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Abstract

The therapy of non-small-cell lung cancer (NSCLC) is challenging because of poor prognosis. There
are urgent demands for targeting anti-tumor drugs with reliable efficacy and clear pharmacokinetics.

Methods: We designed and synthesized an active tumor-targeting prodrug for the precision
therapy of NSCLC. The prodrug polyamine analog Gefitinib (PPG) was derived from the conjugation
between a tumor-targeting ligand polyamine analog (PA) and an epidermal growth factor receptor
tyrosine kinase inhibitor Gefitinib via a cleavable disulfide linker. Furthermore, the integration of the
near-infrared azo-BODIPY fluorophore into the structure of the prodrug PPG yielded an activatable
fluorescent theranostics (TPG), which could be used to monitor the in real-time delivery of prodrug
PPG and initiate precise medicine in vivo.

Results: PPG efficiently delivered the anti-tumor drug to cancer cells and reduced the serious side
effects of the drug to normal cells, thereby increasing the potent of the anti-tumor drug. PPG was
not only efficacious for killing Gefitinib-sensitive PC9 cells, but also for inhibiting the growth of
Gefitinib-resistant H1650 cells. We provided a new evidence that the tumor-targeting PA ligand
could inhibit the Akt pathway in H1650 cells, and had a synergistic effect with Gefitinib for
anticancer efficacy. The in vivo results on nude mice bearing tumors of NSCLC cell lines
demonstrated that PPG could target tumor lesions and had the expected therapeutic effects. Finally,
we used TPG for fluorescent labeling of transbronchial lung biopsy (TBLB) specimens. The results
indicated that TPG could provide rapid diagnosis for lung cancer within 4 h.

Conclusion: Our work had identified that PPG could be effectively used for the treatment of
Gefitinib-resistance NSCLC in cells and in mice models. The theranostic TPG emerged as a
promising fluorescent imaging tool for the application in the therapy and diagnosis of NSCLC.
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Introduction

Non-small-cell lung cancer (NSCLC) is highly
malignant and has poor-prognosis worldwide [1]. To
counter high metastasis and relapse of NSCLC,
patients  receive systemic administration of
non-selective antitumor drugs causing serious side

effects [2]. Recently approved drugs in oncology
mainly focus on small molecule inhibitors and
receptor antagonists [3] as well as monoclonal
antibodies (mAb), which, due to their high molecular
weight, are limited by prolonged clearance time [4].
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Gefitinnib is a inhibitor of epidermal growth factor
receptor tyrosine kinase (EGFR-TKIs) [5], which
benefits NSCLC patients with EGFR-activating
mutations. Gefitinib blocks tyrosine kinase and
interrupts the phosphorylation of the mutant EGFRs
on the cell membrane, terminating the downstream
cell signal transduction of EGFR [5]. However, the
activation of the EGFR pathway does not follow a
linear pattern and is a rather complex process. For
example, patients with a loss of phosphatase and
tensin homolog (PTEN) can incorrectly activate the
downstream Akt pathway when the EGFR pathway is
blocked [6]. For this reason, not all patients with
mutant EGFRs benefit from Gefitinib [7, 8]. Thus, the
initial drug-resistance has become a challenging issue
that needs to be addressed.

Targeted drug delivery systems decorated with
cancer cell-specific small-molecule ligands are
expected to improve the prognosis of cancers because
these systems can guide antitumor drugs to cancer
lesions while leaving healthy tissues mostly
unaffected [9]. This approach relies on the selection of
receptor and its targeting ligand. Receptors
overexpressed on cancer cells are considered to be
potential candidates for targeted delivery of drugs.
Compared with the macromolecular targeting
ligands, such as antibodies, aptamers, small protein
scaffolds, and peptides, the small molecular weight
ligands offer many advantages including good
pharmacokinetics, non-antigenicity, excellent
biological stability, ease of chemical synthesis, and
strong ability to penetrate solid tumors [10]. The
targeting drugs are delivered specifically to cancer
cells, and their high accumulation in cancer cells can
contribute to improved therapeutic efficacy and
reduced toxicity. Drug effects on tumor lesions rely on
its  pharmacokinetics (PKs) 1ie. absorption,
distribution, metabolism, and elimination.
Furthermore, the targeted therapeutic systems can
carry multiple inhibitors impairing signal
transduction in cancer cells [11, 12].

Imaging technologies, such as magnetic
resonance, nuclear tomography, X-ray computed
tomography, and positron emission
tomography-computed tomography, have become
indispensable in personalized medicine [12].
Advances in imaging technologies have extended to
drug development by visualizing the
pharmacokinetics [13, 14]. However, these techniques
lack sensitivity or specificity for the early assessment
of cancer. Furthermore, there are often conflicting
clinicopathological and metabolic results [10, 13, 14]
that need to be addressed. Compared to other
imaging modalities, fluorescence imaging is of
particular significance for investigating specific

molecular events in live cells or whole organisms
[15-18]. Also, it is inexpensive, fast, noninvasive, has
high spatial and temporal resolution, and does not
involve radionuclides [19]. However, the fluorescence
imaging technique is predominantly obstructed by
tissue penetration and tissue auto-fluorescence and
also causes phototoxicity. The near-infrared (NIR,
650-900 nm) fluorescence can maximize tissue
penetration while minimizing the absorbance of heme
in hemoglobin and myoglobin, water, and lipids [20].
For in wvivo imaging, it is preferable to choose
fluorophores with excitation and emission spectra in
the NIR region [21, 22]. In this regard, synthetic
methods can be used to develop small-molecule
fluorescently labeled drugs with similar PKs to their
therapeutic non-labeled forms [23-27]. These
fluorescent reagents can be utilized not only to
directly indicate the distribution of the administered
drug, but also to illustrate the effect on tumor lesions.
This emerging field of the combination of diagnosis
and therapy, theranostics, is gaining credence in
personalized medicine [21, 28-32].

