Al−
NH3

+ aggregate, and Al−G aggregate. Overall, these results
establish that ID-Checker efficiently induced the G2/M phase
arrest of both A549 and MCF-7 cells.
2.4.4. Molecular Docking Reveals a Higher Affinity for Al−

NH3
+ in CBS and NBS Compared to Al−G. The molecular

docking results for the binding ofAl,Al−NH3
+, andAl−G in the

CLC binding site (CBS, PDB: 4O2B) and NOZ binding site
(NBS, PDB: 5CA1) are presented in Supporting Information,
Table S2. Overall, Al, Al−NH3

+, and Al−G showed higher
docking scores for NBS (−6.61−−7.31 kcal mol−1) compared to
CBS (−6.20−−6.64 kcal mol−1). The CBS is on the interface
between α- and β-dimeric complexes with CLC binding mostly
in the β-tubulin cavity with the minor interactions with the α-
tubulin. Analysis of docking results indicates that the Al, Al−
NH3

+, and Al−G best fit in the cavity of the β-tubulin, and none
of the atoms of these molecules perturbed up to the α-tubulin
(Supporting Information, Figure S18).

As indicated by the docking scores, Al and Al−NH3
+

demonstrated similar binding strengths in CBS (−6.64 and
−6.44 kcal mol−1) and NBS (−7.31 and −7.14 kcal mol−1). Al
showed several hydrophobic interactions and four hydrogen-
bonding interactions in the NBS. The hydrogen-bonding
interactions included ring N−H with VAL236 (2.16 Å), ring
N with two amino acids including TYR200 (2.29 Å), GLU198
(2.08 Å), and carbamate carbonyl with ASN165 (2.62 Å),
whereas Al−NH3

+ displayed several hydrophobic interactions
and two hydrogen bonds, including ring N−H with VAL236
(1.97 Å) and −NH2 hydrogen with GLU198 (2.51 Å) in the
NBS. In contrast, instead of the benzimidazole nitrogens Al−G,
hydroxyl groups in glucose showed hydrogen bonds with
TYR200, VAL236, and CYS239. It is important to note that the
extremely hydrophilic nature of the glucose residue in Al−G
would have a very high desolvation penalty. Thus, it is unlikely
that the glucose residue will participate in binding interactions
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with binding regions in NBS. These results are also reflected in
the IC50 values of Al−G that are about two times higher than for
Al and Al−NH3

+. We believe that ID-Checker shows highly
selective anticancer activity because it can deliver a large amount
of Al−NH3

+ with every ID-Checker particle that enters the cell.
Complete inhibition of glucose uptake by cancer cells with
highly selective macroscale delivery of anticancer agents to
cancer cells can kill them within 24 h without damage to normal
cells.

3. CONCLUSIONS
Here, we presented a method to kill the cancer cells in 24 h by
destroying the framework required for glucose uptake in cancer
cells. The results presented here agree with Otto Warburg’s
discovery on the complete dependency of cancer cells on
glucose. The glucose tag on the ID-Checker ensures its highly
specific macroscale delivery of anticancer agents to the cancer
cells through the GLUT channels. Anticancer agents inhibit the
microtubule formation and thus the deployment of GLUT
channels on membranes to block cancer-cell glucose uptake
completely. We achieved this remarkable feat with ID-Checker
technology presented here for the highly selective macroscale
delivery of anticancer agents to cancer cells. Therefore, ID-
Checker technology is a powerful tool for highly selective
anticancer therapy through highly selective macroscale delivery
of anticancer agents to cancer cells.

4. EXPERIMENTAL SECTION
4.1. Materials and Methods. All chemicals and reagents were

procured from Sigma-Aldrich (South Korea), Thermo Fisher Scientific
(South Korea), TCI Chemicals (South Korea) and used as received
unless otherwise stated. All deuterated solvents were purchased from
Cambridge Isotope Laboratories. The successful formation of the
product was confirmed by monitoring the reaction using TLC on
Merck Silica Gel 60 F254 plates. The developed plates were visualized
under UV light (254 nm). All solvents were of HPLC grade from SK
Chemicals, Korea. Ultrapure water (18 MΩ/cm) was obtained from a
Milli-Q purification system (Millipore, USA). Cell viability was
assessed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) assay. Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), trypsin, and 3-(4,5-dimethyl thiazol2yl)-2,5-
diphenyl tetrazolium bromide were purchased from Thermo Fisher
Scientific. The tubulin polymerization assay kit (006P) was procured
from Cytoskeleton, Inc. (Denver, USA). Cell culture plates and glass
coverslips were purchased from SPL Life Sciences. Pancreatic cancer
(ASPC-1), lung cancer (A549), breast cancer (MCF-7), colon cancer
(HCT 116), and lung normal (MRC-5) cell lines were obtained from
the Korea Cell Line Bank.

