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Pancreatic cancer, a highly aggressive solid tumor, presents multiple challenges in treatment. Although
surgical resection is the primary treatment for early-stage non-metastatic cases, the deep abdominal
location of the pancreas complicates precise intraoperative localization, adversely affecting surgical
outcomes and patient prognosis. To address these clinical challenges, we aim to develop an innovative
intraoperative navigation platform for precision tumor-targeted delivery. We systematically evaluated the
tumor-targeting specificity and tissue-penetrating capacity of three hydrosoluble polymers, i.e., dextran,
PEG, and HA, in pancreatic carcinoma models. The uptake kinetics of these materials in cancer cells and
their penetration dynamics across complex tumor matrices were quantitatively evaluated via in vitro
assays and three-dimensional tumor spheroid models. Complementary in vivo validation involved the
use of PNAC-1 cell subcutaneous xenograft models to map the spatiotemporal distribution and tumoral
accumulation of the lead candidates. Results demonstrated that dextran-FITC had a superior tumor-
targeting performance, showing a significantly higher fluorescence intensity than PEG-FITC and HA-
FITC. These preliminary data reveal significant heterogeneity in the intertumoral localization efficiency
among the polymer carriers, establishing a mechanistic foundation for intraoperative navigation. Through
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1 Introduction

Solid tumors constitute approximately 80% of all malignant
tumors and are primarily characterized by the formation of
space-occupying lesions." Advances in imaging technologies
now allow the detection of many solid tumors at early stages.>
Surgical resection of non-metastatic primary tumors theoreti-
cally enables clinical cure.® However, in clinical practice, tumors
located in the abdominal or thoracic cavities often pose
significant challenges to surgical excision, including poorly
defined margins and the presence of satellite lesions, which
may compromise surgical precision.**

Pancreatic cancer is one of the most aggressive and lethal
tumors worldwide, with a five-year survival rate that remains
exceedingly low and limited treatment options available.® In
clinical practice, computed tomography (CT) serves as the first-
line imaging modality for pancreatic ductal adenocarcinoma
(PDAC), enabling the detection of tumors <20 mm in diameter,
which facilitates early diagnosis.” This critical window
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precision, minimize off-target effects, and ultimately improve clinical outcomes.

establishes patient eligibility for surgical intervention, which
remains the first-line treatment for pancreatic cancer. However,
the deep-seated anatomical location of pancreatic tumors
within the retroperitoneum frequently creates intraoperative
challenges such as suboptimal tumor localization and satellite
lesions. Furthermore, the development of modified radical
surgery has led to a shift in the extent of resection from organ
removal toward excising lesions with limited margins, aiming
to maximally preserve organ integrity and improve patients’
postoperative quality of life.>* The application of intraoperative
localization methods can significantly enhance surgical preci-
sion by effectively locating lesions and clarifying the surgical
scope.’ Ultrasound is currently the most widely employed
intraoperative diagnostic tool; however, it has limitations,
including poor localization accuracy for deep lesions, subop-
timal visualization in obese patients, and potential interference
from gas or fluid, which may degrade the image quality.'""
Therefore, combining complementary real-time tumor locali-
zation systems may be more beneficial for improving the
accuracy of intraoperative positioning.