We designed and synthesized a new prodrug
polyamine analog Gefitinib (PPG) by conjugating a
polyamine-targeting ligand for the therapy of NSCLC
(Scheme 1). PPG enhanced the efficacy of antitumor
activity against murine solid tumor models
comparable to the clinical effects of Gefitinib. We
fluorescently labeled PPG to be used as a theranostic
agent (ITPG) and validated the targeting ability and
efficacy of the new prodrug in cells. Furthermore, by
using in vivo imaging, we analyzed in real-time drug
targeting and distribution in a xenograft model. Our
results indicated that the new prodrug PPG exhibited
high antitumor effects on the drug-resistant H1650
cell line and in the xenografted tumor model. Thus,
our findings have validated that the newly designed
theranostic is not only a powerful platform for the
real-time noninvasive visualization of therapeutic
efficacy both in vitro and in vivo but is also valuable for
the diagnosis of NSCLC.

Experimental section

Ethics statement

All surgical procedures were conducted in
conformity with National Guidelines for the Care and
Use of Laboratory Animals. Experimental protocols
were approved by the Institutional Animal Care and
Use Committee in Binzhou Medical University,
Yantai, China. Approval Number: No.BZ2014-102R.

Cell culture

NCI-H1650 and IMR-90 cell lines were
purchased from the Committee on Type Culture
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Collection of Chinese Academy of Sciences (Shanghai,
China). PC9 cell line was purchased from European
Collection of Authenticated Cell Cultures. Human
non-small-cell lung cancer cell lines, PC9 cells and
NCI-H1650 cells, were cultured in high glucose
Dulbecco's Modified Eagle’s Medium (DMEM)
(Hyclone, USA) and RPMI (Roswell Park Memorial
Institute)-1640 medium (Gibco, USA), respectively,
supplemented with 10% (v/v) fetal bovine serum
(Gibco, Australia) and 100 units/mL penicillin and
streptomycin. The human diploid fibroblast-like cell
line, IMR-90, was cultured in complete medium
comprised of 87 mL Minimum Essential Medium
(MEM) (Gibco, USA), 10 mL FBS, 1 mL Gluta-max
(Gibco, USA), 1 mL NEAA (Gibco, USA) and sodium
pyruvate (Gibco, USA). All cells were maintained at
37°C in a humidified atmosphere with 5% CO,. All
cells tested negative for mycoplasma with a
PCR-based detection method.

Animal models

All animal experiments were performed in
accordance with the guidelines established by the
Committee on Animal Research Policy of Binzhou
Medical University. 5-week-old female specific
pathogen free (SPF) athymic nude mice and BALB/c
mice were obtained from Changzhou Cavens Lab
Animal Co. Ltd. The animals were housed in
individually ventilated cages and fed a SPF laboratory
diet and water ad libitum. 2 x 10° cells were
suspended in media and implanted subcutaneously
into nude mice.

Patient samples

The transbronchial lung biopsy (TBLB) tissues
were obtained from the Department of Respiratory
Medicine, Affiliated Hospital of Binzhou Medical
University. CT scanning was performed before TBLB
to ensure the suspected locations. Informed written
consents were provided by all patients. The
experiments were approved by the Ethics Committee
of Binzhou Medical University.

Cancer cells detection in clinical tissues

TBLB tissues were separated with a
bronchoscope inside the lung and placed into 10 mL
cold Hank's Balanced Salt Solution (HBSS) (Gibco,
USA). The tissues were cut into pieces as small as
possible and washed three times by HBSS. 200 U/mL
type I collagenase (Gibco, USA) was heated to 37°C in
HBBS. The finely cut small pieces of tissues were
placed into the collagenase solution at 37°C for 3 h to
obtain the single cell suspension. The screen mesh
was used to filter the cell masses, and the collagenase
was discarded by centrifugation. The cells were
washed with PBS three times and treated by FACS

Lysing Solution (BD Bioscience, USA). The cells were
again washed three times with PBS and counted
before suspending in 1 mL RMPI-1640 medium. 5 pM
TPG was added to the single cell suspension to stain
for 15 min at 37°C. After washing twice with PBS, the
cells were treated with ice-cold ethanol at -20°C
overnight. Subsequently, CEA Antibody, FITC
(CI-P83-1) (Invitrogen, USA) and Cytokeratin 19
Monoclonal Antibody (A53-B/A2), or Alexa Fluor 488
(Invitrogen, USA) were used to stain the cells for 30
min. After three washes with PBS, 104 cells were used
for flow cytometry.

