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Zinc as a biomarker can be used to diagnose the early stage prostate cancer, while ZIP1 protein, a zinc
transporter is significantly down-regulated in prostate cancer cells. This behavior leads to the apparent
alteration of the enrichment ability for zinc between early prostate cancer tissues and healthy tissues.
This difference inspires us to develop a novel Zn?* sensor that applies to the clinic diagnosis of early pros-
tate cancer. We designed a tetrapeptide sensor H,L (Dansyl-Gly-Pro-Trp-Gly-NH,) according to the
photo-induced electron transfer principle (PET), and it performed adequately in Zn?* imaging of prostate
cell lines. Based on the assessment of Zn?* enrichment ability, there was distinctly lower Zn?* concentrate
in prostate cancer cell lines than healthy prostate epithelial cells. Furthermore, H,L displayed high sen-
sitivity with a detection limit as low as 49.5 nM, and high specificity for Zn?* detection. Also the low tox-
icity and the superior cell permeability of H,L made the imaging of Zn" ions detection safe and rapid. We
expect that H,L to be a powerful tool for early diagnosis of prostate cancer and a good indicator for the
precise resection of cancer tissue during surgery.
© 2020 Production and hosting by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Prostate cancer is the second most common tumor in the
elderly [1]. Early intervention using radical prostatectomy can
significantly increase the cure rate [2]. Therefore, methods that
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reliably diagnose early prostate cancer and improve the cure rate
of advanced prostate cancer remained critical hotspots. At present,
common practiced screening methods for early prostate cancer are
serum prostate-specific antigen (PSA) blood test and digital rectal
palpation [3-5]. In case of an elevated value of PSA, diagnostic
imaging examinations (CT or MRI) are needed [5]. Nevertheless,
the aforementioned screening methods lack adequate sensitivity
for the early prostate cancer diagnosis [6]. Tissue biopsy, as a stan-
dard reference, is regarded as the only method for cancer diagnosis
[5]. At the moment, the false-positive of PSA reaches 75%. This high
rate of error leads to unnecessary biopsy and excessive therapy
[7,8]. Therefore, the development of new diagnostic biomarkers
for prostate cancer is much needed.

Zinc is involved in many critical physiological pathways in the
human body [9,10]. According to the study of Franz and his col-
leagues, there was about 2-4 g of zinc in the human body, which
distributed mainly from the organs such as prostate, eyes, brain,
semen, bones, muscles, kidneys and liver. In particular, the pros-
tate tissue has the highest zinc content approximated to 3-10 fold
than other tissues [11]. Zn?* ions are closely associated with the
carcinogenesis of prostate cancer. Many studies had reported that
the zinc concentration of prostate periphery, a cancerous region,
reduced six-fold in prostate cancers compared with normal pros-
tate periphery during the process of prostate cancer development
[7,12,13]. Of note, this differential alteration of zinc content started
from the early stages of prostate cancer due to the abnormal
expression of hZIP1, which is a specific zinc transporter [2,14,15].
As there is no similar trend observed in the prostatitis and benign
prostatic hyperplasia [16]. Prostate cancer is the only prostate dis-
eases to lose the ability of the Zn?>* accumulation. Therefore Zn?*
can be used as a specific biomarker for the early diagnosis of pros-
tate cancer.

Traditional methods for Zn?* detection have many disadvan-
tages in the ability of diagnostic accuracy, diagnostic speed and
location imaging. With the burgeoning development of new fluo-
rescent chromophore labelling techniques, various types of fluo-
rescent sensors have been developed [17-24]. Among them,
peptide sensors have many advantages including high sensitivity,
easy detection, low biological toxicity and convenient synthesis.
They also have better attractive feature compared with other kinds
of fluorescence sensors [24-26]. Currently, several peptide-based
fluorescent sensors for Zn?* detection had been developed
[26-29], based on the specific Zn?*-binding domains in the amino
acid side chains of aspartic acid, glutamic acid, cysteine and his-
tidine [26]. However, these reported articles mainly focused on
the cell imaging of the sensor rather than a clinical application
for diseases diagnosis. Moreover, at present, few articles explore
the clinical application of Zn?* sensor for prostate malignancy
[2,15,30].

