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Abstract
Background  Pancreatic ductal adenocarcinoma (PDAC) is one of the most difficult to treat tumors. The Src (sarcoma) inhibi-
tor dasatinib (DASA) has shown promising efficacy in preclinical studies of PDAC. However, clinical confirmation could 
not be achieved. Overall, our aim was to deliver arguments for the possible reinitiating clinical testing of this compound in 
a biomarker-stratifying therapy trial for PDAC patients. We tested if the nanofunctionalization of DASA can increase the 
drug efficacy and whether certain Src members can function as clinical predictive biomarkers.
Methods  Methods include manufacturing of poly(vinyl alcohol) stabilized gold nanoparticles and their drug loading, 
dynamic light scattering, transmission electron microscopy, thermogravimetric analysis, Zeta potential measurement, ster-
ile human cell culture, cell growth quantification, accessing and evaluating transcriptome and clinical data from molecular 
tumor dataset TCGA, as well as various statistical analyses.
Results  We generated homo-dispersed nanofunctionalized DASA as an AuNP@PVA-DASA conjugate. The composite 
did not enhance the anti-growth effect of DASA on PDAC cell lines. The cell model with high LYN expression showed the 
strongest response to the therapy. We confirm deregulated Src kinetome activity as a prevalent feature of PDAC by revealing 
mRNA levels associated with higher malignancy grade of tumors. BLK (B lymphocyte kinase) expression predicts shorter 
overall survival of diabetic PDAC patients.
Conclusions  Nanofunctionalization of DASA needs further improvement to overcome the therapy resistance of PDAC. LYN 
mRNA is augmented in tumors with higher malignancy and can serve as a predictive biomarker for the therapy resistance of 
PDAC cells against DASA. Studying the biological roles of BLK might help to identify underlying molecular mechanisms 
associated with PDAC in diabetic patients.
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HPLC	� High-performance liquid 
chromatography

IR	� Infrared
NaCit	� Sodium citrate dihydrate
PBS	� Phosphate-buffered saline
PDAC	� Pancreatic ductal adenocarcinoma
PDGFR	� Platelet-derived growth factor 

receptor-β and -α
Pen/strep	� Penicillin–streptomycin
PNI	� Perineural invading
PVA	� Poly(vinyl alcohol)
SFKs	� Src family kinases
Src	� Sarcoma
TEM	� Transmission electron microscopy
TGA​	� Thermogravimetric analysis
UV–VIS	� Ultraviolet–visible

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most 
malignant and difficult-to-treat types of cancer, with insuf-
ficient clinically beneficial treatment options available lead-
ing to a low 5-year patient survival rate of just 10% [1–3]. 
Various preclinical studies revealed the oncogenic roles of 
the Src (sarcoma) kinetome, a family of proteins that take on 
key roles in intracellular signal transductions in a plethora 
of cellular processes [4] during pancreatic malformation of 
tumor progression [5–7]. Dasatinib (DASA) is a pharmaco-
logical pan-Src inhibitor approved for standard clinical use 
in treating patients with blood cancers [8, 9]. Chemically, 
DASA is defined as N-(2-chloro-6-methylphenyl)-2-((6-(4-
(2-hydroxyethyl)piperazin-1-yl)-2-methylpyrimidin-4-yl)
amino)thiazole-5-carboxamide (Supplementary Fig. S1A).

Nanocarrier systems, particularly gold nanoparticles 
(AuNPs) have many advantages for biomedical applications 
based on their attractive biological and chemical proper-
ties, especially in imaging, diagnostic, and therapeutic 
cancer treatments. They are biocompatible, inert, have low 
toxicity, and useful optical properties. AuNPs are readily 
fabricated and structure, size, shape, and surface properties 
can be varied and controlled based on the synthesis condi-
tions. The surface of AuNPs can be modified with different 
ligands or polymers so that the solubility and stability can 
be increased and their interaction with the biological envi-
ronment can be regulated. A large molar amount of drug 
molecules can be loaded onto the AuNPs because of their 
high surface-to-volume ratio. Due to their unique proper-
ties, these systems are particularly suitable for drug delivery 
[10–14]. As a drug delivery system, they can improve the 
bioavailability of the drug, its solubility and stability, elon-
gate the circulation time and effect, induce controlled drug 
release, and increase specificity by penetrating the cells to 

