Chinese Chemical Letters 33 (2022) 1567-1571

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Construction of a biotin-targeting drug delivery system and its ®)

near-infrared theranostic fluorescent probe for real-time image-guided @&

therapy of lung cancer

Xinyu Song®d!, Rui WangP<!*, Junfang Gao?, Xiaoyue HanP¢, Jianfeng JinP<,
Changjun Lv*, Fabiao YuP<c*

2 Department of Respiratory Medicine, Department of Pediatric Gastroenterology and Nephrology, Binzhou Medical University Hospital, Binzhou 256603,

China

bKey Laboratory of Hainan Trauma and Disaster Rescue, Department of Neurology, The First Affiliated Hospital of Hainan Medical University, Hainan

Medical University, Haikou 571199, China

¢Key Laboratory of Emergency and Trauma, Ministry of Education, Key Laboratory of Hainan Functional Materials and Molecular Imaging, College of
Pharmacy, College of Emergency and Trauma, Hainan Medical University, Haikou 571199, China

dState Key Laboratory of Respiratory Disease, National Clinical Research Center for Respiratory Disease, Guangzhou Institute of Respiratory Health, the First
Affiliated Hospital of Guangzhou Medicine University, Guangzhou 510120, China

ARTICLE INFO

ABSTRACT

Article history:

Received 14 May 2021

Revised 21 August 2021
Accepted 24 August 2021
Available online 29 August 2021

Keywords:
Fluorescent probe
Drug delivery
Theranostics

In vivo imaging
Lung cancer

The therapy of non-small lung cancer (NSCLC) is limited by wide metastasis and chemotherapy resis-
tance, herein, we present a new cancer-targeting prodrug PBG with the integration of real-time fluores-
cence visualization. The potent anticancer drug Gefitinib conjugates a biotin recognition ligand yielding
the prodrug PBG via a GSH-activatable disulfide bond linker. Once coupling a near-infrared azo-BODIPY
fluorophore into the molecular structure of PBG, we obtain its fluorescent theranostic TBG. The prodrug
PBG can sustain Gefitinib release by the high level of GSH in the pathophysiological milieu. We evaluate
the drug delivery of the prodrug PBG using fluorescent TBG in PC9 cancer bearing nude mice models,
which indicate that TBG can be utilized to monitor the in vivo drug release process. Prodrug PBG can
be targeted to accumulate in the cancer lesion with a better and efficaciously therapeutic result com-
pared with the single Gefitinib treatment in cells and in vivo. The fluorescence images also reveal that
the targeting accumulation and longitudinal retention of anticancer drug in cancer lesions will contribute
to the superior therapeutic effects. The above applications of our new prodrug PBG and its fluorescent

theranostic TBG have the potential contribution to the research in biology and the clinical medicine.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

For the design of a certain cancer-selective drug, it is still a
huge challenge to realize desirable purpose in avoiding systemic
toxicity and administrating higher drug concentrations in cancer
lesions [1]. It is believed that the critical challenge can be achieved
by the newly emerging theranostics which play important roles in
cancer diagnosis and therapy to deliver tailored diagnostics and
therapeutics [2,3]. To construct a cancer-targeting activable pro-
drug, the potent anti-cancer drug should connect with a desir-
able cancer recognition moiety directly and through a cleavable
linker. The prodrug needs to exhibit low systemic cytotoxicity be-
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fore guided to cancer lesions and internalized into the cancer cells
[4]. The linker should behave stable in systemic circulation, while
it has to readily release the active cytotoxic drug in the microm-
ilieu of solid cancers, under the stimulation of higher concentra-
tions of glutathione (GSH), higher levels of reactive oxygen species,
overexpressed enzymes, or lower pH values [5-13]. Small molecule
fluorescent theranostics are often devised form clear different moi-
eties. Since the fluorescence emission is employed to deliver real-
time detection signal [14-17], it is preferable to utilizing near-
infrared (NIR) fluorophores as the signal transducer, because the
NIR light (650-900 nm) can deeply penetrate the tissue, minimize
the interference from auto-fluorescence, and facilitate in vivo imag-
ing of the molecular processes [18-21].