Intraoperative navigation systems employ targeted tracing
technologies (such as fluorescence imaging) to label specific
targeting systems with tracing molecules, achieving precise
tumor targeting. During surgery, these systems enable real-time
visualization of the tumor location, assisting surgeons in
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precise tumor resection under visual guidance. This technology
not only enhances the tumor removal precision and minimizes
collateral damage to surrounding healthy tissue, but also
dynamically monitors biological events (e.g., probe distribution
and cellular responses) during surgery, improving intra-
operative decision-making." The high resolution and specificity
of targeted fluorescence imaging establish it as a valuable tool
for tumor localization, significantly enhancing surgical preci-
sion and operative success, which critically improves patient
outcomes.™ Recently, researchers have increasingly focused on
the potential of macromolecular materials for tumor probe
delivery. Polymers such as dextran, polyethylene glycol (PEG),
and hyaluronic acid (HA) exhibit favorable biocompatibility and
targeting properties in probe delivery systems.'> Chemical
modification renders these materials non-toxic, while
enhancing the accumulation of the probe within tumor tissues,
thereby offering new approaches for surgical navigation.'®
Dextran, a natural polysaccharide, is extensively utilized in
nanomedicine as a probe carrier owing to its water solubility, low
toxicity, and biodegradability.’” Upon chemical modification,
dextran forms stable complexes with cancer probes, augmenting
their tumor tissue accumulation and penetration.”® Notably,
dextran nanoparticles can breach stromal barriers in pancreatic
cancer, dramatically improving the penetration and retention of
the probe.” Polyethylene glycol (PEG), known for its “stealth”
properties, diminishes immune-mediated clearance and extends
the systemic circulation time, leading to enhanced tumor-specific
accumulation.”® PEGylation significantly improves the targeting
and stability of nanocarriers (e.g., liposomes), while mitigating
systemic toxicity.” Critically, PEG-modified targeting agents show
significant promise for applications in pancreatic cancer.”
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Hyaluronic acid (HA), a glycosaminoglycan ubiquitous in the
extracellular matrix, achieves selective targeting of pancreatic
cancer cells by binding to over-expressed CD44 receptors.”® This
targeting mechanism establishes HA as a pivotal carrier material
for pancreatic cancer therapy.> Previous studies have indicated
that HA-conjugated nanoprobe carriers exhibit enhanced accu-
mulation within solid tumors, improving their penetration and
imaging output within the tumor microenvironment.*® Collec-
tively, these foundational findings validate the translational
potential of these polymeric materials as nanoprobe delivery
platforms for tumor-targeting applications.

This study aims to compare the performance of dextran,
PEG, and HA as nanocarriers for tumor-targeted tracer delivery
in pancreatic cancer models. To enable in vivo tracking capa-
bility, all three carriers were labeled with fluorescein iso-
thiocyanate (FITC), allowing the real-time monitoring of their
distribution and accumulation in pancreatic tumors. By
utilizing fluorescence imaging to track the carrier distribution
in tumor tissues, we intend to achieve precise intraoperative
tumor localization. Furthermore, we evaluate the potential
toxicity of these carriers, establishing a preclinical foundation
for their clinical translation. This integrated approach aims to
pioneer innovative strategies for intraoperative navigation and
positioning systems in pancreatic cancer, potentially enhancing
the surgical precision (Scheme 1).

2 Materials and methods
2.1. Experimental materials

All reagents used were of analytical grade and employed without
further purification. Ethanol, dimethyl sulfoxide (DMSO), and
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Scheme 1 Tumor targeting and visualization of fluorescent molecules in mice. First, fluorescently labeled molecules (such as dextran-FITC,
PEG-FITC, and HA-FITC) are injected intravenously into mice, allowing them to circulate throughout the body of the mice. Through the
enhanced permeability and retention (EPR) effect, the fluorescent molecules preferentially accumulate in the tumor tissue, utilizing the high
permeability and low lymphatic drainage characteristics of the tumor vasculature to enter the tumor area. Subsequently, the fluorescent
molecules penetrate further into the deeper layers of the tumor tissue. Finally, by using imaging equipment with specific excitation and emission
wavelengths, the fluorescent molecules are excited, enabling the visualization of the tumor tissue. This allows a clear delineation of tumor
boundaries and internal structure, facilitating precise intraoperative guidance and tumor mapping.
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sodium bicarbonate (NaHCO;) were obtained from JSK
Biotechnology (Shanghai, China). Dextran (1 kDa) was
purchased from Aladdin Biochemical Technology (Shanghai,
China); PEG-NH, (1 kDa) from Ruixi Biotechnology (Shanxi,
Xian, China); and HA-NH, (1 kDa) from Shenzhen MeloPEG
Biotechnology (Guangdong, Shenzhen, China). Fluorescein
isothiocyanate (FITC) was supplied by Aladdin Biochemical
Technology (Shanghai, China). The Cell Counting Kit-8 (CCK-8)
was obtained from Beyotime Biotechnology (Shanghai, China).
Corning® Matrigel® Basement Membrane Matrix (354234) was
sourced from Corning Inc. (New York, USA). The human
pancreatic cancer cell line (PNAC-1) was purchased from G-
eneBio Biotech (Guangdong, Guangzhou, China).

2.2. Characterization

"H NMR spectra were recorded on a 600 MHz NMR spectrom-
eter (Bruker AVANCE NEO). Fluorescence images were captured
using an inverted fluorescence microscope (Nikon, NIS-
Elements software). UV and fluorescence emission spectra
were measured with a SpectraMax i3x microplate reader
(Molecular Devices). In vivo imaging was conducted using
a small animal optical imaging system (AniView100, BioLight
Technology). Grayscale values were quantified using the Image]
software.