facilitate cellular internalization and permeation into con-
nective tissue. The latter facilitates the selective delivery of 
drugs to the target tissue. AuNPs also have an enhanced per-
meability and retention (EPR) effect. The EPR effect allows 
AuNPs to accumulate in tumors due to the leaky blood ves-
sels of tumor tissue, enabling targeted delivery without tar-
geted ligands. Tumors require a large amount of nutrients 
due to their rapid cell division, which creates larger pores 
between the endothelial cells and increases the permeability 
of the tissue. Due to the large cell openings, which can be 
up to 600–800 nm in size, the AuNPs which have a smaller 
size than the cell opening, accumulate in the tumor tissue, 
while the healthy tissue is spared [15, 16]. Internal stimuli 
such as pH or external stimuli such as heat or light can then 
induce and enhance the drug release [17]. When drugs are 
administered without nanoscale systems, the drug diffuses 
throughout the body, which can also affect healthy tissue. 
Without targeted administration in the form of AuNPs, only 
a small amount of the drug reaches the tumor tissue [18].

The loading of AuNPs with drugs is possible via two dif-
ferent approaches: non-covalent and covalent interactions. 
The advantage of the non-covalent interaction is that the 
structure of the approved drug remains unchanged. AuNP-
drug conjugates can be used to study cancer therapeutics 
[12].

Clinical trials have investigated the therapeutic potential 
of DASA for the treatment of PDAC in various settings. 
However, a significant clinical benefit associated with 
this treatment was not detected. In a monocenter, phase II 
trial, DASA monotherapy for treating chemotherapy naïve 
patients suffering from metastatic PDAC was not able to 
improve the clinical course of patients [19]. The addition of 
DASA to clinical standard of care chemotherapy of locally 
advanced PDAC could not improve the patient's clinical 
course (NCT01395017 as assessed via www.​clini​caltr​ials.​
gov in December 2023). Other trials that include DASA as 
part of a poly chemo-combination treatment for preventing 
the emergence of therapy resistance in PDAC did not show 
significant improvements for the patient's course [20] or are 
still ongoing with no results posted (i.e. NCT04164069, 
NCT01660971 as assessed via www.​clini​caltr​ials.​gov in 
December 2023). The disappointing outcomes of the human 
studies urgently call for developing next-generation DASA-
based drugs. To do so, we designed a facile strategy to syn-
thesize AuNPs stabilized with the biocompatible polymer 
poly(vinyl alcohol) (PVA) and with DASA embedded into 
the polymer shell surrounding the AuNP (Supplementary 
Fig. S1B). We have deposited the drug non-covalently onto 
the AuNP@PVA particle. This has the advantage of not 
altering the chemical structure of the drug, thus keeping 
the approved drug unchanged. We tested the augmented 
anti-cancer potential of the DASA nanodrug relative to 
naïve DASA by comparative quantification of diminishing 
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cell proliferation of PDAC cell lines. Moreover, we used 
large-scale molecular data from clinical sample datasets to 
benchmark previously described Src kinetome dysregula-
tion on the transcriptome level. We identified a predictive 
mRNA marker for tumor malignancy and for DASA treat-
ment resistance. For a possible better future understanding 
of the disease, we also provide indicative mRNA data for 
the possible involvement of Src kinases in PDAC patients 
with risk factor manifestation, including diabetes mellitus.

Materials and methods

Details about used materials

Potassium tetrachloridoaurate(III) (KAuCl4; Cat. 334545), 
poly(vinyl alcohol) (PVA; Cat. 81381) Mw ~ 31,000 g/
mol and fluorescein isothiocyanate (FITC; Cat. 46950) 
were purchased from Sigma Aldrich, Darmstadt, Germany. 
Sodium citrate dihydrate (NaCit; Cat. 364905) was obtained 
from J.T. Baker Chemicals, Schwerte, Germany, and dasat-
inib (DASA; Sprycel; Cat. BD35158) from BLD Pharmat-
ech GmbH, Kaiserslautern, Germany. Ethanol (Cat. 32221) 
and methanol (Cat. 32213) with p.a. purity were received 
from Merck, Darmstadt, Germany. Dulbecco´s modified 
eagle medium (DMEM, Cat. 11965092) with high D-glu-
cose (4.5 g/L), fetal bovine serum (FBS, Ref. 10270-106), 
penicillin–streptomycin (Pen/Strep, Cat. 15140122), 0.05% 
trypsin (Cat. 25300054) and sodium pyruvate (100 mM, 
Cat.11360070) were purchased from Gibco™, Thermo 
Fisher Scientific, Schwerte, Germany. The CellTiter-Glo 
2.0 (Cat. G9242) cell viability glo kit was obtained from 
Promega. Hoechst 33342 (Cat Nr. 62249) was purchased 
from Thermo Scientific and the Dako fluorescence mount-
ing medium (Cat Nr. S302380-2) was from Agilent Tech-
nologies. T75 cell culture flasks (Ref. 83.3911.002) were 
from SARSTEDT AG & Co. KG, Nümbrecht, Germany, 
and BRAND 96 flat white (Ref. 781970) well plates from 
BRAND GmbH + KO KG, Wertheim, Germany. All pur-
chased materials were used without further purification. For 
the AuNPs synthesis, ultrapure water was used.

