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Application of novel targeted molecular imaging probes in the
early diagnosis of upper urinary tract epithelial carcinoma
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Abstract. Imaging techniques of upper tract urothelial
carcinoma (UTUC) are presently limited. Upconversion
particles (UCPs) could be used to target tumors for imaging.
The present study aimed to assess the value of a nano-UCP
as a diagnostic probe for deep tumor tissue, including UTUC.
Polymer-coated water-soluble UCPs were synthesized. The pH
Low Insertion Peptide (pHLIP) polypeptide was synthesized
using the solid phase method. The silane shell surface was
modified to present amino or carboxyl groups. Succinimidyl
4-(N-maleimidomethyl)cyclohexane-1-carboxylate was used
for the coupling of the polypeptide to the UCPs. An animal
model of subcutaneous tumor was established in 4-week old
nude mice using UTUC cells. Urinary tract epithelial cancer
T,, cells were injected into the diaphragm below the heart.
PHLIP-UCP solution (I ml) was injected into the abdominal
cavity of each animal. Optical detection was performed
using a small animal living body multispectral imaging
system. UCPs dispersed in chloroform emitted no light under
natural light, while they emitted a green light when excited
with a 980-nm laser. The maximum emission wavelength of
Ho*-doped UCPs was ~550 nm and the red emission region
was ~650 nm. As the coated UCPs possessed a tendency to
agglomerate and precipitate, the yield of the UCPs in the
aqueous phase was reduced. Tumors could be successfully
imaged in tumor-bearing mice. NaYF,: Yb, Ho** UPCs could
be used for the detection of UTUC, thus further studies are
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required to determine if it could be used in larger animals with
deeper tumors.

Introduction

Upper tract urothelial carcinoma (UTUC) originates from the
ureter and renal pelvis. UTUC are rare and account for only
5-10% of urothelial cancers (1,2). The incidence of UTUC in
western countries is about 2 per 100,000 person-year (1,2).
The most common symptoms are hematuria in 70-95% of
cases (3). Due to the deep location of the ureter and kidney,
and because the muscle layer is not as thick as in the bladder,
the diagnosis of upper urinary tract epithelial cancer is often
made at a later stage than bladder cancer, resulting in poor
overall prognosis (4). In addition, ~60% of upper urinary tract
epithelial cancers are invasive at diagnosis, compared with
15% for bladder cancer (5,6). Therefore, the early diagnosis
of upper urinary tract epithelial cancer is an important factor
affecting the survival rate of patients (4).

At present, the diagnosis of UTUC mainly involved
computed tomography urography (CTU), magnetic resonance
imaging (MRI), cystoscopy and urinary cytology, and diag-
nostic ureteroscopy (4). Urine cytology is highly specific and
non-invasive, and some authors believe that it is the gold standard
for follow-up of tumor recurrence (7). However, the sensitivity
of this method is poor and specimen collection, inflammation,
stones, and foreign bodies, can affect the results of the examina-
tion (4). CTU is preferable to MRI because of better accuracy
and lower costs (4), but CTU is unable to detect flat lesions unless
they create a mass effect or urothelial thickening (8). Finally,
ureteroscopy is relatively invasive, but may be useful when diag-
nosis is uncertain, when conservative treatment is considered, or
when the patient has a single kidney (4). Therefore, traditional
diagnosis methods have a number of limitations.

Novel methods include photodynamic diagnosis of blood
porphyrin derivatives that accumulate in tumor tissue (9).
However, these techniques show not only UTUC, but also
hyperplasia of the transitional epithelium, squamous metaplasia,
inflammation, and granulation tissue (10,11). In addition, other
factors may also affect the efficacy of these methods including bladder
retention time, different display equipment, facilities, light
intensity, cystoscopy observation angle, physician experience
(at least 15 fluorescence cystoscopy experience) (10), and
preoperative drugs or bladder perfusion therapy (12).
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In recent years, near-infrared fluorescence (NIRF)
imaging received more attention from researchers. Light at
600-1,100 nm has a strong tissue penetration, but there is
a strong background of spontaneous fluorescence (13,14).
Upconversion luminescence is a phenomenon that emits
visible light under the excitation of infrared light (13,14). So
far, most of the research on upconversion particles (UCP)
was mainly performed using rare earth metal particles. Novel
molecular imaging probes with high sensitivity, high stability
of fluorescence, good safety, and high energy conversion of
light (known as anti-Stokes effect) are now suitable for NIRF
imaging (13,14). Chatterjee et al (15) published the first
report about NaYF4: YbUCP coated with Er that were used
for imaging of tumor cells and small animals. Their results
showed that these UCPs had good biocompatibility and no
toxicity to bone marrow stem cells (15). However, to be able to
detect cancer cells specifically, surface functionalization of the
nanoparticles is needed, which is usually achieved by coupling
antibodies. Although numerous studies have attempted to
create UCPs with rare earth ions, the feasibility of tumor cells
in vivo imaging still need further study (16-18).