In this paper, we designed and synthesized a novel fluorescent
sensor HpL (Dansyl-Gly-Pro-Trp-Gly-NH,) with tryptophan and
dansyl fluorophore group. In this sensor H,L, the fluorophore (elec-
tron acceptor) is provided by the dansyl group, the Pro-Gly struc-
ture is the linker, and tryptophan (Try) is the binding group, the
peptide-based chemosensors contain a B-turn (Pro-Gly) motif
instead of a loop domain in metal ion binding protein and special
amino acids in the binding site. H,L displayed a fast fluorescence
“turn-on” response toward Zn?* selectively. The fluorescence of
H,L held in quenched status due to the inhibition of photo-
induced electron transfer principle (PET) between tryptophan
and dansyl chloride group. As shown in Scheme 1, when the recep-
tor region of H,L combines with Zn?* ions, the electron transfer
process is interrupted, resulting in fluorescence recovery. The Job’s
plot and fluorescence titration methods were used to determine
the binding mode of H,L to Zn? * as 2:1. The detection limit for
Zn?* of the proposed assay is 49.7 nM. Furthermore, H,L has advan-

tages of low toxicity for cells, high sensitivity and specificity for the
detection of Zn?'. In the assessment of potential bio-imaging
assays, the results identified that not only H,L could visualize
intracellular Zn?* successfully, it also reflects the differential con-
centration of Zn%* in prostate cancer cells and prostate healthy
epithelial cells.

Materials and methods
Materials and instruments

Reagents used for synthesis were purchased from the corre-
sponding reagent companies and used without further purification.
Antibody used for Western blotting experiments were supplied by
Abcam (U.K.), Cell Counting Kit-8 for cytotoxicity test (Dojindo,
Japan). Cells were obtained from the Chinese Academy of Sciences
(CAS), culture medium and serum (Thermo Fisher Scientific, USA).
Mass spectra (MS) were measured on a Bruker Daltonics Esquire
6000 spectrometer. Recording all pH buffers by using a pHS-3E dig-
ital pH meter. UV-vis absorption spectra were measured by an
AVARIAN UV-Cary100 spectrophotometer. Fluorescence emission
spectra were measured using a Cary Eclipse fluorescence spec-
trophotometer. LSM 710 inverted fluorescence microscope (Carl
Zeiss, Germany) was used for cell imaging. Fluorescent pho-
tographs of the samples were taken under a UV lamp at 365 nm.
Image] software (USA) was used for cell fluorescence quantification
and analysis of protein immunoblot results.

Synthesis of HoL

The probe H,L was synthesized using the solid phase peptide
synthesis (SPPS) technology. We detailed the specific synthesis
steps in Supporting Information.

General ﬂLlOTESCGTICe measurements

Due to the outstanding water solubility of H,L, H,L was pre-
pared to a concentration of 10->mM using distilled water. Metal
salts (Ag®, A", Ca®*, cd?®', Co*", Cr**, Cu®', Fe?", Fe3', Hg**", K,
Mg?*, Mn?*, Na*, Ni%*, Pb%*, Zn?") were prepared as stock solutions
at a concentration of 10~>mM also using distilled water. Fluores-
cence experiments were performed in HEPES buffer solutions
(10 mM, pH = 7.4). The excitation and emission slit widths were
10.0 nm. For the dansyl group, the concentration of H,L was con-
firmed by UV absorbance at 330 nm.

Cell culture

The early stage of prostate cancer cell model (LNCaP) and blad-
der cancer cell (T24) were cultured in RMPI-1640 medium. The
castration-resistant prostate cancer cell model (PC-3) was cultured
in F12K medium. The prostate healthy epithelial cell (RWPE-1) and
bladder healthy epithelial cell (SV-HUC-1) were cultured in DMEM
(37 °C, 5% CO,). All culture medium contained 10% fetal bovine
serum.

