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Abstract

Pancreatic ductal adenocarcinoma is highly lethal and surgical resection is the only potential 

curative treatment for the disease. In this study, hyaluronic acid derived nanoparticles with 

physico-chemically entrapped indocyanine green, termed NanoICG, were utilized for 

intraoperative near infrared fluorescence detection of pancreatic cancer. NanoICG was not 

cytotoxic to healthy pancreatic epithelial cells and did not induce chemotaxis or phagocytosis, it 
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accumulated significantly within the pancreas in an orthotopic pancreatic ductal adenocarcinoma 

model, and demonstrated contrast-enhancement for pancreatic lesions relative to non-diseased 

portions of the pancreas. Fluorescence microscopy showed higher fluorescence intensity in 

pancreatic lesions and splenic metastases due to NanoICG compared to ICG alone. The in vivo 
safety profile of NanoICG, including, biochemical, hematological, and pathological analysis of 

NanoICG-treated healthy mice, indicates negligible toxicity. These results suggest that NanoICG 

is a promising contrast agent for intraoperative detection of pancreatic tumors.

Graphical abstract

A hyaluronic acid nanoformulation of indocyanine green (NanoICG) contrast-enhanced pancreatic 

ductal adenocarcinoma (PDAC) during surgical navigation and ex vivo analysis. The enhancement 

of the syngeneic, orthotopic PDAC was significantly higher compared to adjacent healthy pancreas 

and compared to tumor enhanced by ICG alone.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is highly lethal due to the advanced stage at 

diagnosis, with a median overall survival of 15 months and 5-year survival rate of 13%.[1] 

Detection and surgical resection at earlier stages increases 5-year survival to 31.7 ± 3.6 

months.[2] Enhanced contrast can aid surgeons to confirm suspected pancreatic masses and 

elucidate positive margins.[3] Therefore, improved tumor imaging techniques that can better 

recognize cancerous lesions are essential to improve complete removal of PDAC and 

subsequent survival. At present, tumor localization and assessment of disease extension are 

made with visual inspection and palpation,[4] which can lead to incomplete resection or 

unnecessary removal of healthy tissue. Using tumor-specific contrast agents, image-guided 

surgery facilitates real-time, intraoperative, and visual identification of pancreatic tumors 

with improved discrimination of malignant and normal tissue.[5]

Clinically available preoperative imaging modalities, such as computed tomography (CT), 

magnetic resonance imaging (MRI), and positron emission tomography (PET), are critical to 

surgical planning. However, translating these results to the operating room is difficult due to 

altered body positioning, tissue manipulation, and lack of sensitivity to detect microscopic 

lesions.[6] Therefore, an intraoperative imaging technique with high accuracy and sensitivity 
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is needed to fill the gap between preoperative and intraoperative reality. Current techniques 

that are used to assess pancreatic tumor extension intraoperatively, such as ultrasonography 

(US) and intraoperative frozen-section analysis (IFSC), have limitations. Substantial 

experience is required to generate and interpret useful US images during pancreatic cancer 

surgery.[6] Although IFSC is useful in ensuring negative margins, it has a negative 

predictive value of 50% for examining pancreatic lesions that could result in poor 

histological diagnosis and determination of resectability.[7]

Fluorescence imaging offers a potential method to detect pancreatic cancer intraoperatively 

to maximize malignant tissue resection. Fluorescence image-guided surgery (FIGS) can 

detect fluorescent contrast agents with high sensitivity and spatial resolution, which 

minimizes contrast agent dose and allows real-time determination of tissue status.[8,9] For 

example, AlexaFluor488 conjugated CA19-9 antibody was used to detect primary tumor and 

splenic and liver metastases of pancreatic cancer during surgical navigation.[10] 

Furthermore, near infrared (NIR) FIGS can minimize interference caused by tissue 

autofluorescence, scattering, and absorption, allowing relatively deep detection of contrast 

agent.[11,12] Metidi et al. demonstrated usage of MMP-2 and MMP-9 cleavable peptides 

conjugated Cy7 for accurate labeling of pancreatic tumors with FIGS in an orthotopic 

human xenograft mouse model, this resulted in a lower metastatic burden and decreased 

distant recurrence compared with resection surgery under standard bright light.[13] Yang et 
al. used magnetic iron oxide nanoparticles modified with Cy5.5 conjugated ATF (amino-

terminal fragment) of uPA (urokinase plasminogen activator) for surgical detection of 

pancreatic cancer lesions.[14] Combined, fluorophore conjugated monoclonal antibody 

probes were used in animal models of pancreatic cancer with improved specificity, however, 

their efficacy was limited by naturally existing cellular targets that are often heterogeneously 

expressed in tumors and possibly in low abundance compared to background signals.[15] 

Therefore, a more generally applicable NIR fluorescent (NIRF) probe could have potential 

for NIR FIGS for reducing PDAC tumor burden.