The synthesized compounds were characterized by 1H and 13C
NMR on a Jeol FT-NMR spectrometer (400 MHz; JEOL, Japan).
Spectra were visualized and analyzed using MestReNova (version
10.0). The chemical shifts (δ) are reported in parts per million (ppm),
and the coupling constants (J) are quoted in Hz. The mass spectra were
recorded on a JMS-700 MStation mass spectrometer (JEOL, Japan) or
Agilent Technologies 7820A GC/5977E MSD (Agilent Technologies,
USA). The Shimadzu UV-24500 (Shimadzu, Tokyo, Japan)
spectrometer and Agilent Cary Eclipse fluorescence spectrophotometer
(Agilent Technologies, Santa Clara, CA, USA) were used to record
UV−visible spectra and fluorescence emission spectra, respectively. A
JMS-700 MStation mass spectrometer (JEOL, Tokyo, Japan), a
microplate reader ABS Plus (Molecular Devices, San Jose, CA, USA),
and a confocal laser scanning microscope (Carl Zeiss LSM710,
Osnabrück, Germany) were also used in the present study. The
aggregate sizes were recorded by the DLS technique using the Malvern
Zetasizer NanoZS90 (Malvern Instruments Ltd, Malvern, U.K.), at 25
°C and a fixed angle of 90°. No statistical methods were used to

predetermine sample size in animal experiments. The experiments were
not randomized, and investigators were not blinded to allocation during
experiments and outcome assessment.
4.1.1. Synthesis of Al−NH2. To a suspension of albendazole (886

mg, 3.34 mmol) in methanol (25 mL) and water (6.5 mL) was added
potassium hydroxide (375 mg, 6.68 mmol). The resultant mixture was
heated at reflux, giving a yellow solution. After heating for 72 h, TLC
analysis showed that the starting material was present. A further portion
of potassium hydroxide (375 mg, 6.68 mmol) was added, and the
mixture was stirred for a further 24 h. The mixture was allowed to cool
to room temperature before removing methanol in vacuo. The
remaining aqueous was then diluted with CH2Cl2 (3 × 20 mL) before
combined organic layers were washed with brine (50 mL), dried over
sodium sulfate, and concentrated in vacuo to afford Al−NH2 (502 mg,
72.5%) as a light gray solid. 1H NMR (400 MHz, CD3OD): δ 7.25 (s,
1H1), 7.10 (d, J = 8.13 Hz, 2H2), 7.05 (d, J = 8.12 Hz, 2H3), 2.80 (t, J =
7.16 Hz, 2H4), 1.58 (sextet, J = 7.32 Hz, 2H5), 0.99 (t, J = 7.36 Hz,
3H6). 13C NMR (100 MHz, CD3OD): δ 157.20, 139.76, 138.52,
127.62, 125.77, 116.64, 112.95, 39.21, 23.67, 13.53. HRMS(EI) m/z:
[M]+ calcd for C10H13N3S, 207.0830; found, 207.0829. HPLC purity
99.77%.
4.1.2. Synthesis of Al−NH2·HCl (Al−NH3

