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Abstract

Purpose: Pancreatic cancer is still associated with a poor outcome and low patient quality of life,
which are mainly attributed to the late detection and requirement of distal pancreatectomy with
extended resection of pancreatic tumors. Therefore, novel strategies for early screening and
precise tumor resection are urgently needed. In this study, we evaluated the feasibility of a low-
density lipoprotein receptor (LDLR)-targeted small-molecule contrast agent (peptide-22-Cy7) for
early screening with photoacoustic tomography and near-infrared (NIR) imaging as guided
surgical navigation to achieve precise resection.

Procedure: Normal pancreatic cells (HPDE6-C7) and cancer cells (PANC-1) were respectively
used in the in vitro targeting evaluations. The ability of peptide-22-Cy7 for preoperative in vivo
pancreatic tumor detection was investigated in a mouse orthotopic pancreatic cancer model (n=
10) using photoacoustic tomography; 18 tumor-bearing mice were further divided into three
groups for different treatments. After intravenous injection of peptide-22-Cy7, surgical navigation
was conducted through laparotomy. Histopathological analysis was used to further confirm the
tumor area and the state of surgical margins.

Results: Flow cytometry demonstrated that peptide-22 is highly specific to pancreatic cancer
cells, with a fluorescence intensity of approximately 87.3 %. Orthotopic pancreatic tumors with a
size of 4 mm could be accurately detected by photoacoustic tomography. Surgical navigation
effectively achieved RO resection and minimized the range of resection, which led to increased
body weight of the mice following surgery.
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Conclusion: QOverall, our newly developed targeted contrast agent facilitated the accurate
positioning and resection of pancreatic tumors. Photoacoustic tomography and optical imaging-
guided surgical navigation may be a novel direction for improving the survival, quality of life, and
disease management of pancreatic cancer patients.

Key words: Low-density lipoprotein receptor (LDLR), Photoacoustic imaging, Optical-guided

surgery, Peptide-22

Introduction

Pancreatic cancer is an extremely devastating malignancy, and
the increase in the mortality rate has essentially paralleled that
of disease incidence [1]. Despite major improvements in the
survival rate for most cancer types over the past three decades,
the prognosis for pancreatic cancer has remained essentially the
same over this period, with a 5-year survival rate less than 5 %
and an approximately 6-month median survival rate following
diagnosis [2]. This poor outcome is mainly due to the
asymptomatic nature of the disease, in which symptoms
generally manifest during the late stage of disease progression.
Therefore, surgical resection remains the only essential curative
option for pancreatic cancer. Approximately 20 % of patients
who present with localized disease are eligible for surgical
resection, and the median survival rate is only 25 % [3]. In
addition to the late diagnosis, the poor outcomes for pancreatic
cancer patients are also related to the lack of precise resection in
surgery. Hence, greater efforts are urgently needed to find
novel strategies that can improve early screening and precise
tumor resection.

Before the onset of adverse symptoms, imaging during
routine physical examination can serve as an important
measure to promote the early screening of pancreatic cancer
[4]. The detection of suspicious lesions in a physical
examination contributes to the timely treatment of patients
at a stage when the disease is still curable. Traditional
preoperative imaging modalities of diagnosis include com-
puted tomography, magnetic resonance imaging, ultrasonog-
raphy, and positron emission computed tomography, which
are widely available worldwide [5]. However, these imaging
techniques are prone to certain shortcomings, including the
inability to detect pancreatic cancers with high sensitivity
and specificity, which have thus far hindered their applica-
tion in early screening programs during physical examina-
tion. However, newly developed imaging techniques have
been gaining more and more attention in the medical field.
As compared with traditional imaging, photoacoustic imag-
ing offers several important advantages such as high spatial
resolution, reduced light scatter, low cost, lack of radiation,
and easy operation procedures [6, 7]. Therefore, photo-
acoustic imaging is gaining popularity as a novel biomedical
imaging modality, offering a new strategy for early
screening that can improve the detection of the biological
properties of the entire tumor, which can greatly facilitate
therapeutic decisions.