Cytotoxicity test

Cells were seeded at a density of 1 x 10 cells/ml per well in 96-
well plates and incubated at 37C in a 5% CO, incubator for 72 h. At
24 h, cells were co-cultured with H,L at concentrations from O to
160 puM for 48 h, respectively. The viability of the cells was mea-
sured with a cell counting Kit-8 after 72 h.
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Scheme 1. Schematic diagram of sensor H,L for Zn?* detection.

Real-time PCR

Total intracellular RNA was extracted using Trzol and reverse-
transcribed into cDNA, and primer sequences for target genes were
designed by Oligo7 software (Table S2). The prepared cDNA was
subjected to PCR amplification with a program consisting of 40
cycles of 95 °C for 30 s, followed by 95 °C for 5 s, 60 °C for 30 s.
B-actin was used as an internal reference. Relative levels of mRNA
transcription were calculated using the 27247 method.

Western blot

Cells were added with the lysis solution RIPA (containing 1%
PMSF) and left to lyse on ice for half an hour, and then the EP tubes
were placed into a 4 °C icebox for sonication for 2 min, followed by
centrifugation at 12,000 r/min for 20 min. The supernatant was
taken and moved to a new EP tube, and the protein concentration
was measured using a BCA kit. And then 5-fold loading buffer was
added, and the solution was kept in a boiling water bath for 10 min
and stored at —20 °C after aliquoting for future use. Proteins were
separated by using SDS-PAGE, and then were transferred to PVDF
membranes, 5% non-fat milk was added into the PVDF membranes
to block non-specified proteins for one hour before hZIP1
(SLC39A1) antibody and B-actin antibody with a concentration of
1:1000 were incubated with PVDF membranes for overnight at
4 °C. The secondary antibodies of goat anti-mouse and goat anti-
rabbit were used to the twice incubation with 1:10,000 for
40 min at room temperature. Finally the bands were exposed by
using the Odessey detection system. B-actin was the internal refer-
ence protein. The grey values of the bands were measured by using
Image] software, and the results of hZIP1 protein expression were

expressed as the ratio of the grey values of both hZIP1 and B-actin
protein bands.

Procedures for intracellular Zn?* imaging

Cells were seeded at a density of 1 x 10* in 20-mm-diameter
dishes, and the next day the medium was removed and co-
cultured for 24 h with serum-free medium containing ZnCl,
(50 uM) or no ZnCl,. After 24 h, H,L (10 M) was added after three
washes with PBS and incubated for 30 min, followed by the addi-
tion of TPEN (100 uM) for a further one hour in some dishes after
30 min. These cells had been washed and replaced with a fresh
medium before imaging. Quantitative fluorescence analysis of the
cells was performed using Image] software.

Results and discussion
The fluorescence emission spectroscopy of HoL to Zn®*

The prominent water solubility of the peptide sensor H,L, was
the foundation for the experiments of HEPES buffer solutions
(pH = 7.4, 10 mM). The fluorescence spectra of H,L combined with
various metal ions (Ag*, AI>*, Ca%*, Cd?*, Co?", Cr**, Cu?", Fe?", Fe**,
Hg?*, K*, Mg?*, Mn?*, Na*, Ni%*, Pb?*, Zn?*) were investigated and
analyzed individually. Notably, HoL showed specific selectivity
for Zn?* ions, as the other metal ions did not provide a similar out-
come (Figs. 1A and S6). H,L emitted the weak fluorescence inhib-
ited by PET from tryptophan to dansyl group. When 1.0
equivalents of various metal ions were added separately to the
H,L solutions, the fluorescence of H,L was significantly enhanced
about five times when Zn?* ions rather than other metal ions were
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Fig. 1. (A) Fluorescence spectrum changes of H,L (10.0 uM) after adding 1.0 equivalent of various metal ions (Ag*, AI**, Ca?*, Cd**, Co?*, Cr®*, Cu®*, Fe?", Fe3*, Hg*', K*, Mg**,
Mn?*, Na*, Ni?*, Pb%*, Zn*). (B) Fluorescence intensity detection of H,L (10 uM) and its complexation with Zn?" ions (1.0 equiv.) in the presence of other metal ions (5.0

equiv.).

added into this solution, which was due to the combination of Zn**
ions with H,L resulting in the interruption of PET.