Here, we report the use of a hyaluronic acid (HA) nanoformulation of ICG, termed 

NanoICG, for tumor detection in an orthotopic, syngeneic model of pancreatic cancer. ICG 

is an FDA-approved NIR fluorophore that can be detected through up to 8 mm of tissue.[16–

18] On the other hand, HA is a major component of extracellular matrix that participates in 

cell proliferation, wound healing, and cancer metastasis.[19] With modifiable chemical 

groups such as carboxylate, N-acetylglucosamine, hydroxyl, and acetyl moieties, HA is 

readily available for chemical conjugation.[20,21] Recently, we reported that NanoICG 

increased NIR tumor signal by 2.28- and 2.25-fold compared to ICG in MDA-MB-231 

xenograft[22] and 4T1 syngeneic orthotopic[17] breast tumor models, demonstrating 

potential for sensitive tumor detection. In this study, NanoICG was compared to ICG as a 

NIR FIGS contrast agent for the intraoperative detection and contrast-enhancement of 

pancreatic cancer in a syngeneic, orthotopic model. Results from in vitro and in vivo studies 

indicated that NanoICG is a safe contrast agent that can potentially be used in pancreatic 

tumor detection and surgical resection.
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Methods

Materials

ICG, luminol, and zymosan A were purchased from Sigma-Aldrich (St. Louis, MO). 10 kDa 

– 20 kDa sodium hyaluronate was purchased from Lifecore Biomedical (Chaska, MN). 

HPNE cell line was provided by Dr. Michel J. Ouellette from University of Nebraska 

Medical Center, while the KPC cell line was shared by Dr. Hollingsworth. HL-60 cells were 

purchased from ATCC (Manassas, VA). HPNE cells were grown in 70% DMEM with 25% 

medium M3, 5% FBS, 20 ng/mL human recombinant EGF, 1% penicillin/streptomycin; 

KPC cells were grown in DMEM with 10% FBS and 1% penicillin/streptomycin, HL-60 

was maintained in IMDM with 20% FBS. Cell counting kit-8 (CCK-8) was purchased from 

Dojindo Molecular Technologies Inc. (Rockville, MD). Calcein AM was purchased from 

Invitrogen (Carlsbad, CA). 10-week-old female C57BL/6J mice were purchased from 

Jackson Laboratories (Bar Harbor, ME). 5.0 chromic gut and 5.0 nylon surgical sutures were 

purchased from Johnson & Johnson (Somerville, NJ). Comprehensive diagnostic profile 

reagent rotor was purchased from Abaxis (Union City, CA). All the other chemicals were 

purchased and used at analytical grade.

Preparation and Characterization of NanoICG

The synthesis of amphiphilic HA-aminopropyl-1-pyrenebutanamide (HA-PBA), preparation 

of NanoICG from the entrapment of ICG during HA-PBA self-assembly, and quantification 

of ICG in NanoICG were performed based on the literature.[17,22] The mean hydrodynamic 

diameter and zeta-potential of NanoICG was determined using a Zetasizer Nano instrument 

(Malvern, Worcestershire, UK). NanoICG was prepared at 0.34 mg/mL for size 

determination and 0.06 mg/mL for the determination of UV-visible absorption and 

fluorescence emission. An Evolution 220 spectrophotometer (Thermo Fisher Scientific, 

Madison, WI, USA) was used for scanning absorbance spectra (600–900 nm) and a 

FluoroMax-4 spectrofluorometer (Horiba, Edison, NJ, USA) was used for quantifying 

fluorescent intensity of ICG, NanoICG, and disassembled NanoICG.

Cytotoxicity

The cytotoxicity of NanoICG and empty NP (self-assembled HA-PBA) were tested using 

the CCK-8 assay (Dojindo; Rockville, MD). HPNE and KPC cells were seeded in 96-well 

plates at a density of 25,000 cells/well and allowed to adhere for 24 h. Empty NP and 

NanoICG were dissolved in DMEM at different concentrations (0, 0.01, 0.05, 0.1 mg/mL) 

and 200 μL was added to each well. Cells were treated for 24 h and washed twice with PBS. 

Next, 100 μL of 10% CCK-8 reagent in DMEM was added to each well and incubated at 

37 °C. After 50 min, absorbance of each well was measured at 450 nm using a Synergy 

HTX multi-mode plate reader (BioTek, Winooski, VT, USA). Relative viability was 

calculated as the absorbance of wells from treated cells divided by the absorbance from 

wells with untreated cells.
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Chemotaxis

A chemotaxis assay was adapted from procedures from the National Cancer Institute’s 

Nanotechnology Characterization Laboratory (NCL) (https://ncl.cancer.gov/resources/assay-

cascade-protocols): ITA-8. Briefly, HL-60 cells were suspended in serum-free IMDM (SM) 

and incubated overnight prior to use. 1×106 viable cells/mL (as determined by trypan blue) 

were dispersed onto a MultiScreen filter plate with 3 μm polycarbonate membrane (Merck 

Millipore, Germany) at 50,000 cells/well. Test samples (150 μL) were added in the feeding 

tray. The filter plate and feeding tray were gently assembled and incubated for 4 h. After 

incubation, Calcein AM (CAM) working solution was added to appropriate wells and 

incubated for 1 h. The solution was then transferred to the optical bottom plate (Thermo 

Fisher Scientific, Rochester, NY, USA) on a fluorescent plate reader with 485 nm 

excitation/535 nm emission. Fold increase of chemotaxis was calculated as follows:

Background Chemotaxis = Mean FUSM/CAM‐Mean FUSM/PBS
Sample Chemotaxis = Mean FUTS/CAM‐Mean FUSM/PBS
Fold Increase of Chemotaxis = Sample Chemotaxis/Background Chemotaxis

where Mean FUSM/CAM = fluorescence units of HL-60 treated with SM and CAM, Mean 

FUSM/PBS = fluorescence units of HL-60 treated with SM and PBS, and Mean FUTS/CAM = 

fluorescence units of HL-60 treated with test samples and CAM.