As mentioned above, the critical problem contributing to
long-term outcomes in pancreatic cancer is precise tumor
resection. To achieve RO resection, some surgeons advocate
for extended resection, which is a more radical surgery that
can lead to serious complications such as insulin-dependent
diabetes mellitus, steatorrhea, and weight loss [8]. Intraop-
erative frozen sectioning is the conventional method of RO
resection but often requires additional surgeries due to time
constraints in the initial operation [9]. One way to overcome
these current deficiencies is to improve the tools for surgical
navigation that could achieve more precise and guided
resection. Optical-guided surgical navigation, as a high
sensitivity technique, is an effective intraoperative tool for
more precise tumor resection via injection of a fluorescent
detection agent [10]. Such precision can allow for accurate
removal of tumor tissues while retaining much more of the
normal anatomy and physiological function to ultimately
enhance patient outcomes and quality of life. However,
current optical surgical navigation methods require improve-
ment to reduce the rate of false-positive detection, which is
mainly due to the absence of specific biological targets and
optical contrast agents.

Low-density lipoprotein (LDL) is one of the routine
factors assessed in blood tests during health examination
since it is associated with lipoprotein metabolism [11, 12].
Indeed, reprogramming of lipid metabolism has been linked
to the pathogenesis of rapidly proliferating malignancies,
which is manifested by increased uptake of exogenous
lipoproteins and expression of low-density lipoprotein
receptor (LDLR) in a variety of tumor cells [13, 14].
Therefore, LDLR can be a potential biological target;
however, vast validations are urgently needed before its
clinical application. Although several of the targeting
moieties derived from LDLR are less than ideal for imaging
applications, peptide-22 shows good potential, which pref-
erentially binds to LDLR over endogenous LDL and does
not affect cholesterol homoeostasis [15, 16].

Thus, in this study, we aimed to develop a new modality
for improving the early detection and precise tumor resection
for pancreatic cancer using LDLR as a biological target. In
particular, we synthesized peptide-22 conjugated to the
fluorescent dye cyanine 7 (peptide-22-Cy7), which was used
for preoperative targeted imaging and fluorescent imaging-
guided surgical navigation in orthotopic mouse models of
pancreatic cancer. These results can highlight LDLR as a
new promising biological target for monitoring pancreatic
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cancer progression and to achieve more precise surgical
navigation in tumor resection.

Materials and Methods

The details of the experimental materials and methods are
available in the electronic supplementary information.

Results
Characterization of Peptide-22-Dye Probe

Steady conjugation was first confirmed by mass spectros-
copy (Fig. S1b, d), with values of 1812.34 ([M+H]+,
calculated 1811.38) and 1403.445 ([M]+, calculated
1403.66) for peptide-22-Cy7 and peptide-22-FITC, respec-
tively. The purity of each probe was about 95 % (Fig. Sle,
f). Peptide-22-Cy7 had a strong absorption peak at 759 nm
with an approximately 15 nm red shift compared to free
Cy7, which further confirmed the successful conjugation
(Fig. S2c). Moreover, the conjugation caused an approxi-
mately 6-nm red shift in the fluorescence emission peak of
peptide-22-Cy7 as compared with that of free Cy7, with a
peak at 788 nm under an excitation wavelength of 724 nm
(Fig. S2a, b). Likewise, the peaks of excitation, emission,
and absorption of peptide-22-FITC showed various red-
shifted properties compared to those of FITC alone
(Fig. S2d—f). This characterization confirmed the successful
conjugation between peptide-22 and the fluorescent dyes.

In Fig. S3a, the fluorescence intensity rapidly increased
along with increasing concentrations of peptide-22-Cy7 up
to 30 nM, after which the intensity decreased with greater
concentrations. A significant absorption band was acquired
between 700 and 800 nm, as part of the NIR region, which
revealed the potential photoacoustic imaging ability of the
probe. The relative signal intensity increased with increasing
concentrations of peptide-22-Cy7 from 0 to 240 nM
(Fig. S3b), demonstrating a dose-dependent property to
illustrate the intrinsic fluorescence/photoacoustic ability of
peptide-22-Cy7.

Compared with free Cy7, peptide-22-Cy7 exhibited more
stable absorbance when exposed to serum for 48 h (Fig. S3c¢).
Although there was a slight decrease over time, these results
demonstrated the long-term stability and good solubility of
the probe without apparent aggregation in vitro.