Statistical analysis

Statistical Product and Service Solutions (SPSS)
software 19.0 was used for the statistical analysis. The
error bars shown in the figures represent the mean +
s.d. Differences were determined with a one-way,
two-way analysis of variance (ANOVA) followed by
the LSD test. Differences between two groups were
assessed by wusing the Student’s t-test. The
Kaplan-Meier method was used to evaluate survival.
Statistical significance was assigned at *P < 0.05, **P <
0.01. The sample size was chosen empirically based on
our previous experience and pre-test results. No
statistical method was used to predetermine sample
size and no data were excluded. The numbers of
animals or samples in every group are described in
the corresponding figure legends. The distributions of
the data were normal. All experiments were done
with at least three biological replicates. Experimental
groups were balanced regarding animal age, sex, and
weight. All animals were caged together and treated
in the same way. Appropriate tests were chosen
according to the data distribution. The variance was
comparable between groups in experiments described
throughout the manuscript. The investigator was not
blinded to the group allocation during the experiment
or to outcome assessments. No randomization was
used to allocate animals to experimental groups.

Results

Molecular design and synthesis of the prodrug
and its theranostic capabilities. There is an urgent
need to rationally design targeted prodrugs for
cancers. The general design strategy of this class of
prodrugs involves a targeting ligand that is linked to
an antitumor drug via a cleavable bond (Scheme 1a).
The targeting ligand delivers the drug into cancer
cells. The overexpressed receptors on cancer cells are
excellent candidates for targeting ligands [33-35]. To
date, there has been little effort spent identifying
specific targeting ligands for NSCLC. In this respect,
polyamines, including putrescine, spermidine, and
spermine, can accumulate in lungs [36] and cause the
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differentiation of type II alveolar epithelial cells
(AEClIs) [37]. The polyamine uptake system (PUS) is
an ATP-dependent transmembrane transport system
that is preferentially expressed on AECII cells [36].
The overexpression of polyamines can, therefore, be
considered as a new therapeutic target for NSCLC [38,
39]. Polyamine analogs (PA) can competitively bind
the PUS and accumulate in AECIIs, serving as a
potential targeting moiety for NSCLC.

We modified polyamine to yield a low-toxicity
derivative as the desirable targeting ligand (Scheme
1a). The cleavable bond is used for drug release in the
tumor microenvironment. Given the high
concentration of glutathione (GSH) in tumor cells, we
chose disulfide bond as the cleavable linker. After
conjugating the targeting ligand with Gefitinib, we
obtained a targeted prodrug PPG (Scheme 1a). The
rationale is when the prodrug is targeted to tumor
cells, the high level of intracellular GSH will trigger
the activation of the disulfide bond (Figure S1),
resulting in sustained release and higher local
concentration of Gefitinib for killing tumor cells.

The molecular structure of the theranostic was
divided into four components (Scheme 1b). The
targeting ligand was conjugated with a fluorophore
for diagnosis. The antitumor drug was introduced via
a cleavable bond for therapy [40]. As a proof of
concept, we selected azo-BODIPY as the NIR
fluorophore due to its excellent fluorescence
properties and biocompatibility [41]. As illustrated in
Figure S2, we obtained the fluorescent theranostic
TPG in which the fluorescence emission was blocked
before the cleavage of the disulfide bond. Once the
disulfide bond was cleaved, azo-BODIPY emitted
fluorescent signals for tracking the pharmacokinetics
of Gefitinib and illustrating the therapy of NSCLC in
real-time. The details of the synthetic process and
characterization of the compounds are shown in
Supplementary Material.

Spectral dynamics for GSH. We employed the
theranostic TPG to examine the targeting performance
and pharmacokinetics of the prodrug PPG. TPG
exhibited a maximum absorption band at 671 nm
(Figure S3A). Addition of GSH (10 mM) cleaved the
disulfide bond, which was followed by sustained
release of Gefitinib. A new absorption peak appeared
at 706 nm with accompanying fluorescence emission
at 730 nm (Figure S3B). The gradual increase in
fluorescence intensity reached a plateau after 17 h
(Figure S3C), which could be used to trace the release
of Gefitinib (Figure S4). We also monitored the
stability and selectivity of TPG in the presence of
various bioactive species (Figure S3D-F). The results
showed that only high concentrations of biothiols
could trigger fluorescence. Other bioactive species,

such as amino acids, peptides, reactive oxygen
species, reactive nitrogen species, and metal ions
barely induced fluorescence changes. This
observation was promising in that both the prodrug
and theranostic did not release Gefitinib until they
were delivered into tumor cells containing a high
concentration of biothiols, such as GSH. These results
demonstrated that TPG could be used to detect the
delivery of Gefitinib to cancer tissues because of
fluorescence changes.

A) Design strategy for targeted prodrugs:

D= AD

Ligand Linker Drug
Y il i
x | x o N 0/\/\"‘/\
/N\/\/\)LO/VS\S/\/OYN\CECI o
Ligand & Drug & r

Prodrug Polyamine Analogue-Gefitinib (PPG)

B) Design strategy for theranostics:

mp\/\o

Fluorophore Linker Drug

Ligand

Theranostic Polyamine Analogue-Gefitinib (TPG)

Scheme 1. Overview of the proof of concept and chemical structure of the
potential prodrug and theranostic TPG.