Methods for nanoparticle characterization

Dynamic light scattering (DLS): Hydrodynamic diameters 
were measured with a Malvern Nano S Zetasizer with a 
HeNe laser at a wavelength of 633 nm. Ultraviolet–visible 
(UV–VIS): Spectra were recorded on a P9 double-beam 
spectrophotometer from VWR. Infrared (IR): Spectra were 
measured with a Bruker TENSOR 37 spectrometer between 
550 and 4000 cm–1 with ATR technique (diamond crystal). 
Transmission electron microscopy (TEM): Images were 
recorded with a JEOL JEM-2100Plus electron microscope 

at an accelerating voltage of 200 kV with a Matataki Flash 
camera. The size of the AuNPs was measured with a Gatan-
Digital Micrograph software and over 200 particles were 
counted for the size distribution. Each AuNP suspension 
was diluted in the same solvent in which the particles were 
already dispersed and 10 μL of this diluted dispersion was 
dropped onto a 200 µm carbon-coated copper grid from 
Electron Microscopy Sciences (Munich, Germany). The 
grid with the dispersion was dried in air under ambient con-
ditions. Thermogravimetric analysis (TGA): The mass loss 
versus temperature was investigated on a Netzsch TG209 
F3 Tarsus, Netzsch, Selb, Germany under a nitrogen atmos-
phere up to 1000 °C at a heating rate of 5 K min–1. Zeta 
potential: The surface charge of the AuNPs was determined 
with the Zetasizer Nano ZS from Malvern Panalytical. High-
performance liquid chromatography (HPLC): The Shimadzu 
LC 20AT instrument with an SPD-M20A UV–Vis detector 
and a Luna C18(2) (250 × 4.60 mm, 5 microns) column from 
Phenomenex® were used for the quantification of the DASA 
concentration in the solutions. All solutions were degassed 
with ultrasonication (Bandelin Sonorex, Berlin, Germany) 
before use and the samples were filtered through a 0.2 µm 
Millex filter (Millipore). The mobile phase was metha-
nol–water (82:18, v/v) and had a flow-rate of 1 mL min–1 at 
ambient temperature. The injection volume was 20 µL and 
the detection wavelength was 322 nm.

Synthesis of poly(vinyl alcohol) stabilized gold 
nanoparticles (AuNP@PVA)

The amount of 20 mg (52.9 μmol) of KAuCl4 and 133 mg 
(4.3 μmol) of PVA were dissolved in 200 mL of ultrapure 
water and the solution was heated to 90 °C under stirring. 
At 90 °C, 29 mg (98.6 μmol) of sodium citrate dihydrate 
(NaCit) was added and the solution was continued to stir 
for 30 min. The color changed from light yellow to dark 
red. From the dispersion, 5 mL were centrifuged, the super-
natant was separated by decantation and discarded and the 
AuNP@PVA precipitate was resuspended in 5 mL of etha-
nol. The estimated number of functionalized gold nanopar-
ticles AuNP@PVA per 5 mL batch is 3.5·1016, alternatively 
7·1015/mL.

Loading of DASA on gold nanoparticles (AuNP@
PVA‑DASA)

DASA was dissolved in ethanol to get a stock solution con-
centration of 1 g/L. The volume of 0.8 mL of this solu-
tion (8·10–4 g, 1.64·10–3 mmol) was added to 5 mL of the 
ethanolic AuNP@PVA dispersion during stirring. The com-
bined mixture was heated to 40 °C for 30 min and stirred for 
another 72 h at ambient temperature. The chemical struc-
ture of DASA and a pictorial presentation of the schematic 
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synthetic route to the AuNP@PVA-DASA conjugate can be 
found in Supplementary Fig. S1.