Cellular Targeting Ability of Probe

The cytotoxicity of peptide-22-Cy7 was tested by MTT
assay. Even at a high concentration (100 nM), the viability
of the two cell lines was maintained at greater than 85 %
with no adverse effects observed during the 24-h incubation
period (Fig. 1a). The expression level of LDLR in PANC-1
cells was (0.41 +0.05), while it was (0.36 £0.03) in HPDEG6-
C7 normal cells (Fig. S4). Thus, LDLR displayed a higher

expression level in pancreatic cancer cells compared with
that in normal cells.

The internalization of peptide-22-FITC was further
demonstrated with confocal laser scanning microscopy.
Based on effective receptor-mediated endocytosis, large
numbers of peptide-22-FITC were observed in PANC-1
cells, which were abundantly localized on the cytomembrane
(Fig. 1b). In contrast, very little peptide-22-FITC entered
HPDEG6-C7 cells under the same condition. However, there
was no significant difference in the uptake of free FITC
between PANC-1 and HPDE6-C7 cells. The notable
inhibition of free peptide led to a significant reduction in
the fluorescent signal, which confirmed the strong and stable
targeting ability between peptide-22 and LDLR. To further
confirm this finding, the PANC-1 cells were magnified 100-
fold and the cytoskeleton was stained with rhodamine-
phalloidin, which allowed for clear detection of the uptake
of peptide-22-FITC by PANC-1 cells (Fig. 1c).

Flow cytometry analysis was used to quantitatively
confirm the imaging results. In Fig. 1d, the fluorescence
signal of peptide-22-FITC-treated cells was higher than
that of the other groups for both cell lines. In addition, a
slight right shift was observed in the free FITC-treated
groups as compared with control (untreated) groups due to
the occasional uptake of small molecular dyes into the cells
(Fig. 1d). In Fig. le, the fluorescence intensity of the
peptide-22-FITC-treated group in PANC-1 cells reached
86.7+1.27 %, which demonstrated a nearly 30 % increase
as compared with that of peptide-22-FITC-treated HPDE6-
C7 cells (54.6+£2.7 %; P<0.001). The fluorescence
intensity of the blocked group was reduced. These
observations support that pancreatic cancer cells can
uptake massive probes through peptide-22 targeting to-
wards LDLR.

Distribution of Peptide-22-Cy7 In Vivo

The metabolism of the probes in orthotopic tumor-bearing
mice was continuously monitored for 48 h. A strong
fluorescence signal was spread over the entire body of the
mice within 30 min p.i. From 4 to 48 h, the brightest
fluorescence position was the same as that of tumor
bioluminescent imaging (luciferase) in the peptide-22-Cy7
group, suggesting that the pancreatic tumor did not undergo
metastasis in situ (Fig. 2a). These phenomena were not
detected in the Cy7 group. Further quantitative analysis was
performed by calculating the tumor-to-background ratio
(TBR) with region-of-interest (ROI) image analysis. The
maximum TBR value of the Peptide-22-Cy7 group was
(3.72+0.18) and occurred at 6 h, which was 1.7-fold greater
than that of the Cy7 group (2.14 £ 0.25) (Fig. 2b). Therefore,
the optimal cumulative time of peptide-22-Cy7 in the tumor
area was 6 h. Overall, the metabolism of the two groups
demonstrated significantly different TBR values over 48 h
(P<0.05). In particular, the TBR values in the peptide-22-
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Fig. 1.

Targeting ability of peptide-22-dye at the cellular level. a Cell viability of PANC-1 and HPDE6-C7. b Cellular uptake of

peptide-22-FITC and free FITC in two cell lines. The block group was obtained with 1 mg/ml free peptide-22. (The bar
represents 20 pm). ¢ Confocal microscopy images (x100) of PANC-1 cell. d e Flow cytometry analyses (d: Green, control
group; blue, free FITC group; red, Peptide-22-FITC group; orange, block group). A single asterisk indicates P <0.05, double
asterisks indicate P <0.01, and triple asterisks indicate P <0.001.

Cy7 group were much higher than those in the Cy7 group
from 2 to 48 h.

The biodistribution of peptide-22-Cy7 was further
examined in harvested tissues at 24 h p.i. Aside from
the kidneys, the highest fluorescence intensities were
detected in the tumors of the peptide-22-Cy7 group
(Fig. 2c, d; P<0.001).