+Cl). To a suspension of
Al−NH2 (5 g, 24 mmol) in acetone (30 mL) was bubbled excess HCl
gas generated using sodium chloride (4.2 g, 72 mmol) and sulfuric acid
(3.9 mL, 72 mmol). The resultant mixture was stirred for 30 min at rt.
The mixture was filtered to obtain Al−NH2·HCl (4.7 g, 80%) as a light
ivory solid. 1H NMR (400 MHz, DMSO-d6): δ 12.58 (s, 2H1), 8.58 (s,
2H2), 7.34−7.29 (m, 1H3, 1H4), 7.20 (dd, J = 8.31, 1.70 Hz, 1H5), 2.90
(t, J = 7.14 Hz, 2H6), 1.55 (sextet, J = 7.26 Hz, 2H7), 0.95 (t, J = 7.33 Hz,
3H8). 13C NMR (100 MHz, DMSO-d6): δ 150.69, 130.45, 130.05,
128.43, 124.78, 112.35, 111.90, 35.76, 21.96, 13.10. HRMS(ESI) m/z:
[M + H]+ calcd for C10H14N3S+, 208.0903; found, 208.0930. HPLC
purity 99.95%.
4.1.3. Synthesis of Al−G. The hydrochloric acid solution (pH =

3.45) containing Al−NH2 (1.2 mM) and β-D-glucose (0.5 mM) in a
Teflon-coated rubber-stoppered glass vial was kept at 40 °C for 4 h.
During this time, aliquots of the reaction mixture were subjected to
TLC using 10% methanol in dichloromethane to check the progress of
reaction. The reaction was quenched by diluting the contents of the vial
with acetate buffer (0.5 M, pH = 5.8). The solvent was evaporated
under reduced pressure at 40 °C. The crude residue was then dissolved
in ample amount of methanol and purified by column chromatography
using 10% methanol in dichloromethane as an eluent. The aliquots of
the eluent were concentrated under vacuum to obtain Al−G with the
yield over 62%. 1H NMR (400 MHz, CD3OD): δ 7.35 (s, 1H1d′), 7.32 (s,
1H1), 7.21−7.16 (m, 1H2), 7.12−7.09 (m, 1H3), 5.39 (d, J = 5.10
Hz,1H4), 4.86 (d, J = 8.88 Hz, 1H4d′), 3.89−3.33 (m, 1H5−2H9), 2.82 (t,
J = 7.16 Hz, 2H10), 1.58 (sextet, J = 7.32 Hz, 2H11), 0.99 (t, J = 7.33 Hz,
3H12). 13C NMR (100 MHz, CD3OD): δ 156.07, 139.28, 138.03,
128.36, 128.19, 125.99, 125.92, 116.90, 113.47, 85.30, 82.75, 78.92,
74.97, 74.30, 73.64, 71.88, 71.70, 71.34, 62.90, 62.60, 39.05, 23.66,
13.53. HRMS(FAB) m/z: [M + H]+ calcd for C16H24N3O5S+,
370.1431; found, 370.1439. HPLC purity 99.95%.

4.2. HPLC Purity. All compounds are >95% pure by HPLC analysis
(Supporting Information, Figures S10−S12).

4.3. Cell Culture. Human cell lines including pancreatic cancer
(ASPC-1), lung cancer (A549), breast cancer (MCF-7), colon cancer
(HCT 116), and lung normal (MRC-5) were purchased from the Korea
Cell Line Bank (Seoul, South Korea). All cell lines were cultured in
RPMI 1640 medium (Cat # 10-040-CV, Corning, New York, USA)
containing 10% FBS and 1% penicillin/streptomycin in a humidified
CO2 incubator at 37 °C (5% CO2/95% air). At about 80−90%
confluency, cells were washed with PBS (pH 7.4) and subsequently
subcultured by treatment with 0.25% trypsin-2.65 mM EDTA. The
medium was replaced every 2 days. The cultured ASPC-1, A549, MCF-
7, HCT 116, and MRC-5 cells were used to evaluate the in vitro
antiproliferation activity of the test compounds.

4.4. In Vitro Antiproliferation Activity. The cytotoxic activity of
ID-Checker, Al, Al−NH3

+ aggregate, and Al−G aggregate against a
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panel of four cancer cell lines including pancreatic cancer (ASPC-1),
lung cancer (A549), breast cancer (MCF-7), and colon cancer (HCT
116) cell lines, and three lung normal cell lines (MRC-5, IMR-90, and
HEL 299) were evaluated by an MTT assay.42−44 In brief, about 7000
cells/well were seeded in 96-well plates and grown in an incubator for
24 h. 0.9% saline solution was used to prepare 1 mM stock solutions of
compounds and then diluted in a cell culture medium and loaded in the
wells containing cells at various concentrations. The cells were then
incubated for 24 h followed by treatment with MTT for 2 h in the dark.
The 96-well plates were transferred to the spectrophotometer
(SpectraMAX Plus, Molecular Devices Inc., Sunnyvale, CA, USA),
and the absorbance in each well was measured at 490 nm. GraphPad
Prism 7 software (San Diego, CA) was used to determine the cell
growth inhibition of 50% (IC50) values. All experiments were
performed in triplicate, and the results were presented as mean ± SD
(standard deviation).