Synthesis of fluorescent‑labelled AuNP@PVA 
(AuNP@PVA‑FITC)

A FITC stock solution with a concentration of c = 1 g/L was 
prepared in dimethyl sulfoxide (DMSO). The volume of 
8 mL (8·10–3 g, 21 μmol) from this stock solution was added 
to 50 mL of the previously prepared aqueous AuNP@PVA 
dispersion (giving an estimated number of functionalized 
gold nanoparticles AuNP@PVA of 35·1016/58 mL). The 
mixture was stirred for 8 h at room temperature and then dia-
lyzed with a 3.5 kDa Spectra/Por®membrane against phos-
phate-buffered saline (PBS) for 24 h. AuNP@PVA-FITC 
was centrifuged and redispersed in 58 mL of Dulbecco’s 
modified eagle medium (DMEM) (with 6·1015 AuNP@PVA 
nanoparticles per mL).

Cell culture

PANC-1, AsPC1, and COLO357 were provided by Mr. Uwe 
Knippschild, General and Visceral Surgery, University Hos-
pital Ulm. The cells were cultured into DMEM with 10% 
FCS, 1% Pen/Strep, and 1% sodium pyruvate. In a T75 cell 
culture flask, the cells were cultured adherently to 80% con-
fluency while changing the media every 3 days. As they were 
80% confluent, 0.05% trypsin was used to dissociate the cells 
and pass them.

For a further quality control factor, STR profiling was 
performed and cross-checked to ensure the authenticity of 
the cell lines (Supplementary Table S1). After the third pas-
sage following thawing from cryovials, the cells were ready 
for the experiment. The cells were weekly tested for the 
absence of mycoplasma in the culture using DreamTaq™ 
Green PCR Master Mix (2X) from Thermo Scientific, prim-
ers (GPO-3_REV 5′-GGG AGC AAA CAG GAT TAG ATA 
CCC T-3′, MGSO_FOR 5′-TGC ACC ATC TGT CAC TCT 
GTT AAC CTC-3′) purchased from Microsynth, derived 
from a conserved region in the 16S rRNA gene of mollicutes 
(mycoplasma) and mycoplasma DNA as positive control.

Growth inhibition and cell viability assay

The cells were counted using a trypan blue exclusion assay. 
After that, the cells were plated on the 96 well plate at 2000 
cells in each well with 100 μL of cell culture media. After 
24 h of initial settlement time, the normal culture media was 
replaced with media containing the different treatment types. 
The ATP consumption at defined time points was quantified 
by the commercial reporter kit CellTiter-Glo 2.0 according 
to the instructions of the manufacturer. The measurements 

were done on a SPARK 20 M microplate reader (Tecan, 
Austria).

Fluorescent microscopy

The fluorescent-labeled gold nanoparticles AuNP@PVA-
FITC were resuspended with 58 mL of culture media. The 
number of 50,000 cells was seeded at a 24 well plate with 
coverslips inside and AuNP@PVA-FITC was added to the 
wells after 48 h, till the cells settled completely. A volume of 
50 μL of the AuNP@PVA-FITC solution was resuspended 
to 500 μL of the culture medium, providing 3·1014 AuNPs 
per well plate. After 36 h of incubation, the culture medium 
with AuNP@PVA-FITC was aspirated and washed with 
PBS twice, followed by 15 min of fixation with ice-cold 
70% methanol. After washing out methanol twice with PBS, 
a Hoechst 33342 solution was used to counterstain at 1 μg/
mL, suspended to PBS. After 10 min of incubation, residues 
were eliminated by rinsing the cells twice. The coverslips 
were mounted on a slide using a Dako fluorescence mount-
ing medium. Zeiss Axio Observer 7 inverted microscope 
was used to analyze the slides with the software Zen Blue. 
Further image processing was performed using Fiji [21].

Bioinformatics

RNA sequencing data and clinical data were downloaded 
from the TCGA database (https://​portal.​gdc.​cancer.​gov/, 
July 2023). For analyzing the perineural invasion (PNI) rel-
evance we downloaded the data from GSE102238 featuring 
n = 28 PDAC samples with PNI and n = 22 PDAC samples 
without PNI. We evaluated Src related genes expression in 
dependency of different clinical pathological conditions. 
These include T staging (indicating tumor size and discrim-
inating neoplasms that expand to extrapancreatic lesions) 
[22], perineural invasion (PNI) status [23], AJCC staging 
[24] and the histo-morphological-based definition of tumor 
grade [25] and in the context of microenvironmental fac-
tors such as patients´ risk behavior including alcohol use or 
smoking or in connection of underlying disease condition 
of diabetes. We downloaded RNAseq data from the GEO 
database with the number code GSE160434 and selected 
three cell lines (PANC1, ASPC1, and COLO357) and the 
related Src genes expression matrix. We used the R-package-
ggplot to show the Src-related genes expression in different 
cell lines.