2.3. Synthesis

2.3.1 Synthesis of FITC-labeled dextran (dextran-FITC).
The synthesis of the tumor-targeted fluorescent material
dextran-FITC is illustrated in Fig. 1A. The detailed experi-
mental procedures follow prior reports.>® Briefly, dextran (543
mg) was dissolved in 10 mL of DMSO and stirred until fully
dissolved. The pH was adjusted to 9.5 with 0.5 mol mL™*
NaHCO3;, and FITC (25 mg) was added. The reaction mixture
was stirred for 6 h at room temperature in the dark. Anhydrous
ethanol was added to the filtrate until reaching 80% (v/v),
resulting in a precipitate, which was centrifuged, and the
supernatant was discarded. The precipitate was redissolved in
water and precipitated with ethanol three times. Finally, it was
washed with anhydrous ethanol until no fluorescence was
detected in the supernatant. The sample was separated using
a pre-equilibrated Sephadex G25 dextran gel column, with
phosphate-buffered saline (PBS, pH 7.4) as the mobile phase.
In this process, the large molecular target products are eluted
first, followed by the small molecular impurities (such as
unreacted FITC). Upon separation, 344 mg of dextran-FITC
powder was obtained by freeze-drying. The molecular weight
and chemical structure of the product were verified using 'H
NMR.

2.3.2 Synthesis of FITC-labeled PEG (PEG-FITC). The
synthesis of the tumor-targeted fluorescent material PEG-FITC
is shown in Fig. 1B. PEG-NH, (491 mg) was dissolved in
20 mL of water and added dropwise to 1 mg mL ™" FITC solution
in DMSO. The sample was separated using a pre-equilibrated
G25 dextran gel column, with a suitable buffer as the mobile
phase. The large molecular target products were eluted prefer-
entially, while the small molecular impurities (such as
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unreacted FITC) were eluted in the subsequent stages. After
separation, PEG-FITC powder (211 mg) was obtained by freeze-
drying, and the product was characterized by "H NMR.

2.3.3 Synthesis of FITC-labeled hyaluronic acid (HA-FITC).
The synthesis of the tumor-targeted fluorescent material HA-
FITC is shown in Fig. 1C. Activated HA-NH, (603 mg) was
combined in 5 mL of distilled water, followed by the addition of
FITC (50 mg). The reaction was stirred magnetically for 24 h.
The sample was separated using a pre-equilibrated Sephadex G-
25 column, employing PBS (pH = 7.4) as the mobile phase.
During this process, the large molecular target products are
eluted first, while small molecular impurities (such as unreac-
ted FITC) are eluted afterward. After dialysis, the dialyzed
mixture was irradiated under UV light to ensure the absence of
free fluorescent molecules, and then freeze-dried for 48 h,
yielding HA-FITC powder (319 mg).

2.3.4 GPC testing. The molecular weight of the fluo-
rescently labeled polymer was determined using gel permeation
chromatography (GPC). The experiment employed an Ultra-
hydrogel 250 column (250 A, 6 pm, 7.8 mm x 300 mm, Waters).
The mobile phase consisted of 20 mM phosphate buffer, with
a flow rate of 1 mL min ", a column temperature of 40 °C, and
an injection volume of 20 pL. A UV detector (480 nm) was used
to measure the molecular weight, and a calibration curve was
constructed using dextran standards.

2.3.5 Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS). Sample analysis
was performed using matrix-assisted laser desorption time-of-
flight mass spectrometry (MALDI-TOF MS). 2,5-Di-
hydroxybenzoic acid (DHB) was selected as the matrix at
a concentration of 20 mg mL~'. During sample preparation,
DHB was dissolved in a suitable solvent (acetonitrile/water/
trifluoroacetic acid, 50:49:1 v/v/v) to prepare a 20 mg mL "
solution. This matrix solution was thoroughly mixed with the
sample solution, spotted onto an MALDI target plate, and
allowed to dry completely before loading the plate into the mass
spectrometer. Analysis was conducted using a ultrafleXtreme™
MALDI-TOF mass spectrometer (Bruker Daltonics) operated in
positive ion reflector mode. The laser source employed was an
Nd:YAG laser (wavelength: 355 nm, frequency: 2 kHz) with the
laser energy set at 90% of the maximum output and a pulse
repetition rate of 1 kHz. Each sample spot accumulated 200
laser shots. Mass spectrometric data acquisition and processing
were performed using the FlexImaging 3.0 software (Bruker
Daltonics).