Therefore, the aim of the present study was to assess the
value of a nono-UCP as a diagnostic probe for deep tumor
tissue like UTUC. These results could pave the way for new
technologies for the detection of UTUC.

Materials and methods

Synthesis of polymer-coated water-soluble UCP. All rare
earth reagents used in this study were 5N (99.999%). In a
beaker, a solution containing 1.2 mmol NaCl, 0.48 mmol YCl;,
0.108 mmol YbCl;, 0.012 mmol HoCl; (Aladdin Chemicals
Co., Ltd., Shanghai, China), 0.15 g of PEI was prepared in
15 ml of ethylene glycol. After stirring on a magnetic stirrer,
0.4 g of NaF was added, the solution was stirred for 10 min.
The reaction kettle was sealed into a muffle furnace and heated
for 2 h at 200°C. After slow cooling to room temperature, the
precipitate was collected by centrifugation. The pellet was
washed three times with water and ethanol. After drying, the
nanoparticles were dispersed in water. The particle size of the
UCPs was determined by dynamic light scattering and trans-
mission electron microscopy (TEM) on a JEOL/JEM-2010F
TEM (JEOL, Tokyo, Japan). Infrared spectroscopy was used
to analyze the surface of the UCPs. The luminescence spectra
of the particles were determined by fluorescence spectrometer
using an external 980-nm light source.

Coupling of pH Low Insertion Peptide (pHLIP) with UCP.
The pHLIP polypeptide was synthesized by the solid phase
method and using the following sequence: AlaCysGluGlnAsn
ProlleTyrTrpAlaArgTyrAlaAspTrpLeuPheThiThrProLeuLeu
LeuLeuAspLeuAlaLeulLeuValAspAlaAspGluGlyThrGly.
Aqueous phase transfer is the first prerequisite for
biomedical applications of UCPs, but ifyou need to use UCPs
to achieve specific functions, for example, targeted imaging
or light detection for specific objects, it is necessary to carry
out surface modification of UCP, which is usually achieved
through coupling antibodies or other targeting molecules.
The silane treatment makes the particles hydrophilic, its
surface mainly presenting hydroxyl groups, which cannot
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directly link proteins. Therefore, the silane shell surface
was modified to present amino or carboxyl groups by the
crosslinking agent 1-ethyl-3-(3-aminopropyl-methyl-2)
carbon imine (EDC) and two N- hydroxysuccinimide (NHS)
reactions.

The linker (SMCC; Pierce; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) was used for the coupling of the
polypeptide to the particles through the Cysthiol group and
the particle surface amino group at the N terminal side of
the peptide. Cy5-labeled pHLIP was used as positive control,
and unlabeled UCP was used as negative control. Anurinary
tract epithelial cancer cell line cultured in vitro was used as a
model. The cell binding reaction of pHLIP-UCP was observed
at pH 5-7. The experiments were repeated to determine the
optimal pHLIP-UCP coupling conditions.

For linking proteins to nanoparticles using SMCC, 50 mg
of SMCC was dissolved in 5 ml of DMF to obtain a solution at
10 mg/ml. High-brightness purified UCPs were added to obtain
a solution at about 0.015 mmol and 5 ml of phosphate-buffered
saline were added and mixed quickly. The solution was left
to react for 30 min at 37°C. Excess SMCC was removed by
PBS dialysis, 1 ml of 0.15 M of pHLIP polypeptide was added,
and the reaction was continued at 37°C for 30 min. After a
period of silane reaction, the clear solution gradually became
milky white, indicating that the silane carried on the coupling
reaction on the surface of the particles. The coated particles
gradually precipitated the organic phase. In order to observe
the continuous process of silane modification to determine
the optimal modification time, samples were observed after
12, 24, 36, 42, and 48 h by TEM. The nanoparticles were
obtained after centrifugal precipitation and repeated washing.
Nanoparticles were kept at 4°C.

High-sensitivity imaging of early stage urinary tract cancer
tumor model using pHLIP-UCP. An animal model of subcu-
taneous tumor was established in 4-week old nude mice
using UTUC cells. All applicable institutional and national
guidelines for the care and use of animals were followed.
The tumors were observed from the first day after inocula-
tion. pHLIP-Cy5.5 was used as the positive control, prepared
as previously described (19). Uncoupled UCPs were used as
the negative control. A foreign body was implanted at the
side of the inoculation site to cause local inflammation and
to observe the effect of inflammation on the sensitivity of the
probe.