The theoretical plasma concentration (TPC) of ICG and NanoICG was calculated based on 

the dose administered to mice below.[23] The calculating formula was adapted from NCL 

Method ITA-8. TPC of empty NP were based of the mass ratio of HA matrix in NanoICG. 

The concentrations for 10 × TPC, 1 × TPC, 1/5 × TPC and 1/25 × TPC of ICG were 5.1 μM, 

0.51 μM, 0.10 μM, 0.02 μM, respectively; the concentrations for 10 × TPC, 1 × TPC, 1/5 × 

TPC and 1/25 × TPC of NanoICG were 38 μg/mL, 3.8 μg/mL, 0.76 μg/mL, 0.15 μg/mL, 

respectively. The same concentrations were used in the phagocytosis assay.

Phagocytosis

Phagocytosis was assessed according to NCL ITA-9. The multi-mode reader and 96-well 

plate were pre-warmed to 37 °C. HL-60 cell concentration was adjusted to 1×107 viable 

cells/mL (as determined by trypan blue) with complete medium. 100 μL of cell suspension 

was added per well. 100 μL of controls or test samples were added to pre-warmed wells, 

followed by 100 μL of luminol working solution (250 μM in PBS). A positive control was 

prepared by reconstituting zymosan A in PBS with 20% pooled normal human AB serum 

(Innovative Research, Novi, MI, USA) to a concentration of 2 mg/mL. After mixing, 100 μL 

of cell suspension was added in sample wells and mixed thoroughly. The kinetic reading 

process was 1.5 h with 2.1 min reading intervals. The area under the curve (AUC) for each 

kinetic reading curve from each well was calculated as phagocytic potential.

Tumor model induction

All animal studies were performed under an approved UNMC Institutional Animal Care and 

Use Committee protocol and procedures were followed in accordance with the institutional 

guidelines per the Guidelines on the Care and Use of Animals for Scientific Purposes. The 
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guidelines were followed to ensure humane care of the animals. To preclinically evaluate 

contrast-enhancement of pancreatic cancer by ICG and NanoICG, mature C57BL/6 mice 

were selected for orthotopic tumor challenge using 10,000 LSL-KrasG12D/+;LSL-

Trp53R172H/+;Pdx-1Cre (KPC)-derived PDAC syngeneic cells per mouse. As described 

previously,[24] once anesthetized, an approximately 5 mm incision was made into the skin 

and peritoneum on the abdomen between the hip and rib. This allowed for the spleen to be 

exteriorized for injection of PBS cell suspension into the body of the pancreas. The 

peritoneum and skin were then secured using an internal dissolving chromic gut and a 5.0 

nylon surgical suture respectively. Animals were warmed, hydrated, and monitored through 

recovery. Within two weeks of introduction of tumor cells, palpable tumors were detected in 

all challenged mice.

Near infrared fluorescence imaging

ICG (10 nmol per mouse) or NanoICG (10 nmol ICG per mouse) in 80 μL ultrapure water 

was intravenously injected into mice via a tail vein (n = 5 mice per group). Mice were 

euthanized 24 h post injection. Prior to imaging, the liver and spleen were removed to 

minimize strong ICG fluorescence due to hepatobiliary clearance and to evaluate the ability 

of ICG and NanoICG to distinguish pancreatic tumor from healthy pancreas. A custom-

designed FIGS system was employed to detect contrast enhancement of ICG and NanoICG 

in the pancreatic tumors. The imaging system utilizes a handheld fiber-coupled 

spectroscopic unit that excites ICG and collects wavelength-resolved NIR emission 

(DeltaNu; Laramie, WY, USA). The spectroscopic unit also serves as the excitation source 

for a real-time widefield imaging system (Spectropath; Atlanta, GA, USA) that merges a 

NIR channel (800–950 nm) and a visible color channel for spatial orientation of the NIR 

signal. The overall design and integration of these systems has been previously reported.

[25,26] A laser power of 80 mW at 785 nm was used for wavelength-resolved (800–950 nm) 

and widefield imaging.

After FIGS, all mice were necropsied. The pancreas was removed en bloc to preserve the 

anatomical integrity of the primary, stromal, and healthy tissues for fluorescence imaging 

and histological sectioning. Dissected organs were imaged on a Pearl Trilogy small animal 

imaging system (LI-COR Biosciences, Lincoln, NE, USA). The fluorescence intensity of 

each organ was collected with the 800 nm channel and analyzed by Image Studio Ver. 5.0 

software (LI-COR Biosciences, Lincoln, NE, USA). The periphery of each organ was 

identified free-handed to define the region of interest (ROI). Average pixel intensity was 

used to calculate signal to noise ratio (SNR), which is defined by average tissue intensity per 

pixel in an ROI/standard deviation of background ROI. Fluorescence intensity plots of 

representative pancreases were analyzed with ImageJ 1.49v software (National Institutes of 

Health, Bethesda, MD, USA). To compare against the spectroscopic analysis of each 

pancreas that was obtained during surgery, a straight line was drawn longitudinally across 

the pancreas to include as many acquisition points as possible after whole pancreas imaging. 