2.3.6 Fluorescence and UV-Vis spectral scanning. A
measured volume of probe stock solution (10 mM) was trans-
ferred to a 1.5 mL centrifuge tube and diluted with PBS to
achieve a final concentration of 10 pM. Following incubation at
37 °C for a specified duration, fluorescence and UV-Vis spectral
data were acquired.

2.4. Cellular experiments

2.4.1 Cell culture. The PNAC-1 cell revival and culture
protocol involved rapidly thawing frozen cells in a 37 °C water
bath, centrifuging to remove the cryoprotectant, and seeding into

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (A) Dextran-FITC synthetic route; (B) PEG-FITC synthetic route; (C) HA-FITC synthetic route; (D) *H NMR of dextran-FITC; (E) *H NMR of
PEG-FITC; (F) *H NMR of HA-FITC; (G) dextran and dextran-FITC GPC spectra; (H) PEG and PEG-FITC GPC spectra; (1) HA and HA-FITC GPC
spectra; (J) dextran and dextran-FITC MALDI-TOF MS spectra; (K) PEG and PEG-FITC MALDI-TOF MS spectra; and (L) HA and HA-FITC MALDI-

TOF MS spectra.

flasks containing high-glucose DMEM. Cells were incubated at
37 °C in a 5% CO, incubator, and cell attachment was observed
24 h post-revival. The medium was refreshed periodically, and
cells were passaged upon reaching 80-90% confluence, ensuring
healthy cell growth for subsequent experiments.

2.4.2 Cell viability assay. The CCK-8 assay was used to
assess the cytotoxicity of various compounds on cell viability.
Cells were seeded at 10 000 cells per well in a 96-well plate and

© 2025 The Author(s). Published by the Royal Society of Chemistry

incubated for 24 h at 37 °C in a 5% CO, environment. Following
the removal of the medium, the cells were treated with media
containing varying concentrations of dextran-FITC, PEG-FITC,
and HA-FITC (1, 10, 100 pg mL ' FITC eq.), along with
a blank control (no probe) and a positive control (1% FITC in
DMSO). After 24-48 h, 10 pL of CCK-8 solution was added to
each well and incubated for 1-4 h, followed by absorbance
measurement at 450 nm using a microplate reader. Cell viability
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was calculated based on the absorbance changes, and statistical
analysis was performed to evaluate the cytotoxic effects of the
probes.

2.4.3 Cellular uptake assay. PNAC-1 cells were cultured as
a model to assess the internalization efficiency of the different
probe delivery systems. Cells were maintained in DMEM con-
taining 10% fetal bovine serum (FBS), 100 pug mL ' strepto-
mycin, and 100 pg mL ™" penicillin in a 5% CO, incubator at 37 ©
C. UV-sterilized (30 min exposure) dextran-FITC, PEG-FITC, and
HA-FITC probes (10 pg mL~" FITC eq.) were diluted in DMEM
and added to cells cultured for 24 h to ensure cell adhesion.
Cellular uptake was quantified using a microplate reader at
designated time points.

2.4.4 Cell imaging assay. PNAC-1 cells were utilized as
a model to evaluate the cellular uptake capabilities of the
various probe delivery systems. Cells were cultured in DMEM
supplemented with 10% FBS, 100 ug mL " streptomycin, and
100 pg mL~" penicillin at 37 °C with 5% CO,. Dextran-FITC,
PEG-FITC, and HA-FITC (10 pg mL™~" FITC eq.) were dissolved
under UV light and diluted in DMEM. After 4 h co-culture with
PNAC-1 cells, the cells were washed three times with PBS buffer
(10 mM, pH 7.4), fixed with 4% paraformaldehyde, and stained
with DAPI (10 ug mL™ ") for nuclear visualization. Fluorescence
microscopy was performed using an FITC filter set (Ex/Em =
488/520 nm).