The PANC-1 subcutaneous mouse model was established
for a blocking study. In Fig. 2e, the fluorescence signal of
tumor area was conspicuously inhibited in the blocked group
between 30 min to 6 h (P<0.05). By contrast, the control
group showed a notable fluorescence signal at the tumor site
and was confirmed by the TBR plot (Fig. 2f). However, with
the metabolism of excess peptides, the circulating peptide-
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Fig. 2. Distribution of peptide-22-Cy7. a The biodistribution of peptide-22-Cy7 and free Cy7. b TBR profiles of two groups.
cEx vivo imaging of tumor and major organs. d Related fluorescence intensity. e The block experiment of peptide-22-Cy7 in the
subcutaneous mice model and f the corresponding TBR. (Large black dotted circles represent tumor area, and small red dotted
circles represent background area; black arrows indicate tumor; H = heart; Lu = lung; Li = liver; K = kidney; In = intestine; T =

tumor; S = spleen; P<0.05, "P<0.01, "P<0.001, P <0.0001).

22-Cy7 gradually targeted and accumulated at the tumor site
so that the TBR values of the blocked group slowly
increased over 6 h. Such specificity of peptide-22-Cy7 to
LDLR would allow for clear distinction of the tumor from
the surrounding tissue.

Microscopic Imaging of Tumor Areas

To further demonstrate the excellent targeted performance
of the peptide-22-labeled probe, confocal laser
endomicroscopy was applied to inspect differences in the
distribution of peptide-22-dye between normal and tumor
tissues at the microscopic level (Fig. 3). Prior to injection,

a red dense arborized network was observed in the tumor
tissues, which represented the microvessels of the tumor,
demonstrating that the neovascularization of tumors was
much more irregular than that of normal tissues. At 2 h
p-i., peptide-22-FITC began to accumulate towards the
tumor area through systemic delivery (Fig. 3a). In Fig. 3b,
the main vascular region in the normal tissue was filled
with green fluorescence of the probe without visible
fluorescence diffusing at the periphery. However, the
probe in the main vascular region of tumor could
gradually target the surrounding tissue though the vascu-
lar pores. Finally, the tumor boundary showed large
accumulation of probes on the tumor side but not on the
normal side.
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The microscopic biodistribution of peptide-22-FITC
further verified the targeting ability of peptide-22, which
would be beneficial for the preoperative detection of the
tumor and surgical guidance.

Preoperative Detection by Photoacoustic Imaging

The orthotopic tumor was then examined by photoacoustic
imaging preoperatively. In Fig. 4a, the photoacoustic signal
of tumor area gradually increased over time. The optimal
imaging time was 6 h confirming by quantitative analysis
(Fig. 4b). As the laser intensity was only 70 Hz, the tumor
was difficult to discriminate from the surrounding tissues.
Therefore, three-dimensional conformation was applied to
show the spatial distribution of probes at the tumor site at
6 h after injection (Fig. 4c). During the photoacoustic
tomography imaging, the probe intensity values showed
higher accumulation from 45 to 49 mm slices, which
represent the portion of the tumor mass (Fig. 4d). After
imaging for 48 h, the tumor-bearing pancreas was clearly
separated and the tumor mass could be measured under
white light (Fig. 4e). Based on the advantages of specific
targeting, a 4-mm solid pancreatic tumor could be clearly
defined and subsequently verified by pathological analysis.
Therefore, peptide-22-Cy7 with photoacoustic imaging
equipment can effectively detect orthotopic pancreatic
cancer, which would facilitate the preoperative screening of
diseased nude mice.