It was inevitable that the anti-interference ability of sensors
was assessed in biological detection. The anti-interference ability
of H,L for Zn?* ions detection were evaluated in the presence of
other metal ions. The results showed that other metal ions except
for copper ions did not interfere with the H,L detection for Zn?*
ions. As the paramagnetic effect of Cu®*, the fluorescence of H,L
was quenched mildly. However, this interference was limited and
did not affect the detection of H,L for Zn?* ions (Figs. 1B and S6).
In conclusion, sensor HoL has good anti-interference ability and
could apply for the detection of Zn?" ions in complex organisms.

Binding mode of H,L with Zn*

The binding ratio of sensor H,L to Zn?* ions was investigated by
using fluorescence titration experiments. We recorded the results
of the fluorescence response of H,L with different concentrations
of Zn?" in HEPES buffer solutions (10.0 mM, pH = 7.4) at an excita-
tion wavelength of 330 nm. We can observe that the fluorescence
intensity of HoL reached the highest peak at 560 nm (Fig. 2A), when
the amount of Zn?* was adjusted to 0.5 equiv. the H,L solution
changed from colourless to green in the fluorescence cuvette under
a 365 nm UV lamp (Fig. 2B inset). With a burgeoning amount of
Zn?* ions, the titration curve arrived at a stable plateau (Fig. 2B),
which implied that the ratio of H,L and Zn>* ions was 2:1.

To further investigate binding stoichiometry, Job’s plot analysis
was performed. The concentration of H,L and Zn?' ions were
appropriately adjusted to keep the total concentration of a solution
as constant. When the fluorescence intensity reached to the max-
imum value, the mole fraction of Zn?>* was 0.33 (Fig. 2C). The
results further indicated that the binding ratio of H,L to zinc was
2:1. Additionally we calculated the binding constant of H,L to
Zn?>* was 8.18 x 102 M2 based on the stoichiometry results
(Fig. S3). The detection limit of H,L for Zn?>* was calculated to be
49.7 nM according to the specific formula (Fig. S4). This result sug-
gested that H,L had the potential to detect low levels of Zn?* ions
in organisms.

Theoretical calculations were essential for the study of the
structure of H,L and L-Zn-L complexes, and understood the speci-
fic recognition of H,L for Zn?* ions. We performed a density func-
tional theory (DFT) calculations on H,L and L-Zn-L complexes
systems using the Gaussian 09 software [31]. At the B3LYP/6-31G

(d) level [31,32], the geometry and energy minimum optimization
of L-Zn-L complexes structure were carried out, and We obtained
the optimized configuration of H,L and L-Zn-L complexes systems
[33,34] (Fig. 2D). As shown as in Fig. 2D, zinc ions could coordinate
with the four nitrogen atom groups of two H,L to form L-Zn-L
complexes. The lowest energy and the stable structure were
reached by combining with the coordination ratio (HoL = 41.111 k
cal/mol, L-Zn-L = 105.104 kcal/mol).

Interference of pH and amino acids

The pH value of the organism was waving from 7.0 to 7.4, the
sensor detected Zn?* ions in vivo depended on whether this range
of pH value could influence the sensor detection for Zn?". Interfer-
ence of pH test was conducted in the aqueous solutions with differ-
ent pH value (2.0-12.0). The results illustrated that the
fluorescence intensity of H,L showed weak enhancement from
pH 5.0 to 12.0 in the solutions without Zn?*, but H,L reflected
the highly efficient fluorescence response to Zn>* solutions from
pH 6.0 to 10.0 (Fig. 3A). Therefore, H,L could endure the environ-
ment in the human body and perform as intended.