Statistics

The two-way ANOVA for repeated measurement was per-
formed to analyze the data for the in vitro drug sensitiv-
ity assay with treatment time and treatment condition as 
independent variables and consecutive days as repeated 
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measures. Furthermore, post hoc comparisons for statisti-
cally significant datasets were conducted and all calcula-
tions were conducted in GraphPad Prism (GraphPad Soft-
ware, Inc., version 10). We used the Kruskal–Wallis H 
test for all Src kinase family members (SRC, LYN, FYN, 
LCK, HCK, FGR, BLK) in the clinic factor group and then 
the Wilcoxon test was performed to analyze the difference 
between each gene. The log-rank test was used for survival 
analysis between two groups. A p-value of less than 0.05 
was defined as statistically significant.

Results

Transcriptional activity of Src kinase family 
members in clinical samples identifies clinical 
prognostic values.

We performed a comprehensive analysis of Src family 
members’ gene expression analysis according to clinical 
subtypes of pancreatic cancer and its patients. By using 
consensus clinical differentiation of PDAC malignancy, 
we identified significant augmentation of transcriptional 
activity of selected Src members in tumors with higher 
malignancy grades, based on three different classification 
regimes (Fig. 1A–C and Supplementary Table S2). Inter-
estingly, a risk behavior of the patient, such as alcohol 
abuse or smoking, did not induce Src family mRNA acti-
vation, indicating a minor role of those microenvironmen-
tal stimuli in the context of Src (Fig. 1D–F and Supple-
mentary Table S2). To follow this interesting observation, 
we split PDAC patient samples into two groups according 
to the presence of diabetic comorbidity in a follow-up test 
and evaluated the clinical course of patients with high and 
low expression of BLK (B lymphocyte kinase). For the 
PDAC patients with no diabetes history, no statistical sig-
nificance between high and low expression was observed 
(Fig. 2A). However, for the PDAC patients with a diabetes 
history, elevated expression of BLK results in a remark-
ably poorer clinical outcome when compared with patients 
whose tumors had low expression of BLK, although the 
statistical results showed no significance (Fig. 2B).

Recently, the discovery of direct interaction of tumor 
cells with nerve cells via synaptic structures or micro/
nano tunnel systems evolved into a new direction of can-
cer research termed ‘cancer neuroscience’ [26] including 
in pancreatic oncology [27]. Our analysis did not indicate 
that PDAC cells´ Src kinase network is involved in these 
processes, as we could not identify differences in gene 
expression levels according to the neural invasion status 
of the tumors (Supplementary Fig. S2).

Nanofunctionalization of DASA

For the immobilization of DASA, gold nanoparticles were 
prepared with poly(vinyl alcohol) (PVA) in a one‑pot syn-
thesis. PVA serves as a stabilizer to prevent the agglomera-
tion of nanoparticles. PVA is biocompatible and the synthe-
sis is very promising to generate stable AuNPs for in vitro 
experiments. The drug deposition onto the AuNP@PVA 
composite relies on supramolecular, non-covalent O–H···O, 
N–H···O, and even O–H···Cl hydrogen-bonding interactions 
between the amide, amine, hydroxyl and chloro groups in 
DASA (cf. Supplementary Fig. S1) and the many alcohol 
hydroxyl groups in PVA [28]. The drug could be readily 
dissolved in ethanol at a concentration of 1 g/L. The PVA-
coated gold nanoparticles (AuNP@PVA) were suspended 
in ethanol before DASA addition. To ensure that the solvent 
ethanol and the drug DASA did not affect the stability of the 
AuNPs, TEM images were taken to investigate the stability. 
The size and morphology of the AuNPs were determined 
to be unchanged when dispersing them in ethanol instead 
of water. The TEM images in Fig. 3 also show the distribu-
tion of the AuNPs before and after loading with DASA. A 
spherical shape without agglomeration can be observed in 
all three images (A–C) and the average size of the AuNPs 
is 9 ± 2 nm. From the contrast and the decomposition of 
organic matter in the energy of the 200 kV electron beam, 
the TEM images and histograms depict only the AuNPs and 
not the PVA shell.