The NIR fluorescence intensity along the line was quantified with the plot profile function in 

ImageJ.
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Histological analysis

Tumor tissue and organs of metastatic interest were embedded in OCT mounting media gel 

and were frozen rapidly in liquid nitrogen. Pancreatic tissue was positioned to obtain a 

maximal footprint for both diseased and healthy pancreases. These samples were cut using 

Cryostat (Leica Biosciences, Buffalo Grove, IL, USA) at a thickness of 8 μm. Sections from 

each mouse were stained with hematoxylin and eosin (H&E) or left unstained for NIR 

fluorescence microscopy. Representative slides were imaged with an IX73 Inverted 

Microscope with a xenon excitation source and captured with a DP80 Digital Camera and 

displayed by CellSens Dimension 1.13 software (all from Olympus, Japan). H&E stained 

slides were visualized and imaged with a bright-field filter, unstained slides were imaged for 

autofluorescence with a FITC filter cube, and NIR fluorescence with an ICG filter cube. 

Exposure time of ICG and NanoICG were constant throughout all the samples.

In vivo toxicology

To evaluate the systemic toxicity of NanoICG, 15 mature C57BL/6J mice were divided into 

vehicle control group, low dose group (equivalent to 10 nmol of ICG per mouse) and high 

dose group (equivalent to 51.6 nmol of ICG per mouse) (5 mice each group). High dose was 

calculated based of FDA recommended upper limit dosage of ICG. The mice were treated 

correspondingly by i.v. injection. 72 h after the injection, whole blood was collected into 

lithium heparin coated blood collection tubes (BD Vacutainer, Franklin Lakes, NJ, USA) and 

K2EDTA coated blood collection tubes (BD Microtainer, Franklin Lakes, NJ, USA) by heart 

puncture. Comprehensive diagnostic profiles of the blood samples were determined by 

chemistry analyzer (Abaxis, Union City, CA, USA) and complete blood counts were 

determined by a hematology analyzer (Abaxis, Union City, CA, USA). Livers, lungs, 

spleens and kidneys were collected, fixed, sectioned and HE-stained for pathological 

examination.

Statistical analysis

Data was analyzed in Prism 7 software (Graphpad, La Jolla, CA, USA). Cytotoxicity was 

analyzed using 2-way ANOVA with Tukey’s multiple comparisons test; chemotaxis and 

phagocytosis were analyzed using a 1-way ANOVA and Tukey’s multiple comparisons test; 

biodistribution was analyzed using multiple t tests. In vivo toxicity was analyzed with 

Kruskal-Wallis test. All data is shown as mean ± standard deviation (SD).

Results

Characterization of NanoICG

The mean hydrodynamic diameter, NIRF property, and microscopic morphology of 

NanoICG are reported in Supplementary Information.

Cytotoxicity

The relative viability of HPNE and KPC cells were calculated by normalizing to untreated 

cells. Overall, the relative viability of HPNE and KPC cells, which were treated with empty 

NP and NanoICG, was close to 1. No significant differences were observed between 0.1, 
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0.01 and 0.001 mg/mL (Figure 1). Additionally, no significant difference was detected 

between empty NP and NanoICG. Empty NP and NanoICG did not impair the metabolic 

activity of healthy pancreatic epithelial cells.

Chemotaxis

There was a 6.79-fold induction of chemotaxis towards complete medium (positive control) 

as compared to PBS. In contrast, ICG, NanoICG and empty NP (p < 0.0001) showed relative 

values (as compared to PBS) of 0.63 ± 0.02 for 10 × TPC of ICG, 0.63 ± 0.04 for 10 × TPC 

of NanoICG and 0.60 ± 0.01 for 10 × TPC of empty NP (n = 3) (Figure 2A). The lowest 

concentration (1/25 × TPC) of ICG, NanoICG and empty NP showed relative chemotaxis 

induction (as compared to PBS) of 0.85 ± 0.02, 0.87 ± 0.03, and 0.81 ± 0.01 times, 

respectively (n = 3). These results demonstrate that NanoICG and empty NP have no 

significant chemoattractant properties.

Phagocytosis

HL-60 displayed low phagocytic activity toward PBS, ICG, NanoICG, and empty NP, 

regardless of test sample concentrations (Figure 2B). In comparison, zymosan A was 

internalized to a significantly higher extent (p < 0.0001), with AUC values 1.87, 1.83 and 

1.93 times higher than 10 × TPC for ICG, NanoICG and empty NP, respectively. There was 

no significant effect of 10 × TPC of ICG, NanoICG and empty NP on phagocytosis as 

compared to PBS [1.03 ± 0.02, 1.03 ± 0.01 and 1.00 ± 0.01 respectively (n = 6)].