2.5. 3D cell spheroid penetration assay

In the spheroid permeability assay, a 3D cellular spheroid
model was established to evaluate the morphological changes
and functional activity under varying osmotic conditions.
Organoid spheroids were prepared in 96-well plates (7007,
Corning, NY, USA) by seeding 1 x 10 cells per well, followed by
centrifugation at 300xg for 5 min. Spheroids were cultured in
DMEM supplemented with 2.5% Matrigel® matrix for 2 weeks,
reaching an average diameter of 400-500 um. These spheroids
were divided into untreated and treated groups. Spheroid size
was observed under an inverted microscope to ensure stan-
dardization. Probes (100 pg mL™" FITC eq.) were added to the
spheroids and incubated at 37 °C in a 5% CO, incubator for
24 h, with the untreated spheroids serving as controls. Probe
penetration into the spheroids was observed by fluorescence
microscopy, allowing the assessment of penetration efficiency
and depth. Following probe treatment, the spheroids were
thoroughly washed to remove residual probes in the medium.
Fluorescence imaging was performed using a microscope (NIS,
Nikon, Japan), and fluorescence intensity was quantified using
the Image] software. Original RGB images were retained, and
the red channel was extracted for analysis. Individual cell
contours were manually outlined as regions of interest (ROI)
using the “Freehand Selection” tool to measure the mean red
channel fluorescence intensity (Mean Red Value). To correct
background interference, at least three cell-free areas within the
same image were selected to calculate the average background
red fluorescence intensity, which was subtracted from the ROI
measurements. All experiments were independently repeated
three times to ensure data reliability.
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2.6. In vivo probe distribution and tissue collection

Invivo experiments were conducted on 6 weeks-old Balb/c mice,
with approval from the Animal Care and Welfare Committee of
Guangxi Medical University (N0.202405034). Tumor cells were
mixed with Matrigel® in a 1:1 (v/v) ratio (1 x 10° PNAC-1 cells
per mouse) and subcutaneously injected to establish xenograft
models. Experimental interventions were initiated when the
tumor volumes reached approximately 200 mm?®. The mice were
maintained in a specific-pathogen-free (SPF) environment with
a 12 h light-dark cycle, with food and water provided ad libitum.
The biodistribution of the three materials was investigated by
tail vein injection of 10 mg mL™" FITC eq. probe solution (200
pL). IVIS analysis was performed at 2 h post-injection to
monitor the accumulation and distribution of the probe in the
tumor tissue. After sacrifice, the major organs and tumor
tissues were harvested for biodistribution analysis. Approxi-
mately 0.1 g of tissue sample was homogenized with 1 mL of
0.9% sodium chloride (saline) using a cryogenic tissue grinder
(pre-cooled to 4 °C) at 3000 rpm for 5 min. The homogenate was
centrifuged at 12 000 rpm for 10 min at 4 °C. Subsequently, 200
uL of the supernatant was transferred to a 96-well plate, and the
fluorescence intensity was measured using a microplate reader
at Ex/Em = 488/520 nm to quantify the concentration of probe
in the tissues.

2.7. Statistical analysis

To validate the assumption of homogeneity of variances
between groups, an F-test was conducted before performing t-
tests. If the F-test indicated no significant difference in standard
deviation, a one-tailed, unpaired parametric ¢test was used to
compare the group means; otherwise, Welch's t-test was
applied. Statistical analyses were conducted using GraphPad
Prism (version 9.2.0), with a significance threshold set at P <
0.05.

3 Results and discussion

3.1. Synthesis of fluorescent materials

3.1.1 Optimized synthesis protocol for FITC-labeled poly-
mers. Dextran-FITC was synthesized through the conjugation of
FITC to dextran via its hydroxyl groups (Fig. 1A). The reaction
proceeded in DMSO with the pH adjusted to 8.0 using NaHCO;
under dark conditions with continuous stirring at room
temperature (25 °C) for 24 h. Following purification and freeze-
drying, structural confirmation was achieved by "H NMR
(Fig. 1D). The characteristic dextran backbone signals (6 3.0-
5.2 ppm, 5H per glucopyranose unit) and FITC aromatic protons
(6 6.3-7.6 ppm, 9H) were integrated, indicating a modification
ratio of approximately 1.11% (Fig. 1D and SI S1).

PEG-FITC was prepared via the covalent attachment of FITC
to amine-terminated PEG (PEG-NH,) in a water/DMSO solution
(Fig. 1B). The mixture was stirred overnight at room tempera-
ture (25 °C). After centrifugation, purification, and freeze-
drying, PEG-FITC was obtained. The 'H NMR spectrum
displays the characteristic PEG methylene resonances at
6 3.5 ppm (corresponding to 4H per ~-OCH,CH,O- repeating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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unit) and FITC aromatic protons at 6 6.3-7.6 ppm (9H), with the
modification ratio of approximately 1.02%, which was deter-
mined by integrating these characteristic peaks and calculating
the ratio (Fig. 1E and SI S2).