Fluorescence-Guided Surgical Resection

The orthotopic mouse model was successfully established
without any distant metastasis confirmed by histopatholog-
ical analysis (Fig. S5). As shown in Fig. 5a, compared with
white light imaging, the fluorescence imaging yielded a
brighter signal at the tumor site at 6 h p.i., which was more
advantageous for the operator to distinguish the pancreatic
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Fig. 3. Microscopic imaging of tumor tissue, tumor boundary, and adjacent normal pancreatic tissue. a The imaging of

disorganized small blood vessels and b large main blood vessels in tissues. Both imaging were monitored at pre-injection and
2 h p.i. Scale bars =50 pm. (Green: peptide-22-FITC; red: blood vessel staining with Evans blue; T = tumor; N = normal).

tumor. In addition, visible fluorescent tissue residues were
found following simulated primary surgical resection in vivo
(Fig. 5b). Each fluorescence-positive location in the surgical
bed was considered to be tumor-positive and was further
removed until no fluorescence was visible. Moreover, the
section of a rapidly frozen specimen could be further
investigated by fluorescence imaging. According to the
merged image, the fluorescence signal emerged at the tumor
area (Fig. 5¢), and the outlines of the tumor border were in
agreement with results from pathological examinations.
Histological examination of the surgical margin was nega-
tive, indicating the successful implementation of RO resec-
tion by surgical navigation. Moreover, the pathological
section indicated that the normal pancreatic tissue was only
0.25 mm thick. Thus, the surgical resection range could be
minimized.

Therapeutic Effects of Surgical Navigation

The survival and body weight of mice were monitored to
assess the quality of life after different surgeries (Fig. 6b). At
15 days post-treatment, the weights of mice in the control
group gradually decreased and only two mice were still alive
by 30 days. By contrast, the weights of mice that were
subject to surgical navigation gradually increased and they
were significantly heavier than the mice in surgery group,
although one of the six mice was sacrificed on the third day
because of a post-operative infection (P>0.05). Although
there was no obvious survival difference between the
surgery and surgical navigation group (Fig. 6¢), the mice
in the surgical navigation group appeared to be healthier
overall, which confirmed that precise resection with the
imaging-guided system could improve the quality of life
(Fig. S6). Although peptide-22-Cy7 proved to be safe at the
cellular level, its short-term safety in vivo was further
verified with histological analysis. In Fig. 6a, no notable
tissue inflammation or toxicity effects of the major organs
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were detected in the peptide-22-Cy7 group, with no
differences observed from the control group.

Discussion

Image-guided surgical navigation is becoming increasingly
important in operating rooms worldwide. Laparoscopic
techniques are advantageous owing to the smaller incisions,
reduced post-operative pain, fewer complications, and
shorter hospital stays. However, these procedures lack tactile
information, which is conducive to pancreatic cancer
surgery. Furthermore, pancreatic tumors cannot easily be
distinguished from the healthy pancreas via visual inspection
and palpation during open surgery procedures [17]. Thus,
traditionally, surgeons have determined the resection margin
based on their experience through distal pancreatectomy
with extended excision and resecting the specimen for
frozen section analysis, which has low sensitivity for
resection margins. Since these conventional methods do

not improve patient outcomes, intraoperative real-time
fluorescence imaging with an appropriate optical setup
would allow for the surgeon to more objectively distinguish
pancreatic tumors from normal tissues and achieve more
accurate surgical resection.

Indeed, recent studies and clinical experience have shown
that fluorescence technology can help to achieve
submillimeter-sized precision when resecting micro-cancer
tissues [18]. In the present study, the surgeon could
sensitively recognize a tumor less than 4 mm in size with
the guidance of optical imaging, which is too small to be
detected with traditional imaging modalities. Such precise
resection is not only essential for the prevention of tumor
relapse but also helps to retain much more of the normal
tissues, which is ultimately beneficial for normal physiolog-
ical function to improve the survival and quality of life of
patients with pancreatic cancer. Compared to extended distal
pancreatectomy, we demonstrated that surgical navigation
would improve the survival and quality of mice, as
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imaging at 6 h p.i. of peptide-22-Cy7. b Simulated resection in vivo would perform until no fluorescence was detected (scale
bars =3 mm). ¢ Fluorescent imaging and subsequent pathological examination of tumor specimen. (Red dotted box represents

tumor boundary; N = normal tissue; T = tumor; S = spleen; arrows respectively indicated tumor margin and outline of specimen
in cross section).
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manifested by the continuous increase in the body weights
of the orthotopic mouse models. Moreover, since mortality
was high in the control group, this highlights the importance
of surgical treatment. Since late diagnosis will reduce the
surgical opportunities, early screening of pancreatic cancer is
essential to improve outcomes.