The interference studies of H,L with amino acids (His, Cys, Trp,
Gly, Ala, Val, Leu, lle, Pro, Phe, Tyr, Ser, Thr, Met, Asn, Gln, Asp, Glu,
Lys and Arg) were performed in HEPES buffer solutions (10.0 mM,
pH = 7.4). As shown in the Fig. 3B, there was no obvious changes of
fluorescence intensity could be observed when 5.0 equiv. other
amino acids were added into the relevant solutions except for his-
tidine, cysteine and tryptophan. We speculated that the combina-
tion of these three amino acids and Zn?* ions leads to a decrease in
fluorescence. The results indicated that the fluorescent probe HoL
could be applied to selectively recognize Zn?" ions in complex
environment.

Reaction time, reversibility and biological toxicity test

To rapid detection was an essential condition for sensors as
clinical diagnostic tools. Reaction time test showed the fluores-
cence intensive of H,L significantly heightened within 20 s and
reached to a plateau from 20 s to 300 s after Zn?* interference
(Fig. 3C). The experimental result exhibited H,L could provide
rapid response to Zn**. Furthermore, the results of fluorescence
stability test showed the fluorescence intensity of the complex
could maintain 6 h (Fig. S5). Accordingly, it was a promising
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indicator to accomplish the rapid diagnosis for tumor screening
and precise resection.

The reversibility of H,L (5.0 uM) was performed by adding Zn?*
ions (10.0 uM) and EDTA (10.0 puM) in HEPES buffer solutions
(10.0 mM, pH = 7.4). As shown in Fig. 3D, H2L exhibited a good flu-
orescence intensity response toward Zn?* ions and EDTA at least ten
cycles with small switchable changes when added Zn?* ions and
EDTA alternately. The experimental results indicated that H,L could
perform as a reversible fluorescence probe for detecting Zn?*.

According to the above research, the sensing mechanism of H,L
toward Zn?* jons was discussed. The fluorescence emission of free
H,L was nearly quenched and it was due to the photo induced elec-
tron transfer (PET) phenomenon from the lone pair electrons (N
atoms) of Trp to the dansyl emitter that was caused. Because the
pKa values of Trp residues, the negative charge of side groups of
Trp residues must increase with increasing pH, which might
enhance the photo induced electron transfer between imidazole
groups (Trp) and dansyl groups. Nevertheless, when Zn?* were
combined with H,L, two N atoms of the a Trp groups participated
in the coordination with Zn?* and formed a 2:1 complex, and the
fluorescence of H,L was recovered based on the disappearance of
PET mechanism (Scheme S2). Considering the interactions between
the peptide and Zn?* also enhanced, resulting in the fluorescence
increase of the peptide sensor in the presence of Zn?" in this
condition.

The cell cytotoxicity assay was used to evaluate the safety of
H,L, LNcaP and PC-3 cells were incubated with H,L (0, 20, 40, 80,
160 uM) at 37° C for 48 h, cells viability was tested using a CCK-
8 kit. As shown in Fig. 3E, cells viability had no significant alter-
ation when compared with the control group in different concen-
trations. This result demonstrated that H,L has low toxicity and
can be considered safe for biological imaging.

Real-time PCR and Western blot analysis

The disability of Zn?>* enrichment mainly attributed to the
down-regulated hZIP1 (SLC39A1) gene in prostate cancer, which
plays a crucial role in transporting zinc into the cell [11]. To further
explore the correlation between the hZIP1 and Zn?*, we analyzed
the mRNA and protein levels of hZIP1 in different cell lines.

The PCR results indicated that the mRNA level of hZIP1 in
RWPE-1, healthy prostate cells, was significantly higher than the
prostate cancer cells (LNCaP and PC-3) (P < 0.05). Similarly, as a
control group, bladder healthy epithelial cells SV-HUC-1 also had
higher hZIP1 mRNA expression than bladder cancer cells T24
(Fig. 4A) (P < 0.05). Western blotting showed hZIP1 protein level
of RWPE-1 was elevated obviously compared with LNCaP and PC-
3 cells (P < 0.05), and the hZIP1 protein expression of SV-HUC-1
was also significantly higher than T24 (P < 0.05) (Fig. 4B).
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Therefore, the down-regulated hZIP1 gene might contribute to
the diminished ability of prostate and bladder cancer cell lines to
enrich Zn?*. Furthermore, our study also demonstrated that hZIP1

might act as a tumor suppressor gene in prostate and bladder cell
lines.