Dynamic light scattering (DLS) was measured to deter-
mine the hydrodynamic diameter, the width of the particle 
distribution, and the polydispersity index (PDI) of AuNP@
PVA. The size distribution from DLS is shown in Fig. 4I. 
The medium hydrodynamic diameter of the AuNP@PVA 
sample in water was 15 nm and the PDI was 0.23 (Fig. 4Ia). 
By changing the solvent from water to ethanol, the medium 
hydrodynamic diameter of AuNP@PVA in ethanol increased 
to 19 nm with a PDI of 0.25 (Fig. 4Ib). After loading with 
the drug, AuNP@PVA-DASA in ethanol had a hydrody-
namic diameter of 19 nm and the PDI was 0.36 (Fig. 4Ic).

Ultraviolet–visible spectroscopy (UV–VIS) analysis in 
Fig. 4II displays the characteristic absorption maximum 
of DASA, AuNP@PVA in water, ethanol, and of AuNP@
PVA-DASA in ethanol. The samples AuNP@PVA in water 
and ethanol have an absorbance maximum of 527 nm due to 
the surface plasmon resonance of AuNPs. Compared to the 
AuNP@PVA samples, AuNP@PVA-DASA shows in addi-
tion to the absorption band of AuNPs at 527 nm, the absorp-
tion maximum of DASA at 322 nm [29] which confirms the 
loading of AuNP@PVA with DASA.

IR spectra were measured with the dry samples to further 
verify the DASA loading through its characteristic bands in 
the sample AuNP@PVA-DASA in ethanol. The spectrum 
of AuNP@PVA-DASA in ethanol displays the signals for 
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the OH group (3467 cm–1) and the NH group (3193 cm–1), 
C=O (1618 cm–1) from the amide bond, C=N (1575 cm–1) 
and C=C (1508 cm–1) also seen in the spectrum in DASA 
(Fig. 4III).

To determine the surface charge of the particles, the zeta 
potential was determined. The composite AuNP@PVA 
in water had a zeta potential of  − 20 mV and in ethanol, 
the zeta potential was − 12 mV. After addition of the drug, 
the AuNP@PVA-DASA sample in ethanol assumed a zeta 
potential of  − 14 mV, which is close to the zeta potential of 

AuNP@PVA in ethanol, as would be expected for the addi-
tion of neutral DASA molecules into the PVA shell [30, 31].

From thermogravimetric analysis (TGA), the stability 
of the AuNP@PVA-DASA in ethanol sample up to 210 °C 
could be determined (Supplementary Fig. S3).

Quantification of drug loading

After stirring AuNP@PVA for 72 h in the DASA solu-
tion (V = 5.8 mL) with a concentration of 0.1379 g/L, the 

Fig. 1   The expression of Src kinase family members (SRC, LYN, 
FYN, LCK, HCK, FGR, BLK) genes in the clinical factor (T stage, 
AJCC stage, grade, alcohol, diabetes, and smoking). The Kruskal–
Wallis H test was applied to all members of the Src kinase family 
within each clinic factor, followed by the Wilcoxon test to evaluate 
differences between individual genes and p < 0.05 was defined as 
statistically significant. A tumor (T) staging according to the tumor, 

node and metastasis (TNM) system with T1/2 stages in blue, and 
T3/4 stages in red. B American Joint Committee of Cancer Staging 
(AJCC) system with low stage I in blue, and high stages II–IV in red. 
C Histopathological-based grading of tumor with grade 1 in blue and 
high grades 2–4 in red or in dependency of manifestation of risk fac-
tors (D: alcohol abuse, E: diabetes disease status, F: smoking)

798



Nanoformulation of dasatinib cannot overcome therapy resistance of pancreatic cancer cells…

samples were centrifuged, hence the AuNP@PVA-DASA 
particles separated from the supernatant DASA solution, 
and the DASA concentration in the supernatant was quan-
tified to 0.1246 g/L using a standard calibration curve of 
the HPLC (Supplementary Figs. S4 and S5).

From the molar amount of DASA before and after 
the loading of the AuNP@PVA composite, the molar 
amount of DASA on the nanoparticles can be calculated 
(MDASA = 488  g/L) (Eq.  1). The molar difference was 
1.57·10–7 mol.