Cultured urinary tract epithelial cancer cell line T,, was
cultured. About 0.5x10° cells in 0.1 ml were injected in the
diaphragm below the heart. PHLIP-UCP solution (1 ml) was
injected in the abdominal cavity of each animal.

Optical detection was performed using a small animal
living body multi spectral imaging system (Maestro; CRi,
Inc., Woburn, MA, USA). The spectral detection range was
400-950 nm. The excitation source (infrared laser diode) was
set at 980 nm and the power was 0.2 W (Changchun Mingwan
Optics Co., Changchun, China) (20). The image was captured
by a CCD camera (Andor Clara with Sony ICX285 CCD;
Sony, Connecticut, NE, USA). Images were analyzed using the
Maestro software analysis system 2.4 (CRi, Inc.). Fluorescence
intensity was determined to represent the enrichment degree
and sensitivity of the probe to the tumor cells.
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Figure 1. UCP chloroform solution under the excitation of natural light and
980-nm laser. UCPs dispersed in chloroform emit no light under natural light
(center vial), while they emit a green light when excited with a 980-nm laser
(left vial). UCP, upconversion particle.
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Figure 2. Ho**-doped UCP spectra, laser induced graphs, and upconversion
luminescence duration. Recorded at a wavelength of 980 nm after 2 min of
excitation, each data point corresponds to an average duration of luminous
intensity. UCP, upconversion particle.

Results

Synthesis of UCP. Fig. 1 shows that the UCPs dispersed in
chloroform emitted no light under natural light (center vial),
while they emitted a green light when excited with a 980-nm
laser (left vial).

Excitation of Ho’*-doped UCP. The spectra presented in
Fig. 2 were captured using green and red filters. The graph
shows that the emission of the excitation channel was uniform
and transparent and the intensity was high. The maximum
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emission wavelength of Ho**-doped UCPs was about 550 nm
and the red emission region was around 650 nm. When the
doping was 2%, the green luminescence dominates and the
proportion of red emission was increased when the proportion
of active ions was increased.

Phase transfer of NaYF,: Yb, Ho**UPCs. The diameter of the
UCPs was 10.9+1.7 nm. They had a round shape. The NaYbF,
particles had a crystal structure of about 0.38 nm composed
of a planar hexagon. The surface of NaYF,: Yb, Ho>*UPCs
was coated with a uniform layer of silica. Fig. 3 shows that
the UCPs dispersed evenly in aqueous solution and that the
surface of the particles was coated with peptides to achieve the
function of the UPCs. A continuous process of silane reaction
is shown in Fig. 3. It can be seen that the UCPs were uniformly
coated with a layer of silane and that the shell became gradually
thicker with elapsing time.

Functional modification of the NaYF4: Yb, Ho>* UPCs. As
shown in Fig. 4, the solution is transparent in aqueous solution.
Because the coated UCPs had a tendency to agglomerate and
precipitate, the yield of the UCPs in the aqueous phase was
reduced and the overall fluorescence intensity of the aqueous
phase particles was reduced. Compared with the corre-
sponding organic phase solution, the fluorescence intensity
was decreased.

Imaging of tumor bearing animal model by UCPs. The
nanoparticles were injected into the frontal chest and
diaphragm (below the heart) of the mice. Fig. SA shows the
mice and tumor imaging after UCP injection. Fig. 5B shows
that the tumor is visible with a visible 550 nm upconver-
sion fluorescence emission. By analyzing the spectral slices
at 550 nm, as shown in Fig. 5C, the fluorescence intensity
measurement is carried out by selecting the fluorescence
emission region and the surrounding background region. The
average counts signal is obtained and the average intensity
signal is plotted over the corresponding region. Regions 3
and 4 represent the upconversion fluorescence region while
regions 1 and 2 represent the background region. Taken from
the ventral side, the image shows a signal-to-noise ratio of
18.5. Fig. 5D shows that the angle of view is important. Indeed, when
imaged from the side, the ribs interfere with the laser and the emitted
light, resulting in weaker signal. This can be overcome by increasing
exposure time, but the background noise is increased. Spectral
analysis of this region, as shown in Fig. 5SE, shows that the
550-nm fluorescence emission is very close to the background.
By analyzing the fluorescence intensity of the 550 nm spectra, as
shown in Fig. 5F, the signal-to-noise ratio is 2.08, showing that
the signal is still positive. Fig. 5G shows the relative location
map of the conversion fluorescence emission for deep injec-
tion, which is expressed in the form of intensity.