Detection of ICG and NanoICG in tumor-bearing mice with IGS

ICG and NanoICG were examined for suitability for IGS as schematically depicted in Figure 

3A. Intraoperative imaging demonstrated that NanoICG and ICG could both be detected by 

IGS in pancreatic tumors; however, NanoICG resulted in more complete and intense 

enhancement of the tumor when compared to ICG under identical experimental conditions 

(both were excited with 80 mW power at a constant distance from the tumor) (Figure 3, 

bottom). Spectra collected from these regions are in close agreement with the NIR 

fluorescence detected in wide-field imaging channel, indicating stronger NIR fluorescence 

in mice injected with NanoICG (Figure 3, middle); at the peak emission wavelength of 814 

nm, the fluorescent signal of NanoICG treated pancreatic tumor is 2.03 times of that in ICG 

group. The IGS images demonstrated an improved contrast profile with NanoICG in 

orthotopic PDAC detection.

Ex vivo analysis of fluorescence accumulation of pancreatic tumor

NIRF images of the pancreas showed higher accumulation of fluorescent signal in the tumor 

portion of NanoICG treated pancreas compared with that of ICG, as shown in Figure 4B (4A 

is a bright field photograph of the pancreas for spatial reference). Figure 4C shows the 

quantified fluorescence intensity from the spectroscopic pen at acquisition locations across 

the pancreas to determine the NIR signal and tumor contrast. Spots in the pancreatic tail, 

which correspond to the location where the KPC PDAC cells were implanted, were brighter 

compared with the head and body. The point spectroscopic measurements were consistent to 

whole pancreas NIR images as shown in Figure 4D, where a line was drawn across the 
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pancreas image to obtain as many data points as possible from non- and contrast-enhanced 

regions, which depicted healthy tissue and PDAC, respectively. The average fluorescent 

intensities of the healthy and tumor portions of the pancreas were 0.35 ± 0.12 AU and 0.77 

± 0.12 AU, respectively, for ICG. In comparison, the average fluorescence intensity of the 

healthy and tumor portions were 0.41 ± 0.10 AU and 2.30 ± 0.67 AU, respectively, for 

NanoICG. The average fold-increases of the tumor portion of the pancreas compared with 

the healthy portion of the pancreas were 2.20 and 5.61 for ICG and NanoICG, respectively.

During sectioning, the surfaces of the solid tumors were visually observed to be light yellow 

in color, which is indicative of a high-degree fibrosis.[27] H&E stained tumor slides 

displayed characteristic poorly differentiated adenocarcinoma with high stroma content 

(Figure 4E, left). Normal pancreatic morphology was shown in a slide from benign 

pancreatic tissue (Figure 4E, right). A higher level of NIRF signal was observed throughout 

the tumor portion of pancreas treated with NanoICG compared with those treated with ICG 

(Figure 4E).

The borders of splenic metastasis and healthy spleen tissue were identified by H&E stained 

slides as shown in Figure 5. Fluorescent signal was detected along the borderline of tumor in 

the NanoICG treated group but not in the ICG treated group.

Relative biodistribution of ICG and NanoICG in PDAC

The fluorescence intensity of ICG and NanoICG was evaluated among organs harvested 

from the mice with the orthotopic PDAC model. Overall, higher SNR signal was observed in 

pancreas in the NanoICG-treated group compared with ICG-treated group with p < 0.0001 

(Figure 6A). Between organs, significantly higher signals were seen in the liver, spleen, 

pancreas, bone, heart and lymph node in the NanoICG treated group, which were 5.3, 4.4, 

2.1, 2.1, 2.3, 2.2-fold higher compared with ICG treated group respectively. On the other 

hand, ICG displayed a great propensity to be cleared by the GI tract as determined by semi-

quantified NIRF images (Figure 6C), whereas for NanoICG, increased liver and spleen 

signal, suggestive of RES clearance (Figure 6B).

In vivo toxicology

To make a comparative study on the potential toxic effect of NanoICG on the treated mice, 

we carried out blood biochemistry and hematology analysis. Figure 7 shows the levels of 

standard hematological markers, such as white blood cell (WBC), red blood cell (RBC), 

hemoglobin (HGB), hematocrit (HCT) and platelet (PLT); The WBC is sensitive to the 

physiological response, the mean value of vehicle control was in the normal range. There is 

a slight decrease in the number of WBC for NanoICG-treated groups, but this decrease is not 

significantly different, and close to the anticipated value provided by the animal supplier 

[50]. All the other parameters in the NanoICG-treated groups appear to be normal compared 

with the control group, and be within the normal ranges. In addition, we present the 

biochemistry results of the mice including albumin (ALB), alkaline phosphatase (ALP), 

alanine aminotransferase (ALT), amylase (AMY), blood urea nitrogen (BUN), total protein 

(TP) and globulin (GLOB). Fluctuation was observed in ALP, ALT and GLOB for 

NanoICG-treated group compared with vehicle control, but still remained within the normal 
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ranges; no difference was observed between NanoICG doses or with the vehicle control. The 

results of blood biochemistry and hematology analysis suggest no obvious toxicity even with 

upper limit dose of NanoICG.