4.5. In Vivo Antitumor Efficacy of ID-Checker. All animal
experiments in this study were performed according to the rules of the
Animal Experimental Ethics Committee of the Hallym University in
accordance with the animal testing regulations (Hallym #2021-51).
Five week-old female BALB/c pathogen-free mice were purchased from
Dooyeol Biotech Inc. (Seoul, South Korea). After 1 week of quarantine
and adaptation period, healthy animals that did not show any weight
loss were selected and used for the experiment. Experimental animals
were set at 23 ± 3 °C, a relative humidity of 50 ± 10%, ventilation 10−
15 times/h, and a light time of 12 h (08:00−20:00). Test animals were
allowed to freely ingest solid feed obtained from Cargill Inc.
(Minneapolis, USA) and drinking water during the entire study period.

BALB/c mice were injected with 4T1 cells (1 × 105 cells/mice)
subcutaneously into the left mammary adipose tissue. After
implantation, tumor growth was visualized with the naked eye and
measured with a caliper to calculate tumor volume (mm3) = (length ×
width2)/2, where length and width are the largest and smallest
diameters, respectively. When the tumor volume reached about 50
mm3, the mice were classified into four test groups, including control
(G1), low-dose group (G2), high-dose group (G3), and doxorubicin-
treated group (G4 DOX). Group 1 (G1) was assigned as a control
group and was subjected to intraperitoneal (IP) administration of the
vehicle (0.9% saline). Mice in group 2 (G2) received the ID-Checker
by IP administration at a dose of 0.711 mg/kg for days 1−3 and 14.22
mg/kg for days 4−11. Mice in group 3 (G3) were treated with IP
injection of ID-Checker at a dose of 1.422 mg/kg for days 1−3 and
28.44 mg/kg for days 4−11, whereas mice in group 4 (G4 DOX) were
given IP injection of 2 mg/kg doxorubicin once in 3 days.

The tumor volume and body weight of each mouse was recorded
before the treatment. The experiment was terminated on specified days
(study 1, 11 days; study 2, 3 days). Animals were sacrificed at the end of
the study, and tumors were dissected. The tumor volumes and weights
in the treatment groups G2 and G3 were compared with G1 and G4
DOX groups using one-way ANOVA and multiple comparisons using
GraphPad Prism 7 software (San Diego, CA). Statistical significance is
presented as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
Some of the tumors were then stored at −70 °C for later analysis, and
some were fixed in 4% paraformaldehyde (PFA), embedded in paraffin
wax, and used for H&E staining. The 5 μm size tissue sections were
mounted on the slides and stained with H&E. The H&E-stained slides
were digitally scanned using a light microscope (Carl Zeiss,
Oberkochen, Germany), and histological changes were observed.

4.6. Tubulin Polymerization Assay. Tubulin polymerization was
performed by following the manufacturer’s protocol (BK006P,
Cytoskeleton, Inc. Denver, USA). In brief, tubulin proteins (>99%
purity) were suspended in G-PEM buffer containing 80 mM PIPES, 2
mM MgCl2, 0.5 mM EDTA, 1.0 mM GTP (pH 6.9), and 5% glycerol in
the absence or presence of paclitaxel (PCL), NOZ, Al, Al−NH3

+

aggregate, Al−G aggregate, and ID-Checker at concentrations of 20
μM. Then, the 96-well plate containing these mixtures was kept in a
spectrophotometer (SpectraMAX Plus, Molecular Devices Inc.,
Sunnyvale, CA, USA). The absorbance was measured at 380 nm (37
°C) for 90 min at the rate of one measurement per minute.