Efficacy evaluation in cells. To validate the
efficacy of our prodrug and theranostic, we selected
two human NSCLC cell lines as cell models, PC9 and
H1650 cell lines. As is known, the PC9 cell line is
sensitive to Gefitinib, while the H1650 cell line is
resistant to Gefitinib as a result of activation of the Akt
pathway [6]. We incubated both NSCLC cell lines
with TPG and collected fluorescent signals starting at
1 h. As shown in Figure S5, after the administration of
TPG, the fluorescence intensity reached its highest
value at 16 h, indicating a process of sustained drug
release. The fluorescence lasted for more than 23 h,
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indicating a long intracellular retention time that
would facilitate long-term monitoring and imaging
analysis. The exogenous addition of cysteine could
markedly increase the fluorescence intensities in cells,
indicating acceleration of the drug release process
(Figure S6). If the cells were pretreated with
N-ethylmaleimide (NEM) for 30 min to eliminate the
biothiols, almost no fluorescence was detected (Figure
S7). The results demonstrated that the drug release
was controlled by intracellular biothiols (mainly
GSH).

Since the transmembrane transport of a targeted
prodrug is mediated by the relevant receptors that are
overexpressed on cell membranes, we next examined
the cellular transport of the prodrug. Complete
saturation of receptors resulted in the obstruction of
transport of the extracellular prodrug into cells. The
energy-dependent transport process could also be
suspended at low temperature because of the reduced
respiration intensity. The two cell lines were divided
into four groups. Cells in two groups were pretreated
with excessive PA for the inhibition of its receptors.
The other two groups of cells were placed in a milieu
at 4°C for 1 h to reduce physiological activities. As
shown in Figure S8, no fluorescence was detected
under these conditions and TPG could not be
transported into cells. There was faint fluorescence
around the cells (Figure S9), providing strong
evidence that the accumulated TPG could not cross
the cell membrane. These results also demonstrated
that the entry of our prodrug into cells was dependent
on receptor-mediated transmembrane transport.

The cleaved-caspase 3 (c-caspase 3) is considered
to be a marker of irreversible cell apoptosis [42]. We
exploited the commercial Caspase-3/7 Green
Detection Reagent for visual assessment of the
cytotoxicity of our prodrug. PC9 and H1650 cells were
treated with TPG for 24 h. Then the cells were
co-stained with Caspase-3/7 Green Detection Reagent
and nuclear dyes Hoechst 33258. As shown in Figure
1A, the red fluorescence of TPG displayed drug
release in cells. Cell apoptosis resulted in an increase
in green fluorescence originating from Caspase-3/7
Green Detection Reagent. Co-localization assay with
Hoechst 33258 proved caspase 3-dependent
apoptosis. For the Gefitinib-resistant H1650 cell line,
TPG performed well for killing H1650 cells (Figure
1A). Cytotoxicity tests of PPG provided similar results
as TPG. The results confirmed that the theranostic
TPG could be wused to investigate the
pharmacokinetics of the prodrug PPG, and the

prodrug PPG was effective for the Gefitinib-resistant
H1650 cell line.

We further examined the superior efficacy of our
prodrug PPG towards H1650 cells using the cell
viability assay. For the inhibition of PC9 cells, the
prodrug and its corresponding theranostic agent
provided a slight advantage over Gefitinib (Figure
1B). The IC50 values of Gefitinib, PPG, and TPG were
0.74, 0.07 and 0.05 pM, respectively. However, when
examined in H1650 cells, only PPG and its
corresponding theranostic TPG offered the desirable
result of inhibiting proliferation of H1650 cells (Figure
1B). The IC50 values for Gefitinib, PPG, and TPG were
16.9, 0.58 and 0.78 pM, respectively. Furthermore, the
consistent behaviors of the prodrug and its
corresponding theranostic TPG make them competent
tools for assessing pharmacokinetics. We also
performed an Annexin V/PI assay to assess the
apoptotic rate induced by the prodrug and
corresponding theranostic for 72 h. The control group
was treated with Gefitinib. As displayed in Figure 1C,
treatment with TPG and PPG resulted in the
corresponding apoptotic rates of 58% and 56.1% in
PC9 cells, which were much higher than that caused
by Gefitinib (39.2%). The apoptosis rates induced by
TPG and PPG in H1650 cells were 69.1% and 72.6%,
while the apoptosis rate of H1650 cells following
exposure to Gefitinib was 24.5% (Figure 1C). These
data were consistent with the CCK-8 assays. The
expression of c-caspase 3 was also examined using
Western blot analysis. The prodrug and its
corresponding  theranostic induced a higher
expression of c-caspase 3 in PC9 cells than Gefitinib
(Figure 1D). In H1650 cells, PPG and TPG exclusively
upregulated expression of c-caspase 3 (Figure 1D).
These results demonstrated that the efficacies of our
new prodrug PPG surpassed Gefitinib in PC9 cells.
The distinct behavior of PPG prompted us to examine
the wunderlying mechanism for the stronger
cytotoxicity of PPG compared to Gefitinib. We
hypothesized that the PA not only served as a ligand
for NSCLC but also participated in damaging cancer
cells. To confirm the hypothesis, we performed
migration assays on PC9 and H1650 cells by the
scratch method. The cells were treated with 1 pM
Gefitinib, PPG and TPG for 24 h. The migration
distances represented the adhesive and invasive
abilities of cells (Figure 1E). PPG and TPG decreased
the migration distances of PC9 and H1650 cells
significantly, indicating their weakened adhesion and
invasion to the adjacent cells.
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Figure 1. Antitumor imaging and efficacy of TPG and PPG in NSCLC cells. (A) Fluorescence imaging of apoptosis in PC9 and H1650 cells. The cells were treated with
1 UM Gefitinib, TPG, or PPG (red channel: Aexiem = 635/670-770 nm) for 24 h, co-stained with Hoechst 33258 (blue channel: Aex/em = 405/410-490 nm) for 30 min and