Photoacoustic imaging is an innovative non-invasive
imaging technology based on a tunable and short pulsed
laser at molecular absorption wavelengths to acquire an
amplified acoustic wave. Compared with traditional imaging
techniques, photoacoustic imaging can be used at bedside
and is easily operated without radiation. Compared to
ultrasonography, which was the first non-invasive imaging
technique used to assess pancreatic malignancy, photoacous-
tic imaging shows higher tissue optical absorption contrast,
which facilitates the early detection of pancreatic cancers
[19]. As ultrasound signals are prone to weak scattering
effects, the superiority of high spatial resolution and deeper
penetration could achieve effective detection of accumulated
probes in orthotopic pancreatic tumors while further
complementing the deficiencies of NIR fluorescence imag-
ing [20, 21]. In this experiment, photoacoustic imaging
could detect a 4-mm pancreatic tumor in situ; although
smaller tumors could also be detected with this technique in
the nude mice, it was a bit more difficult owing to the impact
of intestinal gas. Photoacoustic imaging still faces many
challenges, including the depth of penetration, which has
largely limited its clinical use: at present, the maximum
photoacoustic imaging depth is 8.4 c¢cm in chicken breast
tissue [22]. To overcome this limitation, a large number of
studies have focused on the effects of light scattering. Light
could be focused in the scattering media through wavefront
shaping [23], which could realize the imaging of organs far
beneath the skin. When addressing all of these problems,
photoacoustic imaging is expected to become one of the
most important imaging methods for the early screening of
localized small pancreatic adenocarcinoma in medical
examinations.

Several biological targets of contrast agents have been
extensively examined to achieve specific targeting. LDL is a
routine factor assessed in clinical examinations, since its
elevation is tightly linked to the development of cardiovas-
cular events and diabetes, and it also plays an important role
in lipoprotein metabolism. Glucose and glutamine are
considered to be the key nutrients to sustain tumor growth.
However, these nutrients are insufficient in the hypoxic
environment of the tumor, including that of pancreatic
cancer. Recent studies suggest that reprogramming lipid
metabolism supports the rapid proliferation of tumor cells,
especially by providing abundant cholesterol and fatty acids.
Therefore, LDLR overexpression in pancreatic cancer cells
is induced by increased cholesterol uptake during progres-
sion of pancreatic ductal adenocarcinoma (PDAC). Small
hairpin RNA silencing of LDLR was shown to impede the
proliferation of pancreatic tumor cells and limited activation
of the ERK1/2 survival pathway [24, 25]. Moreover, in a

previous study, the LDLR level was found to be 8.2 times
higher in PDAC tissue compared with normal pancreatic
tissue, suggesting LDLR as a potential therapeutic target
[24]. In our study, we further verified that LDLR expression
was higher in pancreatic cancer cells (PANC-1) than in
normal pancreatic epithelial cells (HPDE6-C7) by western
blot. There has been extensive research on LDL in vitro and
a few of studies have intensively explored LDL as a
nanovector for LDLR-targeting drug delivery, which could
show high selectivity and safety to avoid clearance of the
reticuloendothelial system. However, there are barely any
studies on the application of LDLR in the imageology of
pancreatic cancer. Numerous biomarkers that can specifi-
cally label pancreatic tumor cells have been explored [26],
but few of these molecules have been tested in mouse
models or in preclinical research. One problem with some of
the highly expressed biomarkers in tumors is that they may
be useful for one or two kinds of pancreatic cancer cell lines
but are not applicable to all cell lines. As LDLR is
overexpressed at all stages of pancreatic cancer and is
widely distributed in all cancer cell lines, it is deemed to be a
promising biological target for novel therapies. Furthermore,
peptide-22 demonstrates high targeting ability towards
LDLR and shows little competition with endogenous LDL.