Surgical resection of malignant neoplasms remains as the pri-
mary and efficacious therapy methods for non-small lung can-

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



X. Song, R. Wang, J. Gao et al.

a Prodrug Biotin-Gefitinib (PBG)

0.

o

Chinese Chemical Letters 33 (2022) 1567-1571

- o]
~0o o N0 o WO Q:F
cl Zz_0..S o GSH Cl Z 0 AS o) GSH z i
e 0§ ‘H\{;r — e @\J o | + @ZIOWO
S S o] ol
Biotin Gefitinib
b Theranostics Biotin-Gefitinib (TBG)
Q Q Q QO
N
Gl N ame
FF
Q 0 ’ @ FF O
oO J 0 o»\_O L0 O O .
GSH © Ny
(:; — @ ﬂ» /’NB'N 4 + §gg O
S, O e m ~
O 0~

HO 0P

Fluorescent targeting tracker Gefitinib

Scheme 1. The proof-of-concept and drug release principle of PBG and TBG.

cer (NSCLC), and chemotherapy is considered to be the domi-
nant and effective treatment strategy for metastasized or dissem-
inated cancer [22]. However, the therapeutic efficacies of anti-
cancer drugs in the current clinical are hindered by their low se-
lectivity, poor penetration and unexpected side-effects. Therefore,
following the above-mentioned requirements for the design of pro-
drugs and theranostics, we conceived a NSCLC-targeting activable
prodrug biotin-Gefitinib (PBG) and its fluorescent theranostic plat-
form biotin-Gefitinib (TBG) (Scheme 1). The human lung adenocar-
cinoma PC9 cell line and the corresponding cancer-bearing nude
mice were utilized to examine the effectiveness of the prodrug
PBG. The results proved that PBG could perform enhanced anti-
cancer effects in cells and in vivo. As a fluorescent theranostics,
TBG could trace the distribution, metabolism, and elimination of
the prodrug PBG by non-invasive fluorescence imaging in real-
time. Moreover, the prodrug PBG prompted high cytocidal effect
through the precise drug delivery, whereas the fluorescent thera-
nostics TBG accomplished with real-time monitoring of the drug
release and treatment effect.

According to the general design proposal in Scheme 1, the an-
ticancer prodrug includes two moieties: a potent anticancer drug
Gefitinib for NSCLC patients with epidermal growth factor recep-
tor (EGFR) mutation and a cancer recognition moiety biotin that
can be transported by Nat*-dependent multivitamin transporter
(SMVT), which conjugate together via a cleavable linker [23]. SMVT
is a highly expressed transmembrane carrier. The cancer tissues
overexpress more SMVT than the normal tissues [24]. Addition-
ally, biotin has been improved as a good cancer recognition for the
design of biotinylation drugs, which is chosen as the candidate to
guide Gefitinib into cancer cells [25]. A cleavable linker is expected
to be a susceptible chemical bridge which prefers to be cleaved un-
der the stress of cancer specific internal milieu. As expected, the
EGFR-mutation NSCLC cells process abnormally higher GSH level
than the non-mutation cells. A GSH-activable disulfide bond (-S-
S-) is selected as the linker between the anticancer prodrug Gefi-
tinib and the cancer recognition moiety biotin. To improve thera-
peutic index and cancer-selectivity of Gefitinib, we finally obtain a
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new targeting prodrug PBG and further obtain a fluorescent ther-
anostics TBG by inserting a near-infrared azo-BODIPY fluorophore
(Scheme 1). The theranostics TBG will facilitate drug development,
which can offer more information, such as drug biodistribution,
targeting capability, pharmacokinetics, and therapy effect in real-
time. All the synthetic routes and molecular structure characteri-
zation can be found in Supporting information.