The synthesis of HA-FITC involved coupling activated hya-
luronic acid (HA) with FITC in water. The product was purified,
and then freeze-dried (Fig. 1C). '"H NMR analysis (D,O, 400
MHz) confirmed the HA-FITC conjugation, where the charac-
teristic hyaluronic acid backbone signals (6 3.2-4.5 ppm, N-
acetylglucosamine C1-C6 protons) and FITC aromatic protons
(6 6.3-7.6 ppm, 9H) were integrated, with the modification ratio
of 0.42% (Fig. 1F and SI S3).

3.1.2 GPC, MALDI-TOF MS and spectroscopic analysis. UV-
Vis spectra indicated the maximum absorption wavelength near
480 nm for dextran-FITC, PEG-FITC, and HA-FITC (SI S4). Given
the negligible UV absorption at 480 nm for unmodified dextran,
PEG, and HA at equivalent concentrations, this wavelength was
selected as the monitoring parameter for the verification of
conjugation (SI S4). As shown in Fig. 1G-1, the absorption
intensity of the peak at 480 nm significantly increased for all the
FITC-conjugated polymers compared to their unmodified
counterparts, demonstrating their successful labeling.
Furthermore, GPC analysis detected no residual free FITC,
confirming the complete separation of the conjugated and
unconjugated components through size-exclusion chromatog-
raphy (Fig. 1G-1), respectively.

MALDI-TOF analysis revealed that dextran-FITC, PEG-FITC,
and HA-FITC all exhibited molecular weight increments corre-
sponding to multiples of 389 (m/z = n X Mgrc). This finding
was consistent with the refractive index (RI) detection results
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from GPC, confirming the successful conjugation of FITC to all
three polymers (Fig. 1J-L), respectively. Fluorescence spectra
identified characteristic excitation and emission maxima at
approximately 480 nm and 520 nm (SI S4), respectively, for all
the FITC-labeled polymers. Subsequent fluorescence measure-
ments employed 480 nm excitation with detection at 520 nm
emission. For quantitative comparisons, the samples were
normalized to equivalent concentrations prior to measuring
their fluorescence intensity at 480/520 nm.

3.1.3 Comparative analysis. After synthesizing the three
materials, we found that the fluorescence absorption intensities
of the three modified molecules were comparable at the same
FITC eq. concentration, and the fluorescence intensities
showed a gradient change with varying concentrations (SI S4).
Therefore, subsequent experiments utilized a standardized
concentration based on FITC equivalence (FITC eq.) to ensure
consistent fluorescence intensity across all groups.

In our preliminary research, we discovered that high
molecular weight polymers exhibit lower modification effi-
ciency and encountered challenges in fabricating stable nano-
structures. Consequently, the primary rationale for selecting
low molecular weight PEG, HA, and dextran as the core poly-
meric carriers was their significant enhancement in tumor
penetration efficiency of fluorescent probes. Firstly, low
molecular weight PEG showed a superior performance in
traversing tumor interstitial spaces. Research indicates that low
molecular weight PEG chains can more effectively pass through
the interstitial matrix to penetrate deep into tumors, thereby
enhancing the delivery efficacy of the nanocarriers.”” HA is
particularly suitable for targeting cancer cells due to its high

FITC

Merge

FITC

Dextran-FITC

PEG-FITC

HA-FITC

(A) Cytotoxicity profiles of FITC-labeled polymeric conjugates and free FITC across three concentrations; (B) quantitative analysis of

cellular uptake for FITC-conjugated polymers and free FITC at 1, 10, and 100 ug mL™* eq. FITC; and (C) fluorescence microscopy visualization of

polymer-FITC and free FITC internalization.
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affinity for CD44 receptors. Low molecular weight HA can
effectively enter cells via CD44-mediated endocytosis, signifi-
cantly enhancing the targeted delivery efficiency of probes.”®
Finally, low-molecular-weight dextran has higher endocytosis
efficiency and fewer cellular uptake barriers compared to high
molecular weight dextran, effectively improving the clarity and
absorption efficiency of tumor imaging and tracking applica-
tions.” Therefore, the choice of low molecular weight PEG, HA,
and dextran not only optimized the tumor penetration but also
provided ideal polymer materials for tumor imaging.