To further investigate the in vivo toxicity of NanoICG, histological analysis of major organs 

including liver, spleen, lung and kidney were performed 72 h after intravenous 

administration of different doses of NanoICG, examined by board-certified pathologist 

(SMC), and the results are shown in Figure 8. The spleens from all animals were normal. 

This indicates that there was no overall effect on the immune system as there was excellent 

preservation of the lymphoid white pulp of the spleen. The kidneys showed no evidence of 

toxicity, either in the glomeruli, tubules, papilla, vessels, or pelvis. Thus, there is no 

evidence of nephrotoxicity. In the livers, there were occasional animals with focal 

mononuclear infiltrate (as indicated by the black arrows), but this was not associated with 

any evidence of necrosis or regeneration. There was no consistent zonal area involved. There 

was only 1 animal in the vehicle control group with this finding, none in the low dose group, 

and 2 of the 3 animals in the high dose group had this finding. Thus, this may reflect a low 

level of hepatotoxicity. However, these results contradict biochemical analysis that had 

normal levels of ALT and AST for the vehicle control, low dose, and high dose of NanoICG 

(Figure 7). In the lung, there was 1 animal in the vehicle control group that showed focal 

consolidation of the alveoli without inflammation, 1 animal in the low dose group that 

showed focal peribronchiolar chronic inflammation, and 1 animal in the high dose that also 

showed focal alveolar focal peribronchiolar and alveolar inflammation (as indicated by black 

arrows). It is most likely that these lung changes reflect the intravenous administration of the 

material and not related to the material that was injected.

Discussion

The formulation of HA-derived NPs has advantages, most notably overcoming poor aqueous 

solubility of therapeutic or imaging agents.[28] Second, HA-derived NPs exhibit prolonged 

circulation and low toxicity to healthy tissues.[29–31] Third, the possibility of tumor 

targeting, including by specific binding of CD44[32] and through the enhanced permeability 

and retention (EPR)[28] effect, makes it promising for cancer imaging and therapy. In this 

study, HA polymers were conjugated with PBA to obtain amphiphilic HA, which readily 

entrapped amphiphilic ICG in aqueous solution. By incorporating ICG into an HA-derived 

NP contrast agent, ICG accumulation in tumor was increased (Figure 3, 4 and 6), potentially 

due to the so-called EPR effect,[28,33] while mitigating potential toxicity from the innate 

immune system (Figure 2).

Overcoming the immune system barrier is a key step for targeted delivery of contrast agents. 

Gallagher et al. reported that HL-60 cells exhibited responsiveness to chemoattractant and 

phagocytic activity that were commensurate with the proportion of mature granulocytes.[34] 

Others have reported that HA species of molecular weights from 792 to 3×106 Da all 

stimulated phagocytic and chemotactic function of polymorphonuclear leukocytes, and, 10 

kDa HA was reported as a potent stimulator of the innate immune system.[35,36] However, 

for HA derived nanosystems, different molecular weight of HA modified liposomes did not 

cause complement or macrophage activation.[37] In the in vitro studies reported here, no 
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significant immunotoxicity was observed except a slight inverse dose-dependency in 

chemoattractant potential of test samples. The possible explanation is that the volume ratio 

of SM, a potent chemoattractant for HL-60, increased proportionally as test samples were 

diluted.

Contrast enhancement within whole pancreas was observed both in ICG and NanoICG 

treated groups (Figure 4, 6). ICG is a small, amphiphilic dye molecule. After injection, ICG 

is bound immediately with albumin and other serum proteins and then liberated into liver 

and cleared out in bile resulting in a half-life of less than 20 min in healthy humans.[33] NIR 

images of S-180 tumor were reported with obvious contrast 2 h to 48 h post ICG injection, 

likely from the EPR effect of ICG bound albumin.[33] In Figure 4B, a slight accumulation 

of ICG was observed in pancreatic tumor, which is comparable to mice with S-180 tumors.

[33] In comparison, a more apparent contrast enhancement between healthy and diseased 

portions of pancreas was observed in NanoICG recipients (Figure 4B). Qhattal and 

colleagues[38] reported that tumor targeting benefited extensively from long systemic 

circulation of nanosystems, while Han et al.[39] assert that HA performs like PEG by 

increasing plasma half-life while displaying limited immunotoxicity. Thus, accumulation of 

NanoICG in tumor could be due to prolonged circulation of HA based nanosystems.

Bouvet et al. reported that metastatic lesions of an orthotopic pancreatic cancer model were 

detected in spleen, bowel, and omentum, as visualized by implanting GFP transfected 

BxPC-3 cells. By inspecting intravitally, tumor and metastatic area were quantified for 

growth monitoring.[40] Wang et al. reported a dual optical and MR imaging agent, denoted 

by Cy5.5-ATF-IO, was able to detect intraperitoneal metastatic lesions of PDAC as small as 

0.5 mm3 in optical NIR imaging.[14] Furthermore, optical NIR imaging could detect as little 

as 1×104 tumor cells, which was 1/10 of that which can be detected by MRI.[14] Another 

study showed that CA19-9 conjugated AlexaFluor488 were potent at detecting 

micrometastases of PDAC including splenic, peritoneal and liver.[10] In this study, 

microscopic lesions of splenic metastasis were obviously visualized by NanoICG (Figure 5) 

and mostly accumulated at the lesion periphery.