The spectroscopic absorption and emission properties of the
fluorescent theranostics TBG were investigated under simulated
physiological conditions (HEPES buffer, pH 7.4). As shown in
Fig. 1a, the free fluorescent theranostics TBG exhibited a maximum
absorption wavelength at 672 nm (€g72nm = 1.33 x 10% L mol~!
cm~1). After the addition of 10 mmol/L GSH, the maximum ab-
sorption peak red-shifted to 704 nm (&794nm = 1.65 x 10* L mol~!
cm~1). Simultaneously, a fluorescence emission band appeared at
720 nm (Fig. 1b). The fluorescent intensity gradually increased to a
plateau within 17 h (Figs. 1b and c), which was benefit for tracing
the prodrug PBG release process in cells and in vivo. The selectiv-
ity of TBG towards various bioactive species was also checked. As
shown in Fig. 1c, only high level of biothiols could trigger the flu-
orescence emission. Other bioactive species, such as amino acids
and peptides (Fig. 1d), anions and metal ions (Fig. 1e), as well
as reactive oxygen species and reactive nitrogen species (Fig. 1f)
hardly induced any fluorescence changes. The results demonstrated
that the prodrug PBG and the theranostics TBG could selectively
release Gefitinib via the high level of biothiols, such as GSH in can-
cer cells. And the fluorescence profile of the theranostics TBG made
it possible to detect the prodrug PBG delivery process in cancer
cells and in vivo.

To further verify the drug release under the GSH-triggering, the
inspection of reaction kinetics between TBG and GSH by high-
performance liquid chromatography (HPLC), as shown in Fig. S1
(Supporting information). Since our fluorescent theranostic TBG
had exhibited excellent sensitivity and selectivity towards GSH, we
further examined the potential fluorescence release efficacies of
TBG in living cells. As shown in Fig. S2a (Supporting information),
after the administration of 1 pmol/L TBG in the living PC9 cells, the
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Fig. 1. Spectral properties and selectivity of TBG. The spectra experiments were processed in the HEPES buffer (10 mmol/L, pH 7.4, 37 °C). (a) Absorbance spectra of TBG
(10 pmol/L) incubated with GSH (10 mmol/L). (b) Time-dependent fluorescence intensity changes towards GSH (10 mmol/L) (Aex/Aem = 704/690-800 nm). (c) Time-dependent
fluorescence intensity at 720 nm of TBG (10 pmol/L) to GSH (10 mmol/L), cysteine (Cys) (200 pmol/L) and homocysteine (Hcy) (10 pmol/L) during 0-24 h. The following tests
take 24 h. (d) Selectivity to amino acids and peptides: 1. 10 mmol/L GSH; 2. 200 pmol/L Cys; 3. 10 pumol/L Hcy; 4. Ala; 5. Arg; 6. Asn; 7. Asp; 8. Gln; 9. Glu; 10. 2 mmol/L
Gly; 11. His; 12. Ile; 13. Leu; 14. Phe; 15. Pro; 16. Ser; 17. Thr; 18. Tro; 19. Tyr; 20. Val. The concentration of other analysts is 1 mmol/L. (e) Selectivity to anions and metal
ions: 1. 10 mmol/L GSH; 2. 5 mmol/L K*; 3. 140 mmol/L Na*; 4. 2.5 mmol/L Ca®*; 5. Mg?*; 6. Zn?*; 7. Cu?*; 8. Cl-; 9. Br; 10. I"; 11. CO3?"; 12. HSO5;™; 13. H,PO,". The
concentration of other analysts is 1 mmol/L. (f) Selectivity to reactive oxygen species and reactive nitrogen species. 1. 10 mmol/L GSH; 2. ONOO-; 3. NO; 4. NO,~; 5. 0,""; 6.
*OH; 7. H,0,; 8. CIO~; 9. t-BuOOH. The concentration of other analysts is 200 pmol/L. The data were shown as mean + SD (n = 3).

fluorescence intensity reached its highest value at the time point
of 16 h, indicating a process of sustained drug release activated by
high endogenous GSH level in PC9 cells. And the fluorescence im-
ages could continuously last more than 23 h, which illustrated a
long intracellular retention time. As shown in Fig. S3 (Supporting
information), we next explored the cellular transport processes of
TBG, which showed weak fluorescence. These results indicated that
TBG could not be transported into cells when the transport recep-
tors were inhibited.