With the following Eqs. (2)–(6) the average amount of 
DASA on a single AuNP@PVA particle is calculated.

At first, the average volume of a single AuNP, VAuNP 
can be calculated with Eq. (2). The radius was determined 
by TEM (r = 4.5 nm).

The average mass of a single AuNP, mAuNP is calculated 
by Eq. (3) with the specific density of Au (ρAu = 19.32 g/
cm3).

Assuming a 100% conversion of KAuCl4 (20 mg, con-
taining m = 10.53 mg Au) to AuNPs in 200 mL of water, 
from which 5 mL batches were taken for the DASA load-
ing, the number of AuNPs, NAuNP in the 5 mL dispersion 
can be determined (Eq. 4). The 5 mL dispersion contains 
mAu = 0.26 mg.

(1)nDASA =

cDASAbefore−after ⋅ V

MDASA

= 1.57 ⋅ 10−7mol

(2)VAuNP =

4

3
⋅ � ⋅ r3

AuNP
= 382 nm3

(3)mAuNP = �Au ⋅ VAuNP = 7.38 ⋅ 10−18g

From the molar uptake amount of DASA of 
nDASA = 1.57·10–7  mol and the Avogadro constant 
(NA = 6.022 ⋅ 1023 mol−1) the number of DASA molecules, 
NDASA taken up by the AuNP@PVA composite can be cal-
culated using Eq. (5).

Dividing the number of loaded DASA molecules, NDASA 
by the number of AuNPs, NAuNP then yields the average 
number of DASA molecules per AuNP@PVA particle, 
NAu-DASA (Eq. 6).

Thus, on average 2.7 DASA molecules are loaded on a 
single AuNP@PVA particle.

Stability tests

For the cell experiments, the cells were incubated with the 
AuNP@PVA-DASA conjugate for 4 days. To determine the 
stability of the AuNP@PVA-DASA conjugate during the 
cell experiments, the DASA-loaded gold-PVA nanoparti-
cles were dispersed in the cell medium DMEM for 4 days at 
37 °C and analyzed by HPLC, TEM, and DLS.

For comparison, the stability of AuNP@PVA-DASA was 
also analyzed in ethanol over 4 days at 37 °C, the solvent 
in which the AuNP@PVA-DASA conjugate was initially 

(4)NAuNP =

mAu

mAuNP

= 3.5 ⋅ 1016

(5)NDASA = nDASA ⋅ NA = 9.46 ⋅ 1016

(6)NAu−DASA =

NDASA

NAuNP

= 2.7

Fig. 2   Expression level of BLK 
in tumor samples of PDAC 
patient without history of dia-
betes cannot predict differences 
in mean overall survival of the 
patient (A), whereas a remark-
able trend towards shorted over-
all survival time was noticed 
in diabetic PDAC patients with 
high BLK expression (B). The 
log rank test was used for sur-
vival analysis between high and 
low expression BLK groups, 
and p < 0.05 was defined as 
statistically significant
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synthesized, to see if the change of solvent had an effect on 
the stability of the AuNP@PVA-DASA.

The TEM images and the distribution of AuNPs 
are shown in Supplementary Fig. S6. All images show 
unchanged spherical AuNPs without agglomeration over 
the time of 4 days, both in ethanol and in the cell-culture 
medium DMEM. Thus, AuNPs remained stable over 4 days 
in both solvent media with an average size of 9 ± 2 nm.

The development of the size distribution from dynamic 
light scattering of the AuNP@PVA and AuNP@PVA-
DASA samples over time is shown in Supplementary 
Fig. S7. After DASA loading, the AuNP@PVA-DASA 

conjugate showed a size of 19 nm in ethanol (cf. Fig.4 
above). The average hydrodynamic diameter of AuNP@
PVA in DMEM is 26 nm with a PDI of 0.28. Changing 
the solvent from ethanol to DMEM increases the hydrody-
namic diameter to 68 nm with a PDI of 0.87. After 1 day 
the AuNP@PVA-DASA conjugate had a hydrodynamic 
diameter of 197 nm with a PDI of 1, after 2 days a diam-
eter of 256 nm with a PDI of 0.73, after 3 days a diameter 
of 794 nm with a PDI of 0.43 and after 4 days a diameter 
of 790 nm with a PDI of 0.52. The increase in the hydro-
dynamic diameter can be attributed to the swelling of the 
polymer under physiological conditions.