In this study, we confirmed the targeting property of
peptide-22-labeled dye from both cellular and animal
experiments. In particular, both peptide-22-FITC and
peptide-22-Cy7 showed specific targeting of the tumor area.
Peptide-22-FITC was able to slowly penetrate though the
vascular pores and enter tumor cells via receptor-mediated
endocytosis, as the vasculature of the pancreatic tumor is
either hypo-vascular or leaky. Owing to the physical barriers
in pancreatic tumors, as well as the hypo-vascular property
and interstitial hypertension, a highly specific probe with a
small size (<50 nm in diameter [27]) is more suited for
efficient permeability to pancreatic tumors as compared with
larger nanoparticles. Furthermore, the small size of these
probes has the advantage of expedited clearance. The
relatively short-term period that the probe traveled through-
out the body is an advantage for specific biomedical
applications. Moreover, we observed some accumulation of
peptide-22-Cy7 in the kidneys, which may be due to renal
clearance of the small-molecule probes. The serum stability
properties of peptide-22-Cy7 would further allow for
increased accumulation at the tumor site so that sustained
guidance could last for several hours to facilitate surgeries.
Although some other emerging nanomaterials such as
carbon nanotubes and quantum dots labeled with a peptide
may also be used to acquire the same results, approval for
these molecular probes is more difficult to obtain due to their
long-term biotoxicity [28]. Therefore, a variety of NIR (650—
900 nm) organic dyes such as indocyanine green, which are
non-toxic and biodegradable, have been used for the
development of contrast agents. Indeed, HE staining of the
major organs of mice indicated the NIR dye Cy7 is non-
toxic, which rules out its potential influence on the survival
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and quality of the nude mice. Free indocyanine green cannot
target pancreatic tumors, and because of its quenching
characteristics, it is not suitable for straightforward conjuga-
tion to small peptides [29]. Therefore, Cy7 was selected for
exploration in the present study. In addition, a slight red shift
occurred after conjugation of Cy7 and peptide-22, which
demonstrated the longer wavelengths to allow for deeper
penetration into biological tissues, emitting weaker autoflu-
orescence to the benefit of non-invasive fluorescence
imaging [30]. In vitro, higher concentrations of peptide-22-
Cy7 caused a certain degree of self-quenching, and much
lower concentrations led to a weak fluorescence intensity,
which would be unsuitable for optical imaging. Although a
higher signal does not necessarily reflect a higher concen-
tration of probes in vitro, the injection concentration of the
fluorescence probe was relatively lower in the tumor tissue,
which did not reach the self-quenching concentration in vivo.

This study has several limitations that should be
mentioned. NIR imaging itself has certain limitations with
regard to quantification, and photoacoustic imaging is
insufficient for deep-tissue imaging in the human body. In
addition, the probe of the pure dye-conjugated peptide is not
sufficiently stable for long-term observation. Therefore,
further breakthroughs in intraoperative imaging methods
and developments of preoperative imaging equipment are
needed. Moreover, further research effort should be devoted
to contrast agents to meet clinical demands.

Nevertheless, this preliminary synthesis and assessment
of peptide-22-Cy7 targeting PANC-1 human cancer cells
support the potential clinical use of this probe. The
superiority of its good biocompatibility, small size with no
toxicity, and high specificity towards cancer cells in vivo
may encourage the use of peptide-22-Cy7 for early
screening and surgical navigation of pancreatic cancer. With
further developments and optimization, these applications
are expected to be tested in clinical studies in the near future
towards improving the outcomes, diagnosis, and quality of
life of pancreatic cancer patients.

Conclusion

The overexpression of LDLR on pancreatic cancer cells
and its interactions with specific peptide-22 ligands were
verified through in vitro and in vivo experiments. We used
a high spatial resolution of photoacoustic tomography and
the targeting property of peptide-22 to successfully detect a
4-mm orthotopic pancreatic tumor before surgery. We then
investigated the potential of peptide-22-Cy7 in further
application, which enabled the precise delineation of
lesions from normal tissues by real-time intraoperative
fluorescence imaging. As confirmed by histological exam-
ination, intraoperative precise resection was achieved with
the fluorescence guidance of peptide-22-Cy7. The im-
provement of survival quality by surgical navigation was
confirmed through the increased body weight and physical
condition of mice.

The superior receptor targeting, fluorescence efficiency,
small molecular size, non-radioactivity, and non-toxicity of
this probe suggest that it has good potential to be used in
broad clinical studies. With the development of novel
equipment and probes for LDL-targeting, effective and
simple-to-use multi-modality tomography will be applied to
early cancer screening, and tumor targeting probes will
greatly facilitate realizing precise imaging-guided surgery.
Overall, these innovations are expected to lead to novel
theranostic strategies for treating patients with pancreatic
cancer.
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