Caspase-3/7 Green Detection Reagent (green channel: Aexjem =

488/500-570 nm) for 1 h and examined by confocal laser scanning microscopy (n = 3 independent

experiments). The overlay images are the combination of red, blue and green channels. Bright fields are shown in Supplementary Material. Scale bar: 20 pm. (B) Cell
viabilities of PC9 and H1650 cells. The cells were treated with Gefitinib, TPG, or PPG at 0, 0.01, 0.1, 1, 5 or 10 uM for 72 h, and then measured using CCK-8 kit. The
error bars shown in the figures represent the mean * s.d. (n = 6 independent experiments). (C) Apoptosis of PC9 and H1650 cells. Cells were treated with 1 pM
Gefitinib, TPG, or PPG at 37°C for 72 h and detected by Annexin V/PI assay with flow cytometry (n = 3 independent experiments). (QI: necrotic cells, Q2: late
apoptotic cells, Q3: survival cells, Q4: early apoptotic cells). (D) The expression levels of cleaved-caspase 3 in PC9 and H1650 cells (n = 3 independent experiments).
Inset: results of Western blot analysis. Untreated cells were used as controls, and B-actin served as the loading control. (E) The migration distance of PC9 and H1650
cells treated with 1 uM Gefitinib, TPG or PPG for 24 h (n = 6); untreated cells were used as controls. The error bars shown in the figures represent the mean * s.d.
Differences were determined with a one-way ANOVA. #P < 0.05, ##P < 0.01 vs. Gefitinib group.

Mechanism of Akt inhibition. As an excellent
EGFR-TKI, Gefitinib has benefited NSCLC patients.
However, the problem of drug resistance is not yet
resolved. As described above, PPG can induce
apoptosis in H1650 cells and may also alleviate drug
resistance. H1650 cells have a delE746-A750 deletion
in exon 19 of PTEN, inactivating the gene [43]. Akt
(serine-threonine protein kinase) is the most
important downstream pathway of EGFR. The loss of
PTEN contributes to unrestrained activation of the
Akt signal transduction pathway, which is a pivotal
mechanism for the survival of H1650 cells in the
presence of Gefitinib [44]. Since phosphorylation of
Ser473 is important for activation of the Akt pathway
[45], it is possible that inhibition of the overactive Akt
pathway might be crucial for drug-resistant NSCLC.
As we have shown earlier, the targeting ligand of
prodrug PPG transferred Gefitinib across the cell

membrane in H1650 cells and was highly
proapoptotic. It was reasonable to assume that the PA
ligand of PPG might participate in the inhibition of
p-Akt.

We next examined the potential pharmacological
effects of PA on H1650 cells using CCK-8 and
Annexin V/PI assays. The human embryonic lung
IMR-90 cell line was used as a control. The cell
viability of IMR-90 cells was unaffected by PA (Figure
2A). As displayed in Figure 2B, the survival rate of
H1650 cells remained almost 100% after treatment
with 10 pM PA for 24 h. However, the 48 h survival
rate was altered in a concentration-dependent
manner, indicating that PA bound to the cancer cells
with high affinity and caused long-term effects on
H1650 cells. The results were further verified by an
Annexin V/Pl assay. Flow cytometry analysis
revealed late apoptosis in H1650 cells at 48 h (Figure
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511). The polyamine derivative paraquat, a poisonous
herbicide [46], was applied as a control and compared
with PA treatment. PA could cause destructive injury
to cells, as seen under transmission electron
microscopy (TEM). Upon exposure to PA for 48 h,
subcellular changes in morphology, such as
mitochondria swelling and endoplasmic reticulum
dilatation, were observed, causing acute cytotoxicity.
As displayed in Figure 2C, the toxicological effects of
PA on cells were distinct from those caused by
paraquat. We examined the expression levels of
ornithine decarboxylase (ODC), the key enzyme for
the metabolism of polyamines [47], in PC9, H1650,
and IMR-90 cells (Figure 2D). The overexpression of
ODC in lung cancer cells indicated that the PUS was a
feasible receptor for the targeted delivery of the
prodrug PPG, illustrating that PA ligand could offer
potential tumor targeting ability.