Next, the efficacies of prodrug PBG and fluorescent theranos-
tics TBG were evaluated with PC9 cells. To visually evaluate the
cytotoxity of PBG and TBG, a commercial Caspase-3/7 green de-
tection reagent was introduced to detect the cleavage of caspase
3. PC9 cells were treated with 1 pmol/L Gefitinib, PBG and TBG
for 24 h, respectively (Figs. S4a and S5 in Supporting information).
The red fluorescence of TBG displayed the drug release. Both PBG
and TBG induced higher green fluorescence rate than Gefitinib, in-
dicating the prodrugs were more potent than Gefitinib. In addi-
tion, the transmission electron microscopy (TEM) was utilized to
observe the subcellular mitochondria changes after the treatment
of Gefitinib, PBG and TBG (Fig. S4b in Supporting information).
To evaluate the apoptotic rate that induced by different concen-
trations of prodrug PBG and corresponding theranostics TBG for
72 h, the cells were stained with PE anti-active caspase 3 antibody.
As displayed in Figs. S4c and d (Supporting information), PBG and
TBG showed similar levels of active caspase 3, which were higher
than that Gefitinib led. As displayed in Fig. S4e (Supporting in-
formation), PBG and TBG almost resulted in the same cell viabil-
ity which was lower than Gefitinib. Compared with Gefitinib, both
PBG and TBG obstructed the migration of PC9 cells from the upper
wells (Fig. S4f in Supporting information). The dissociation curves
showed that both PBG and TBG decreased more cell adhesion than
Gefitinib after 60 s (Fig. S4g in Supporting information). To investi-
gate the enhanced therapy effect of PBG and TBG, we quantified
the expression of p-EGFR, p-Akt and p-ERK changes with West-
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ern blot analysis and flow cytometry. The PC9 cells were treated
with Gefitinib, PBG, and TBG for 72 h, respectively. The Western
blot results offered that both PBG and TBG treatment led to the
more inhibition of p-EGFR, p-Akt and p-ERK than those of Gefitinib
group (Fig. S4h in Supporting information). The flow cytometry re-
sults were consistent with the Western blot bands grey intensity,
demonstrated that PBG and TBG were more efficacious EGFR tyro-
sine kinase inhibitors than Gefitinib (Figs. S4i-k in Supporting in-
formation). The ratios of cleaved-caspase 3 to caspase 3 in the PBG
and TBG groups were higher than that in Gefitinib group, which
supported that the more serious apoptosis was induced by PBG
and TBG. The results confirmed the caspase 3-dependent apoptosis
(Fig. S41 in Supporting information).

Since our prodrug PBG and fluorescent theranostics TBG had
been proven efficacious on cancer cells, we then strived to assess
the efficacies of PBG and TBG in vivo. All experiments performed
with mice were carried out in accordance with protocols approved
by the Institutional Animal Care and Use Committee of Binzhou
Medical University. As displayed in Fig. 2, PC9 cells cancer-bearing
nude mice were divided into four groups. Then the mice were in-
jected via tail vein with saline, Gefitinib, PBG, and TBG every other
day, respectively. Cancer volume and nude mice weight were mea-
sured every two days for 28 days. Then all the cancers were dis-
sected and weighed. As illustrated in Fig. 2a, PBG and TBG pro-
vided more curative effect for PC9 cancer-bearing mice than the
group with Gefitinib. The body weight changes during the therapy
process were presented in Fig. 2b, in which there was prolonged
lifetime than Gefitinib (Fig. 2c). Images of nude mice captured at
0, 10th, 20th and 28™ days were shown in Fig. 2d. The results
showed obvious visible change of cancer masses. The correspond-
ing tumor weights were shown in Fig. 2e. Cancer tissues in Fig. 2e
were sectioned and costained by Ki67 (D3Bs) Rabbit mAb (Alexa
Fluor 647 Conjugate) to determine the cell proliferation level. Com-
pared with the saline and Gefitinib groups, the significantly de-
creased Ki67-positive cells in PBG and TBG groups revealed that
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Fig. 2. Efficacy evaluation and fluorescent images in vivo. Nude mice bearing PC9 cells subcutaneous cancer xenografts were established and treated with saline, Gefitinib,
TBG, PBG (0.5 mmol/L in 0.2 mL saline, DMSO/saline (1/1, v/v), qod. i.v.) (n = 5 per group). (a) Tumor volume. The calculation followed the formula: volume (mm?) = length
(mm) x width?> (mm?) x 0.5. (b) Body weights. (c) Survival curves of the PC9 cancer-bearing nude mice. (d) Images of nude mice captured in 1, 10, 20 and 28 days. (e)
Tumor weight. Inset: Tumor masses and fluorescent images. (f) Immunofluorescence staining and statistical analysis of PC9 cancers Ki67 (red) with anti-Ki67 mAb (Alexa
Fluor 647 Conjugate) and nucleus with DAPI (blue) (n = 5). Scale bar: 50 pm. (g) Nude mice bearing subcutaneous PC9 cancer xenografts were imaged for 2, 5, 8, 16 and
24 h after tail vein injection of a single-dose 0.2 mL of TBG (DMSO/saline (1/1, v/v)) (n = 5). (h) Isolated organs (lung, heart, liver, kidney, spleen) and cancer masses of the
mice from (g) were imaged ex vivo (n = 5). The error bars shown in the figures represented the mean + SD The differences were analyzed via one-way ANOVA followed
by Bonferroni post hoc test. The differences between the PBG or TBG and Gefitinib group were determined with a one-way ANOVA except the cancer sizes with a two-way
ANOVA followed by Bonferroni post hoc test. *P < 0.05, **P < 0.01 and ***P < 0.001 was statistically significant, respectively. The Kaplan-Meier method was utilized to