Intracellular Zn®* imaging for the diagnosis of prostate cancer

In order to explore the ability of Zn?* enrichment in the cancer
cell lines and healthy cells, Zn?* sensing imaging was carried out in
cell lines using H,L. Cells were firstly cultured in medium with
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ZnCl; (50 uM) or no ZnCl, for 24 h, and then co-incubated with H,L
for 30 min before the confocal fluorescence microscopy test. Imag-
ing results showed that the fluorescence intensity of the prostate
healthy cell RWPE-1 was stronger than prostate cancer cells LNCaP
and PC-3 in groups treated with Zn?*. In the control group, we
observed similar results that the fluorescence intensity of the
healthy bladder epithelial cell SV-HUC-1 was stronger than the
bladder cancer cell T24 in groups treated with Zn?*. Although there
was a lower concentration of Zn?* in tumor cells when compared
with healthy controls, the fluorescence intensity of T24 was vigor-
ous than LNCaP and PC-3 in tumor cells (Figs. 5A and S8-S12).
Additionally, the fluorescence intensity of PC-3 altered mildly after
the treatment with Zn?* (Figs. 5A and S5-S9). To further prove our
point, TPEN (100 uM) as a Zn?* chelator was added into cells to
incubate for 30 min, the fluorescence intensity of TPEN treatment
groups were weaken comparing with TPEN untreated groups. This
result proved that H,L was specific binding with intracellular Zn?".

The quantitative fluorescence analysis of each group was con-
ducted to calculate the content of Zn?" accumulation by using Ima-
ge] software. We analyzed the difference of fluorescence intensity
between the ZnCl, treated group and the untreated group to assess
the content of the cells for Zn?>* accumulation, of note, the quanti-
tative fluorescence analysis should consider the potential factor
such as different cells culture medium. The difference outcomes
also implied that the prostate healthy epithelial cells RWPE-1

had the most substantial ability for Zn?* accumulation, while the
early stage prostate cancer cells LNCaP and the advanced prostate
cancer cells PC-3 almost lost their ability to do so (Fig. 5B and 5C).
Furthermore, there was no distinct difference in the Zn®* content
between the bladder cancer cells T24 and the bladder healthy
epithelial cells SV-HUC-1 comparing with the prostate cell lines
(Fig. 5C). These results confirmed the close relationship between
Zn?* and prostate cancer as reported in the literature and also pro-
vided a piece of strong evidence that Zn** could be used as a diag-
nostic biomarker for prostate cancer. More importantly, the results
showed that the H,L could detect intracellular Zn®* and accurately
reflect the Zn?* content in different cells. Then we can easily distin-
guish healthy cells from cancerous cells according to the compar-
ison of Zn?* content differences, so as to achieve the purpose of
diagnosing prostate cancer.

Conclusions

Prostate cancer has a high morbidity rate among male tumor
and is challenging to diagnose in the early stage. It was crucial
for acquiring the better survival time of patients to diagnose pros-
tate cancer earlier [35]. Many studies reported Zn?* involved in
multiple steps of tumorigenesis and deemed to be a biomarker
for the prostate cancer diagnosis. In contrast to serum PSA, Zn?*
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had more advantage of sensitivity and specificity for prostate can-
cer rather than any benign prostate disease [2,16]. In order to
explore the change of Zn?* level in prostate cancer and healthy tis-
sues, we designed H,L. It is a novel peptide-based reversible fluo-
rescent probe used for the Zn?* detection. This study demonstrated
that H,L displayed better sensitivity compared to other Zn?* sen-
sors summarized in Table S3. Also the low toxicity and the superior
cell permeability of HoL made the imaging of Zn?* detection safe
and rapid. Encouragingly, the H,Lcan detect intracellular Zn?*
and accurately reflect the intracellular Zn?*content. Therefore, we
expect that H,L can be a powerful tool for early diagnosis of pros-
tate cancer and an indicator for the precise resection of cancer tis-
sue during surgery.
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