Using flow cytometry, we verified the changes in
the phosphorylation (Ser 473) level of Akt. H1650 cells
were treated with epidermal growth factor (EGF) and
different concentrations of PA. EGF was an activator
for p-Akt, and the increasing concentrations of PA
enhanced the inhibition of p-Akt (Figure 2E). These
results were consistent with those obtained from
Western blot analysis (Figure 2F). We next studied the

A

-
»n

inhibition of p-Akt by PA. H1650 cells were incubated
with 1 pM PA during the assay. H1650 cells were first
induced by EGF for 5 min to activate p-Akt. As shown
in Figure 2G, the level of p-Akt was strongly inhibited
by PA after 16 h. The inhibition of p-Akt reached its
maximum at 32 h. There was a sudden decrease from
30 h to 32 h, following which the degree of inhibition
recovered gradually. This was probably the reason
why apoptosis occurred at the time interval between
24 h and 48 h (Figure 2G). These results indicated the
PA ligand’s synergistic effect with Gefitinib on the
inhibition of p-Akt in H1650 cells. It mainly caused
cell apoptosis rather than necrosis in resistant H1650
cells.

We further investigated the drug effects of TPG
and PPG in PC9 cells and H1650 cells. The two cell
lines were treated with Gefitinib, TPG, and PPG at 1
pM. As illustrated in Figure 2H, the inhibition of
p-EGFR downregulated the level of p-Akt in PC9
cells. The effects of the two agents were greater than
Gefitinib. H1650 cells suffered from decreased
p-EGER following the downregulation of p-Akt when
treated with TPG and PPG (Figure 2I). The results
demonstrated that the PA ligand could deliver
Gefitinib to cancer cells. Furthermore, in H1650 cells,
the p-Akt downstream of p-EGFR, which is the
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Figure 2. Mechanism of apoptosis induction by TPG and PPG. Cell viabilities of (A) IMR-90 cells and (B) H1650 cells. Cells were treated with 0, 0.01, 0.1, 1, 5 and
10 M of PA and measured using the CCK-8 assay. The error bars shown in the figures represent the mean * s.d. (n = 6 independent experiments). (C) H1650 cells
treated with 1 UM PA and | UM paraquat for 48 h and observed by transmission electron microscopy (n = 3 independent experiments). Scale bars: 2 pym (upper) and
1 um (lower). (D) The expression levels of ornithine decarboxylase (ODC) in PC9, H1650, and IMR-90 cells (n = 3 independent experiments). (E) Flow cytometry
analysis and (F) Western blot analysis of the levels of p-Akt (Ser 473) and total Akt (n = 3 independent experiments). H1650 cells were treated with PA for 48 h. (G)
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resistant mechanism of H1650 cells for Gefitinib,
could be inhibited. As expected, TPG and PPG could
inhibit the phosphorylation pathway of EGFR and
Akt, leading to cell apoptosis.

Efficacy evaluation in vivo. Since our prodrug
and theranostic were shown to be efficacious in
cultured cells, we attempted to test their in vivo
efficacy. Tumor-bearing (PC9 cells and H1650 cells)
nude mice were divided into four groups. The mice
were injected via tail vein with saline, Gefitinib, TPG,
and PPG every other day. Tumor volumes and nude
mouse weights were measured every two days for 28
days. Subsequently, all tumors were dissected and
weighed. As illustrated in Figure 3A, except saline, all

the agents provided effective treatment for PC9
tumor-bearing mice. The growth of tumors in H1650
mice was significantly inhibited by systemic
administration of TPG and PPG, but no noticeable
difference was observed in tumor size of the mice
administered Gefitinib (Figure 3B). The inhibition rate
curves and tumor weights are displayed in Figure 3B
and 3C. The control group and the therapeutic groups
showed no obvious difference in body weights
(Figure 3D), indicating low systemic side effects of the
therapeutic agents. The survival curves of PC9
tumor-bearing nude mice indicated that TPG and
PPG prolonged the life span compared with the saline
group. However, both prodrugs did not show an
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Figure 3. Efficacy evaluation in vivo. Nude mice with PC9 cells and H1650 cells subcutaneous tumor xenografts were established and treated with saline, Gefitinib,
TPG, or PPG (0.5 mM in 0.2 mL, DMSOJ/saline, 1:1/v/v, qod. iv.) (n = 7 per group). (A) Tumor masses and fluorescence images. Aex = 610 nm, filter: 710 nm. (B) Tumor
sizes. The calculation of the volume was according to the formula: volume = length x width2 x 0.5. (C) Tumors mean weights. (D) Body weights. The error bars shown
in the figures represent the mean * s.d. (E) Survival curves of the tumor-bearing nude mice following treatment. (F) Immunofluorescence staining of proliferation
markers Ki67 (red channel: Aexiem = 635/670-770 nm) with anti-Ki6é7 mAb (Alexa Fluor 647 conjugate) and nuclei (blue channel: Aexiem = 405/410-490 nm) with DAPI
of PC9 and H1650 tumor sections (n = 3 independent experiments). Scale bar: 50 um. (G) Statistical analysis of the data derived from (F). The error bars shown in
the figures represent the mean * s.d. Differences were determined with a one-way ANOVA except the tumor sizes with a two-way ANOVA. *P < 0.05, **P < 0.01
vs. control group. # P < 0.05, ## P <0.01 vs. Gefitinib group. The Kaplan—Meier method was used to evaluate survival. (H) Imaging of the subcutaneously implanted
H1650 tumor xenografts of nude mice at 2, 5, 8, 16 and 24 h after tail vein injection of a single-dose of 0.2 mL of TPG (DMSO/saline 1:1/v/v) (n = 3 independent
experiments). (I) Images of the excised organs (lung, heart, liver, kidney, spleen) and tumors of the mice from (G) (n = 3 independent experiments).
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advantage compared with Gefitinib. We observed that
both TPG and PPG Dbenefited the H1650
tumor-bearing nude mice compared with Gefitinib
(Figure 3E). We used Ki67, the nuclear protein
indicative of cell proliferation and a common
immunological biomarker in clinical diagnosis, to
monitor tumor cell proliferation. As displayed in
Figure 3A, tumor tissues were sectioned and
co-stained by Ki-67 (D3B5) Rabbit mAb (Alexa Fluor
647 conjugate) and DAPIL. Compared with the control
group, significantly = decreased numbers of
Ki67-positive cells revealed that Gefitinib, TPG, and
PPG could effectively inhibit the cell proliferation in
PC9 cells-derived tumors (Figure 3F, G). In contrast,
the number of Ki67-positive cells was hardly reduced
in H1650 cell-derived tumors unless the tumors were
treated with TPG and PPG. The results indicated that
TPG and PPG were efficacious for the nude mice
bearing drug-resistant H1650 tumors.