Discussion

The imaging of UTUC is presently limited. UCPs could be used
to target tumors for imaging. Therefore, this study aimed to
assess the value of a nano-UCP as a diagnostic probe for deep
tumor tissue like UTUC. Results showed that UCPs dispersed
in chloroform emitted no light under natural light, while they
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12h 18h

24h 36h 42h 48h

Figure 3. Continuous process of UCPs modified by silane. It can be seen that the UCPs were uniformly coated with a layer of silane and that the shell became
gradually thicker with elapsing time. (A) 12 h; (B) 18 h; (C) 24 h; (D) 36 h; (E) 42 h; (F) 48 h. UCP, upconversion particle.

emitted a green light when excited with a 980-nm laser. The
maximum emission wavelength of Ho**-doped UCPs was
about 550 nm and the red emission region was around 650 nm.
Because the coated UCPs had a tendency to agglomerate and
precipitate, the yield of the UCPs in the aqueous phase was
reduced. Tumors could be successfully imaged in tumor-bearing
mice. These results suggest that NaYF,: Yb, Ho** UPCs could
be used for the detection of UTUC.

For in vivo imaging, the probe has to be resistant to light,
possess a good dispersion, and be biocompatible. In order to
achieve these features, the present study used a process that first
involvesthe preparation of the nanoparticles, whicharethendoped
with Yb**/Ho** doped with NaYF,, as previously described (21).
Thereafter, the surface is coated with a non-porous silica shell.
Finally, the UCPs were coupled with peptides specific to UTUC
cells. The final characteristics of the UCPs was similar to
previously published results (22).

At room temperature, using an excitation wavelength of
980 nm, the strongest emission wavelength was at ~550 nm,

Figure 4. Degree of dispersion and fluorescence of the functionally modified
UCPs in the aqueous phase. Because the coated UCPs had a tendency to
agglomerate and precipitate, the yield of the UCPs in the aqueous phase was
reduced and the overall fluorescence intensity of the aqueous phase particles
was reduced. Compared with the corresponding organic phase solution, the
fluorescence intensity was decreased. UCP, upconversion particle.
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Figure 5. Fluorescence spectrum analysis of imaging fluorescence in transplanted tumors. (A) Imaging of the mice and tumor from the ventral angle.
(B) Analysis of the tumor imaged using UCPs. The green area is the tumor and the red area is the background. (C) Analysis of the fluorescence intensity at
550 nm. The signal-to-noise ratio was 18.5. (D) Imaging of the mice and tumor from the side angle. (E) Analysis of the tumor imaged using UCPs from the side
angle. The green area is the tumor and the red area is the background. (F) Analysis of the fluorescence intensity at 550 nm. The signal-to-noise ratio was 2.08.
(G) Relative location map of the conversion fluorescence emission for deep injection, which is expressed in the form of intensity. UCP, upconversion particle.

which may be due to the generation of the Ho** to the 518 Nanoparticles may enter the cells via passive absorption and
transition of 5S2 (23). At the same time, results showed that  active uptake pathway. Unfortunately, these entry patterns have
the particles emitted a strong signal for as long as 40 min.  great limitations in the diagnosis of cancers because of the lack
These properties make these particles suitable for use in a  of specificity of the nanoparticles to cancer cells. Therefore, the
clinical setting. nanoparticleshavetobecoupled withmolecules thattargetcancer
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cells. In the present study, the UCPs were coupled to pHLIP,
which is a peptide that can recognize acidic cancer cells (24-26).
Therefore, after coupling the molecular probe with the
nanoparticles, the biological activity of the probe is changed.
A tumor host interface microenvironment is formed after
the interaction between tumor cells and adjacent host
components (27). The growth rate of tumor cells is fast and the
metabolism rate is high, which leads to an acidic microenviron-
ment, which is an important feature of tumor biology (28).

The results of the present study showed that pHLIP-bound
UCPs could be used successfully to image tumors in mice.
However, mice are small animals that are easy to image using
NIRF imaging. Future studies will have to test this modality
in larger animals, in which the tumors will be deeper.
Indeed, the main obstacle to optical imaging for biological
and medical applications isthat most biological tissues can
absorb or scatter light. NIRF imaging, which includes
upconversion luminescence, needs to pay more attention to
better tissue penetration and low background fluorescence.
This problem directly affects the quality of the detected signal
and the accuracy of the image. Further study is necessary to
improve this technology before its clinical applications.

In this study, upconversion luminescence was used to
establish nanoprobes for imaging of living animals, without
background fluorescence. The probe had a high signal-to-noise
ratio and could achieve tissue imaging. NaYF,: Yb, Ho** UPCs
could be used for the detection of UTUC. Further studies are
necessary to determine if it could be used in larger animals
with deeper tumors.
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