An important limitation for targeted delivery of HA-decorated NP is preferential uptake by 

RES system.[28] On one hand, it has been empirically shown that NPs with size less than 

100 nm, neutral or anionic charge, and lower complement binding can avoid RES uptake 

after i.v. administration.[37] Additionally, Qhattal et al. found that high molecular weight 

(HMW) HA grafted liposomes were cleared much faster than low MW HA,[38] because 

HMW HA had a higher affinity with HARE or LYVE-1, which were widely expressed in 

normal sinusoidal endothelial cells of the liver, spleen, and activated tissue macrophages.

[41] Consequently, NPs that derived with 10 kDa HA could accumulate to a lower degree in 

liver in that scenario. However, in Figure 6A, NanoICG displayed marked accumulation in 

liver and spleen (p < 0.0001) compared with ICG, which was indicative of increased RES 

uptake. Further studies are ongoing to determine an optimized HA MW for formulation of 

NanoICG for pancreatic tumor delivery balanced with minimized RES uptake.

Endogenous HA may play an important role in the biology of pancreatic cancer,[42] as 

expression of high and low molecular weight forms of HA have been reported to inhibit or 
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enhance malignant properties of pancreatic cancer cells in experimental models. Careful 

analysis of human samples suggests that HA is expressed by greater than 85% of human 

pancreatic cancers;[43] however, its expression is not correlated with improved or worse 

outcome in humans. HA is also the target of therapeutic approaches in which its targeted 

degradation by PEGylated hyaluronidase is used to improve drug delivery,[44] or 

alternatively, HA complexes are being developed as drug delivery agents.[45,46] Taken 

together, our results presented here and the existing and emerging literature strongly support 

further investigation into the biology and use of HA as delivery vehicle and/or a targeting 

agent in pancreatic cancer.

In terms of in vivo safety, results from healthy C57BL/6J mice after vehicle or one of two 

NanoICG doses were in concordance with others. For example, HA-derived amphiphilic 

polymers were reported to demonstrate a protective effect against cisplatin or doxorubicin-

induced hepatotoxicity and nephrotoxicity,[47,48] which demonstrates that the self-

assembled drug carriers-constructed by HA conjugated hydrophobic moiety-are effective at 

reducing systemic toxicities. On the other hand, Rao et al. reported that HA-derived 

nanocarriers can control the release of drug payload, depending on the reversible interaction 

of HA-containing carriers and drugs.[49] This is consistent with the recent results of Hill, et 
al, which showed controlled dye release rate from amphiphilic HA nanostructures.[17] 

Histologic changes are likely not treatment related as they are minimal, similar to what is 

seen in controls of this strain both in this study, and, historically, is not associated with 

necrosis, is not localized to a specific zone of the liver lobule, and is not associated with 

increased serum enzymes. Accordingly, we hypothesize that negligible toxicity from 

NanoICG could be due to a combination of several factors: imaging agent was administered 

with singular and low dose; ICG was entrapped in a stable state through π-π stacking with 

PBA,[22] which could affect ICG release; and released ICG is an FDA-approved medical 

diagnostic agent with low inherent toxicity.

NanoICG, an HA-derived NP that physico-chemically entraps ICG, displayed a nontoxic 

safety profile in vitro and in vivo and provided significant NIR signal for guidance for 

intraoperative detection of PDAC in vivo. The fluorescence intensity of NanoICG was 

higher compared to ICG both in pancreas and splenic metastasis, which was confirmed by 

NIRF imaging, FIGS and microscopic analysis. In conclusion, NanoICG exhibited improved 

efficacy at detecting pancreatic tumors in an orthotopic pancreatic cancer model with 

negligible NP-derived toxicity, suggesting that NanoICG is a promising potential contrast 

agent for guiding pancreatic tumor removal.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ATF amino-terminal fragment

AU arbitrary unit

CAM Calcein AM

CCK-8 cell counting kit-8

CT computed tomography

DMSO dimethyl sulphoxide

EGF epidermal growth factor

EPR enhanced permeability and retention

FIGS fluorescence image-guided surgery

GI tract gastrointestinal tract

H&E hematoxylin and eosin

HA hyaluronic acid

HMW high molecular weight

HA-PBA HA-aminopropyl-1-pyrenebutanamide

HPNE human pancreatic nestin-expressing epithelial

ICG indocyanine green

IFSC intraoperative frozen-section analysis

KPC LSL-KrasG12D/+ LSL-Trp53R172H/+ Pdx-1Cre

LMW low molecular weight

MMP matrix metalloproteinases

MRI magnetic resonance imaging

NanoICG HA-derived nanoparticles with physico-chemically 

entrapped ICG

NIR near infrared

NIRF near infrared fluorescence

PDAC pancreatic ductal adenocarcinoma
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PET positron emission tomography