evaluate survival.

PBG and TBG could effectively reduce the cell proliferation in PC9
cell-derived cancers (Fig. 2f). The results illustrated that PBG and
TBG were more efficacious than Gefitinib for the nude mice bear-
ing PC9 cancers. We subsequently examined the targeting capabil-
ity of our fluorescent theranostics TBG in vivo (Fig. 2g). TBG were
injected a single dose 100 yumol/L (200 uL DMSO:saline (1/1, v/v))
via tail vein. And the targeting function and metabolism of TBG
was investigated through the fluorescence imaging at 2, 5, 8, 16
and 24 h, as shown in Fig. 2h.

We further checked the rate of Gefitinib release in both cancer
cells with EGFR mutation or not. PC9 cells (EGFR-mutation posi-
tive) and A549 cells (EGFR-mutation negative) were incubated with
1 pmol/L TBG for 2 h (Figs. S7a and b in Supporting information).
This result illustrated that the higher drug release rate occurred in
EGFR mutated PC9 cells. Therefore, the EGFR mutation-type NSCLC
provided more suitable condition for TBG potential clinical applica-
tions. We also investigated the distribution of fluorescence inten-
sity in human lung adenocarcinoma tissues (Fig. S7c in Supporting
information). There was no significant difference of mean fluores-
cence intensities between the two groups (Fig. S7d in Supporting
information). Despite the GSH concentration of EGFR mutation tis-
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sue was higher than that of non-mutation tissues (Fig. S7e in Sup-
porting information). We further stained the patient-derived lung
adenocarcinoma tissue with anti-SMVT antibody to determine the
expression level of SMVT. As shown in Fig. S7f (Supporting infor-
mation), the SMVT expression of the two groups displayed no sig-
nificant level difference.

In this study, we focus on a proof-of-concept examination of
targeting anticancer prodrug and its theranostics for enabling vi-
sualization of cancer therapy. We have successfully designed and
synthesized a new biotin-targeting prodrug PBG and its fluorescent
theranostic TBG for the specific treatment of NSCLC. PBG improved
the specific delivery and accumulation in PC9 cells. With employ-
ing PC9 cancer bearing nude mice model, we verify the in vivo
therapy efficiencies of PBG and TBG on NSCLC. The near-infrared
fluorescence changes of TBG can be utilized to describe the se-
lective distribution, longitudinal retention process and therapeu-
tic state of in PBG in cancer lesions. Besides, although we have
confirmed the cancer cells with EGFR mutation containing more
GSH than those without mutation, the results from patient-derived
lung cancer tissues demonstrate the drug release of PBG is deter-
mined by both GSH concentration and SMVT expression level. We
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anticipate that our prodrug PBG can benefit NSCLC patients with
Gefitinib targeting release. The theranostic features of TBG can be
valuable to precisely assess the pharmacokinetic profile of PBG for
NSCLC treatment .
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