Since PPG exhibited excellent efficacy in both
H1650 and PC9 tumors, we examined its targeting
ability in vivo by using its corresponding theranostic
TPG. To observe the organ-targeting ability of PA, we
obtained Probe-PA by conjugating PA and
azo-BODIPY. Probe-PA and TPG were injected in a
single dose 100 pM (200 pL DMSO: saline 1:1 v/v) via
the tail vein. The mice were imaged in real-time via a
small animal in vivo imaging system. As shown in
Figure S12, Probe-PA could accumulate in the lungs
within 4 h, following which the probe was quickly
eliminated from the lungs within 6 h. The result
showed the excellent targeting ability of the probes to
the lungs. The H1650-derived tumors overexpress the
polyamine uptake system. As illustrated in Figure 3H
and I, TPG was mainly delivered to the tumor mass
and released Gefitinib. The emitted fluorescence
indicated the drug release process and the tumor
treatment status in real-time. The fluorescence mainly
accumulated in the tumor tissue and the drug release
occurred in the cytoplasm (Figure S13). There was no
fluorescence in the lung, liver, and kidneys 8 h after
the intravenous administration of TPG. However,
fluorescence signal in the tumor lesion could be
maintained for more than 24 h. We next checked the
pulmonary toxicity of TPG and PPG. As shown in
Figure 514, TPG and PPG did not induce pulmonary
fibrosis during 28 days of treatment. These results
demonstrated that PA enabled the targeted delivery
and efficacy of the prodrug PPG to tumor lesions. The
increasing concentrations of Gefitinib and PA in situ
could synergistically kill resistant H1650 cells. Using
the theranostic TPG, we could not only visually study
its pharmacokinetics but could also image tumors for
treatment effects in real-time.
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Figure 4. Diagnosis of TBLB specimens by TPG. (A) Representative non-tumor
tissue and tumor tissue specimens were acquired by TBLB. (B) H&E staining of
(A). Scale bar: 50 pm. (C) Flow cytometry analysis of TPG and
immunofluorescence using anti-CEA and anti-CK19. The cells in the suspension
were treated with 1 UM TPG and fixed to process immunofluorescence of CEA
and CK19. The results are shown as density plots with CEA and CK19 in the
FITC channel and TPG in the APC channel. (D) Statistical data of the FITC and
APC channels of the non-tumor tissues (n = 4) and tumor tissues (n = 10). All
tissues were confirmed by pathological examination. The data are presented as
plot diagrams and the comparisons between two groups were determined using
Student’s t-test. *P < 0.05 was statistically significant.

Diagnosis of transbronchial lung biopsy
(TBLB) samples. The theranostic TPG could be used
to target tumor cells both in vitro and in vivo. We
further evaluated the practical application of TPG in
clinical diagnosis via flow cytometry. Test samples of
TBLB were obtained from 14 patients. All tissue
specimens were diagnosed by pathological biopsy
(Table S1). Two commercial serum biomarkers,
carcinoembryonic antigen (CEA) for
adenocarcinomas and cytokeratin 19 (CK19) for
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squamous carcinomas, were selected as comparisons
for NSCLC [50]. The detection channel was FITC and
the NIR fluorescence of TPG was collected in the APC
channel. Fresh TBLB specimens were dissociated by
type I collagenase and cell suspensions were tested
after co-staining with commercial agents and the
theranostic TPG. The testing results were obtained
using the relative fluorescence intensities in two
channels. According to the results of non-tumor
tissues shown in Figure S15, the reference value was
0.1 as the criterion for distinguishing whether TBLB
tissue was cancerous. We verified the diagnostic
ability of TPG by screening all 10 tumor tissues. As
illustrated in Figure 4, the commercial biomarkers
CEA and CK19 failed in screening 4 samples.
Additionally, the changes in serum biomarker were
consistent with the results of flow cytometry analysis.
(Table S1). The false negative results could be
attributed to the complexity of NSCLC. Therefore, the
biomarker detection was limited in its specificity and
sensitivity. Our results showed that TPG had better
specificity and sensitivity compared to the other
biomarkers. There was a significant difference
between non-tumor and tumor samples. The
diagnosis of NSCLC wusing TPG could avoid
ambiguities derived from tumor heterogeneity and
individual differences, and the results could be
rapidly obtained within 4 h. Thus, the preliminary
diagnosis of NSCLC by TPG was reliable and rapid,
suggesting that TPG can be potentially utilized for the
accurate diagnosis of NSCLC.