RES system reticuloendothelial system

ROI region of interest

SD standard deviation

SNR signal to noise ratio

TPC theoretical plasma concentration

uPA urokinase plasminogen activator

US ultrasonography

WBC white blood cells

RBC red blood cells

HGB hemoglobin

HCT hematocrit

PLT platelet

ALB albumin

ALP alkaline phosphatase

ALT alanine aminotransferase

AMY amylase

BUN blood urea nitrogen

TP total protein

GLOB globulin
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Figure 1. 
CCK-8 assay was performed on (A) HPNE cells and (B) KPC cells treated with variable 

concentrations of empty NP and NanoICG for 24 h, n = 5, no significant differences were 

detected between each group.
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Figure 2. 
(A) Chemotaxis assay of HL-60 with ICG, NanoICG and empty NP at varied concentrations 

based of theoretical plasma concentration (TPC) at 4 h time point. Complete medium is 

IMDM with 20% FBS. Fluorescent spectra of calcein AM was collected at 485 nm 

excitation/535 nm emission; (B) Phagocytic assay of NanoICG in HL-60. Zymosan A 

served as the positive control while PBS was the negative control. Luminesance reading was 

monitored for 1.5 h with 2.1 min intervals and AUC of fluorescent signal was quantified as 

chemotactic response. ****p < 0.0001.
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Figure 3. 
(A) Schematic of the image-guided surgery system utilized to detect orthotopic PDAC. As 

described in the text, the system utilizes both wavelength-resolved NIR spectroscopic 

measurements and a wide-field, multi-detector video camera for real-time surgical guidance 

that uses the hand-held spectroscopic pen as an excitation source. (B) Images from surgical 

navigation of pancreatic tumor contrast-enhanced with ICG (left) or NanoICG (right) 24 h 

post i.v. injection. Livers and spleens were removed due to high background signal from 

ICG clearance. Int = large intestine, PT = pancreatic tumor, St = stomach, SI = small 

intestine; (Top) Color images show orthotopic PDAC and the location of the handheld 

spectroscopic pen, which provides NIR spectral information and serves as an excitation 

source for a widefield imaging system. (Middle) Pseudo-colored signal in the NIR channel 

of the widefield imaging system and the spectroscopic signal from within the contrast-

enhanced region; (Bottom) NIR signal overlaid (cyan) onto the color image shows robust 

enhancement of syngeneic, orthotopic pancreatic cancer. Contrast enhancement can be 

observed with both ICG and NanoICG, with NanoICG having stronger signal (see inset 

middle row).
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Figure 4. 
Ex vivo analysis of ICG and NanoICG accumulation in pancreatic tumor. (A) Photo images 

and (B) NIRF images of a representative pancreatic tumor marked with acquisition locations 

of the spectroscopic semi-quantification shown in (B); (C) Fluorescence intensity excited 

with medium laser power and 1 s integration by the spectroscopic pen component of FIGS 

system; (D) Plots of intensity values along the red dashed line from the NIRF images 

quantified by ImageJ; (E) Morphological examination (H&E) and fluorescent signal 

accumulation (NIR) under microscope of tumor-bearing cancerous pancreas (left) and 

healthy pancreas (right) administered with NanoICG. Autofluorescence (Auto) was detected 

with FITC filter cube which pseudo-colored green, NIR fluorescence was detected with ICG 

filter cube which pseudo-colored magenta. Scale bar represents 50 μm.
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Figure 5. 
Histological examination of splenic metastasis of PDAC. Splenic metastasis of PDAC 

administered with NanoICG (Top) and ICG (Bottom). SP = spleen, T = tumor. Scale bars in 

panels of H&E, Auto, NIR and Merge represent 100 μm.
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Figure 6. 
Quantification of biodistribution of ICG and NanoICG in PDAC mice based on NIRF 

images at 24 h post contrast agent administration. (A) Quantified distribution of ICG and 

NanoICG in PDAC mice, n = 5, ***p < 0.001, ****p < 0.0001; (B) Representative NIRF 

image of indicated necropsied organs from PDAC mice treated with NanoICG; T = tumor, 

HP = healthy portion; (C) Representative NIRF image of necropsied organs from PDAC 

mice treated with ICG.
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Figure 7. 
Hematology results and blood biochemistry results of the vehicle (black), low dose (0.39 

mg/kg ICG equivalent, red) and high dose (2 mg/kg ICG equivalent, green) of NanoICG 

treated mice 72 h after intravenous injection. The results show mean and standard deviation 

of white blood cells (WBC), red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT), 

platelet (PLT), albumin (ALB), alkaline phosphatase (ALP), alanine aminotransferase 

(ALT), amylase (AMY), blood urea nitrogen (BUN), total protein (TP), globulin (GLOB). N 
= 5.
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Figure 8. 
H&E stained tissue slides (liver, spleen, kidney and lung) of C57BL/6 mice 72 after 

intravenous injection of vehicle (top row), low dose NanoICG (0.39 mg/kg ICG equivalent, 

middle row) and high dose NanoICG (2 mg/kg ICG equivalent, bottom row). Black arrows 

in livers indicated focal mononuclear infiltrate, black arrows in lungs indicated focal 

consolidation or focal peribronchiolar chronic inflammation. Black bars represent 50 μm, N 
= 4 for vehicle control, N = 3 for low dose and high dose groups.
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