3.2. Cytotoxicity and cellular uptake of FITC-labeled surgical
navigation polymers

Cytotoxicity assessment represents a critical metric for evalu-
ating the biocompatibility of fluorescent probes. Molecular
enlargement via polymeric modification significantly reduces
cytotoxicity, enhancing the biomedical utility of these probes.*®
Fig. 2A demonstrates the cytotoxicity profiles of dextran-FITC,
PEG-FITC, and HA-FITC in PNAC-1 cells. Under FITC-
equivalent concentrations of =100 pug mL ', no significant
cytotoxicity was observed. In contrast, the small-molecule FITC
exhibited statistically significant reductions in cell viability at
concentrations as low as 1 ug mL~". In the meantime, dextran-
FITC showed the strongest cellular uptake and fluorescence
intensity, which was particularly evident in the cells under
fluorescence microscopy, indicating its superior internalization
efficiency (Fig. 2B). This is potentially due to the specific inter-
actions between the dextran sugar molecules and the glycocalyx
on the surface of tumor cells.*® PEG-FITC also demonstrated
significant cellular uptake (Fig. 2B), likely owing to its amphi-
philic nature, where lipophilic moieties enhance the membrane
penetration efficiency of polymeric systems.*” Conversely, HA-
FITC exhibited minimal cellular internalization due to its
dependence on CD44 receptor-mediated endocytosis. However,
the differential expression of CD44 limits the uptake efficiency
through receptor specificity.*® Furthermore, the strong negative

FITC

BF

Blank
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PEG-FITC

HA-FITC

Fig. 3

View Article Online

Paper

charge of HA generates substantial electrostatic repulsion
against the negatively charged cell membrane, further restrict-
ing non-receptor-mediated internalization.*® Collectively,
dextran-FITC demonstrated superior uptake efficiency in PNAC-
1 cells, with prominent intracellular fluorescence signals. These
properties underscore its potential as an intraoperative navi-
gation material, characterized by effective tumor cell internali-
zation and favorable tissue permeability. The superior
intracellular transport efficiency of the HA/dextran/PEG-FITC
conjugates relative to free FITC is visually confirmed in PANC-
1 cells (Fig. 2C), corroborating the quantitative hierarchy of
carrier-enhanced uptake shown in Fig. 2B (dextran-FITC > PEG-
FITC > free FITC > HA-FITC). The differential intracellular
distribution patterns of dextran-FITC, PEG-FITC, and HA-FITC
demonstrate their differential cellular uptake and intracellular
distribution patterns, reflecting polymer-specific variations in
endocytic pathways and cell-binding affinities within PNAC-1
cells.

3.3. Comparative penetration in 3D tumor spheroids

Three-dimensional (3D) multicellular tumor spheroids (MCTS)
serve as a physiologically relevant model for evaluating the
penetration efficacy of a probe. Their dense extracellular matrix
and cell-cell junctions mimic the diffusion barriers encoun-
tered in solid tumors, allowing quantitative assessment of the
intratumoral transport kinetics. Fluorescence imaging
combined with spatial intensity profiling in MCTS provides
critical insights into the distribution patterns of the probe,
where deeper penetration correlates with enhanced in vivo
therapeutic potential. Fig. 3A illustrates the differential
permeation of dextran-FITC, PEG-FITC, and HA-FITC in 3D
PNAC-1 MCTS. Dextran-FITC exhibited the deepest penetration
with the highest fluorescence intensity (Fig. 3B), demonstrating
superior efficacy in complex tumor models. Image]J-based
quantification validated these results, supporting its potential
for intraoperative navigation in deep-seated tumor tissues
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(A) Intratumoral distribution profiles of fluorescent polymer conjugates in multicellular spheroids. (B) Quantitative fluorescence analysis

via ImageJ: intensity and spatial penetration metrics. Data are presented as mean =+ standard deviation (SD) from at least three independent
experiments. One-way analysis of variance (ANOVA), followed by post hoc tests, was used for intergroup comparisons. Statistical significance is

indicated as *P < 0.05 and **P < 0.01.
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Fig. 4 (A) Representative bright-field, fluorescence, and merged images of murine heart, liver, spleen, lung, kidney, and tumor tissues 2 h post-
administration of FITC-labeled compounds. (B) Quantitative analysis of fluorescence intensity in different organs and tumors. (C) Schematic
workflow of fluorescence-based quantification of the probe concentration in murine tissues.
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(Fig. 3B). This enhanced penetration efficiency may be attrib-
uted to its smaller molecular weight and hydrophilicity,*
enabling effective penetration through cell aggregates to label
deeper cells. PEG-FITC exhibited moderate penetration with
fluorescence predominantly localized at the spheroid periphery
(Fig. 3A). This distribution pattern suggests its limited diffusion
into deeper tumor regions. Conversely, HA-FITC displayed the
weakest fluorescence signal and lowest permeability, which may
due to its structural and receptor-binding constraints.