Discussion and Conclusion

NSCLC involves several pathological patterns,
such as squamous carcinoma, adenocarcinoma, and

e i
P ’ A} p P —
- -+

caspase3 AR c-caspase3

20 Gefitinib 1 PA - Disulfide Bond

EGFR Polyamine Uptake System

Figure 5. Mechanisms of growth inhibition of NSCLC cell lines by TPG.

large cell carcinoma. Its early metastasis is the main
reason for the poor prognosis. Once metastases occur
in ipsilateral mediastinal or subcarinal lymph nodes,
aggressive local therapy provides little survival
advantage [51], and the patients suffer from severe
side effects caused by medications. In this respect,
tumor-specific small-molecule ligand prodrugs can
enhance efficacy and avoid unwanted toxicities. The
targeted prodrugs deliver therapeutic agents
specifically to tumor cells, thereby reducing the
exposure of normal cells to therapeutic agents. One
example is our newly designed targeted prodrug
PPG, which is efficacious for NSCLC. Another
significant advantage is the possibility of using the PA
ligand as a new chemotherapy drug (Figure 5). The
PA ligand is used to deliver antitumor drugs and
simultaneously behaves as an inhibitor of Akt. The
inhibition, a potential strategy for multiple-pathway
inhibitors of the Akt pathway, enhances the
therapeutic killing of drug-resistant H1650 cells. The
enhanced inhibition is due to the upregulated
c-caspase 3 and the downregulated Ki67.

The emerging advances in theranostics may play
a dynamic role in precision medicine. This is
exemplified by an approach wherein the targeted
prodrugs are integrated with diagnostic imaging
modalities that include radionuclides for PET,
contrast agents for CT, and fluorophores for optical
imaging. Fluorescence imaging is useful for tracking
specific molecular events both in vitro and in vivo. In
particular, fluorescence imaging in the distinct NIR
region has the advantage of maximizing tissue
penetration, minimizing the absorbance of heme in
hemoglobin and myoglobin, water, and lipids while
preventing  the  interference of  biological
autofluorescence, which will improve the
target-to-background ratio. The adoption of
fluorescence imaging in theranostics permits
direct tracking of drugs in real time instead of
time-consuming dissection and histology.
This is valuable for determining the necessary
dose and timing, biodistribution,
pharmacokinetics, drug delivery kinetics,
local response, and efficacy.

Herein, we describe the design and

synthesis of a fluorescence imaging
technology platform TPG, which can
preferentially =~ deliver =~ an  anticancer

chemotherapy drug to the tumor and monitor
its antitumor activity in real time. TPG is
nonfluorescent in the inactive state but
becomes fluorescent when it is turned on
following activation by GSH in tumor cells
(Figure S2). Theranostic TPG can rapidly

target tumor tissues, and the surplus agent
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can be quickly eliminated from circulation (Figure
3h). The retention time is more than 24 h in tumor
lesions, and its chemotherapeutic efficacy, ie.,
changes in tumor volume and temporal drug
distribution, can be directly measured.

Despite the availability of multidisciplinary
diagnostic systems, molecular pathology, and
advanced medical imaging, diagnosis of NSCLC is a
challenging task for physicians [2]. TBLB is a less
invasive procedure for the pathological examination
of NSCLC, which is the gold standard for confirmed
diagnosis. However, it is time-consuming. The clinical
medical imaging of biomarkers can offer clues for
suspected diagnosis and pathological examination.
We employed flow cytometry analysis to examine
TBLB samples using TPG. The technique could
accurately provide quantitative data to distinguish
between tumor and non-tumor tissues of the TBLB
samples within 4 h. The results demonstrated that
TPG utilizes the PUS of lung cancer cells, which is not
limited by pathological patterns. Our theranostic
agent TPG could also track the delivery of drugs and
guide the distribution of tumor lesions for diagnosis
in real-time. Such a technology can potentially
advance precision medicine by identifying NSCLC
early and accurately while minimizing testing time.

In conclusion, we have described the design of a
targeted prodrug PPG for the precision therapy of
NSCLC. The targeting ligand PA exclusively delivers
the prodrug to tumor cells, enhancing the efficacy of
Gefitinib and reducing adverse effects. In particular,
prodrug PPG can effectively kill drug-resistant H1650
tumor cells because of the inhibition of EGFR and Akt
signaling pathways targeted by Gefitinib and PA
ligand, respectively. Thus, PA can be considered a
new potential chemotherapy drug. We also developed
the fluorescent theranostic TPG to directly examine
the targeting ability and pharmacokinetics of the
prodrug. The NIR fluorescence allowed monitoring of
tumor targeting and drug release in real-time. The
fluorescent signals in tumor lesions could be
maintained for more than 24 h. Significantly, the
labeling of TBLB samples with TPG can offer reliable
and rapid data for the diagnosis of NSCLC within 4 h.
The results suggest that TPG is an efficient tool for
screening tumor tissues as well as a targeted therapy
in precision medicine.
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Additional detailed figures and tables, mass
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