4.7. Immunofluorescence for Tubulin. The effect of compounds
on the microtubule cytoskeleton organization following ID-Checker
treatment was visualized by immunofluorescence using the anti-α-
tubulin antibody in MCF-7, A549, and MRC-5 cell lines. The respective
cells were grown on coverslips for 24 h placed in the six-well plates. The
cells were then treated with the ID-Checker at various concentrations
(0, 0.05, 0.25, 0.50, and 1.0 μM) for various time intervals, including 6,
12, 18, and 24 h unless otherwise stated. After incubation for a specified
time, the cells were washed with 0.1 M PBS (0.5 mL) and fixed by
treating them with 1% paraformaldehyde for 20 min at 4 °C. Then, the
washed cells were permeabilized with buffer containing 0.025% Triton
X-100 for 15 min followed by blocking with 0.1 M PBS buffer
containing 1% BSA for 30 min. The cells were then treated with the
mouse anti-α-tubulin antibody (Cat # SC-32293, Santa Cruz
Biotechnology, Inc., USA) at 37 °C for 2 h. The cells were washed
with 0.1 M PBS and incubated with the anti-mouse IgG/FITC antibody
(Cat # SC-516140, Santa Cruz Biotechnology, Inc., USA) for 1 h. The
nuclei of cells were stained by incubating them in the dark with DAPI
(Sigma-Aldrich, Seoul, South Korea) at 25 °C for 10 min. The prepared
cells were then visualized under a confocal laser scanning microscope
(Carl Zeiss LSM710, Germany).

4.8. Immunofluorescence for GLUT1 and GLUT 4 Channels.
The effect of compounds on microtubule cytoskeleton organization
following ID-Checker treatment was visualized by immunofluor-
escence using the anti-GLUT1 or anti-GLUT4 antibody in MCF-7,
A549, and MRC-5 cell lines. The respective cells were grown on
coverslips for 24 h placed in the six-well plates. The cells were then
treated with the ID-Checker at various concentrations (0, 0.05, 0.25,
0.50, and 1.0 μM) for various time intervals, including 6, 12, 18, and 24
h, unless otherwise stated. After incubation for a specified time, the cells
were washed with 0.1 M PBS (0.5 mL) and fixed by treating them with
1% paraformaldehyde for 20 min at 4 °C. Then, the washed cells were
permeabilized with buffer containing 0.025% Triton X-100 for 30 min
followed by blocking with 0.1 M PBS buffer containing 1% BSA for 30
min. The cells were then treated with the rabbit anti-GLUT1 or rabbit
anti-GLUT4 antibody (Cat # LS-C407646 and LS-C143467, LifeSpan
Biosciences, Seattle, USA) at 4 °C for 12 h. The cells were washed with
0.1 M PBS and incubated with the donkey anti-rabbit IgG/ALEXA488
antibody (Cat # A32790, Thermo Fisher Scientific, Waltham, USA) for
90 min. The nuclei of cells were stained by incubating them in the dark
with DAPI (Sigma-Aldrich, Seoul, South Korea) at 25 °C for 5 min. The
prepared cells were then visualized under a confocal laser scanning
microscope (Carl Zeiss LSM710, Germany).

4.9. Cell Cycle Analysis. MCF-7 and A549 cells (2 × 105) were
seeded in 100 mm dishes and incubated overnight. The cells were
treated with 0.9% saline (vehicle), and various concentrations of ID-
Checker (0, 0.05, 0.25, 0.50, and 1.0 μM) for 24 h were detached,
collected, and washed with FACS buffer (1% FBS in PBS). The cells
were fixed with ice-cold 70% ethanol in PBS for 12 h at 4 °C. The cells
were then washed and resuspended in buffer containing RNase (Sigma-
Aldrich) and incubated for 30 min at 37 °C. The cells were then
incubated with PI for 5 min in the dark and used immediately for cell
cycle distribution analysis using FACSCalibur (BD Biosciences,
Franklin Lakes, USA).

4.10. Statistical Analysis. Unless otherwise stated, all experiments
were performed in triplicates and analyzed using the GraphPad Prism
5.0 (GraphPad Software, Inc., San Diego, USA) program. Student’s t-
test and one-way analysis variance (ANOVA) were used to compare the
difference between the test and control groups. It was judged to be
statistically significant only when P < 0.05 or more. Statistical
significance is presented as *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.
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