Beyond its hydrophilicity, the glycosyl properties of dextran-
FITC likely represent the key factors for its deeper penetration
capability in the three-dimensional model. This may be
primarily attributed to its interactions with the abundant sugar
molecules in the extracellular matrix (ECM) and on cell
surfaces, a phenomenon discovered by MARI et al. in 2014."°
The strong penetration of dextran-FITC in the 3D model indi-
cates its effectiveness in navigating the complex tumor micro-
environment, which is crucial for accurately marking deep
tumor tissues during surgery. In contrast, the distribution of
PEG-FITC was relatively shallow, possibly due to the structural
characteristics of PEG, which despite having good biocompati-
bility, has a larger volume and spatial structure, creating steric
hindrance that limits its penetration ability in tumor tissues.**

3.4. Invivo efficacy in tumor-targeting

The in vivo experiments confirm that dextran-FITC possesses
superior tumor targeting (Fig. 4C), achieving the highest tumor
fluorescence intensity, significantly exceeding that of PEG-FITC
and HA-FITC, which indicates its enhanced tissue penetration
and retention (Fig. 4A). Its fluorescence intensity increased
post-injection (Fig. 4B), confirming its sustained tumor
enrichment primarily via the passive targeting EPR effect (i.e.,
enhanced tumor vascular permeability and impaired lymphatic
drainage).*” Regarding biodistribution, both dextran-FITC and
PEG-FITC show high liver accumulation (indicating hepatic
metabolism), while PEG-FITC exhibited the strongest renal
signal (indicating predominant renal excretion). All the probes
displayed weak signals in the lungs and heart, with that of
dextran-FITC was slightly higher, suggesting its limited
systemic distribution. HA-FITC showed the lowest fluorescence
intensity in tumors and vital organs (no significant accumula-
tion), potentially due to structural or metabolic constraints.*
Comparatively, PEG/HA exhibited limitations, where the tumor
signal of PEG-FITC decayed rapidly, reflecting its poor tumor
retention and rapid clearance; although HA-FITC can distin-
guish tumors, its low penetration hinders detection (Fig. 4B and
C), respectively. Notably, dextran-FITC displayed a significant
liver/kidney distribution, necessitating long-term organ func-
tion studies and structural optimization to minimize its
potential toxicity.

Overall, dextran emerged as the optimal tumor-targeted
delivery platform due to its tumor-targeting mechanism, low
cytotoxicity,*** and tunable size that optimizes tumor extrava-
sation, while minimizing renal clearance, which is critical for its
sustained delivery.** Its hydrophilic polymer shield reduces its
non-specific cellular uptake, enhancing its biocompatibility
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(validated by cytotoxicity tests) and metabolic stability (slow
enzymatic degradation and dextranase resistance), which
extends its systemic exposure.

4 Conclusion

This study systematically compared the tumor-targeted delivery
efficiency of three polymer fluorescent probes, dextran-FITC,
PEG-FITC, and HA-FITC, in pancreatic cancer. Using in vivo
fluorescence imaging, we dynamically monitored and quanti-
tatively evaluated their tumoral accumulation and systemic
distribution. The results identified dextran-FITC as the most
effective tumor-targeting delivery carrier among the three
materials, exhibiting significantly higher tumor fluorescence
intensity and accumulation capacity than PEG-FITC and HA-
FITC. Dextran-FITC effectively penetrates deep tumor regions
and enables efficient uptake by tumor cells, which were verified
in 3D cell sphere models and in vitro experiments. Conse-
quently, dextran-FITC has significant potential as an effective
tumor-targeted probe with superior tumor-specific accumula-
tion and retention properties, offering clinical value for appli-
cations including early tumor diagnosis (e.g., intraoperative
fluorescence navigation), drug delivery system development (to
enhance chemotherapy/targeted drug concentrations at tumor
sites), and real-time efficacy monitoring. Future research
should focus on addressing its significant non-target distribu-
tion in the liver and kidney, aiming to reduce potential toxicity
through structural optimization via molecular weight regula-
tion or surface modification. This will accelerate its translation
from basic research to clinical use as an efficient tumor-
targeting vector.
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