Fig. 3   TEM images and his-
tograms of a AuNP@PVA in 
water, b AuNP@PVA in ethanol 
and c AuNP@PVA-DASA in 
ethanol with an average size 
of the AuNPs of 9 nm with a 
rounded standard deviation 
of ± 2 nm. The rounded variance 
(V) and percentage variation 
coefficient (%CV) were also cal-
culated: a V = 4, %CV = 21%; 
b V = 5, %CV = 25%; c V = 3, 
%CV = 18%. 200 particles were 
analyzed for each histogram
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The development of the hydrodynamic diameter over 
time of AuNP@PVA-DASA in ethanol is shown in Supple-
mentary Fig. S8. Here the hydrodynamic diameter increases 
after 1 day from 19 nm (cf. Fig. 4) to 89 nm with a PDI of 
0.25. After 2 days the AuNP@PVA-DASA conjugate has 
a hydrodynamic diameter of 248 nm with a PDI of 1, after 
3 days a diameter of 286 nm with a PDI of 1 and after 4 days 
a diameter of 410 nm with a PDI of 0.58. Thus, by changing 
the solvent from ethanol to DMEM a higher hydrodynamic 
diameter can be observed.

In addition to the morphological stability, the DASA 
loading on the AuNPs in DMEM at 37 °C was also investi-
gated over 4 days. For this purpose, the AuNP@PVA-DASA 
conjugate was resuspended in DMEM and the supernatant 
was measured daily by HPLC. The amount of DASA in the 
supernatant was used to determine the remaining DASA 
loading on the AuNPs. It was shown that 50% of the loaded 
DASA quantity was still adsorbed on the AuNPs after 1 day. 
After 2 days there was still about 20% of the initial DASA 
on the AuNP@PVA composite and after three days there 
was still about 1%. After four days, no DASA could be 
detected anymore in the supernatant, as the residual amount 
of AuNP@PVA which could be brought into solution was 
below the detection limit of 0.6 × 10–5 AU.

In vitro drug sensitivity test results

Following the characterization of the gold nanoparticle 
samples, the study proceeded to conduct in vitro experi-
ments using AuNP@PVA-DASA in ethanol on three dif-
ferent PDAC cell lines. Notably, this study marks the first 
report of using AuNP conjugates with DASA for medical 
purposes specifically targeting PDAC. In Supplementary 
Fig. S9, exemplary microscopy images of the PANC1, 
AsPC1, and COLO357 cell lines are visualized. As indi-
cated in the legend, cells were subjected to various treat-
ments including AuNP@PVA in ethanol, AuNP@PVA-
DASA in ethanol, naïve DASA, and control groups for a 
duration of 96 h. F, df, and exact p values for each in vitro 
drug sensitivity assay are documented in Supplementary 
Table S3. Figure 5 presents the quantitative data regarding 
the impact of the different treatment conditions on cellular 
growth revealing more therapy sensitivity in COLO357 as 
compared to other disease models. Overall, our nanomedi-
cine approach was not able to increase the anti-growth 
effect of DASA, however, various follow-up studies are 
needed to verify if this is due to the inability to augment 
the bioavailability of the drug in the target cells.

Fig. 4   I Dynamic light scat-
tering measurements with 
hydrodynamic diameter of a 
AuNP@PVA in water (15 nm; 
PDI = 0.23), b AuNP@PVA 
in ethanol (19 nm; PDI = 0.25) 
and c AuNP@PVA-DASA in 
ethanol (19 nm; PDI = 0.36). II 
Ultraviolet–visible spectra of 
DASA, AuNP@PVA in ethanol, 
AuNP@PVA in water and 
AuNP@PVA-DASA in ethanol 
with an absorbance maximum 
of AuNP@PVA at 527 nm 
and of DASA at 322 nm. III 
Infrared spectra of AuNP@
PVA-DASA, AuNP@PVA in 
ethanol, DASA and PVA with 
the characteristic absorption 
bands of AuNP@PVA-DASA
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Transcriptional activation of Src kinase family 
members in therapy‑resistant vs therapy sensitive 
cell models

We tested the gene expression levels of Src family members 
on the used cell models using publicly available RNAseq data. 
Strikingly, the sensitive cell model COLO357 has significant 
upregulation of LYN, which was the only significant upreg-
ulated Src family member as compared to all resistant cell 
models (Fig. 6).

Fig. 5   Assessment of biological effects of nanoformulated DASA 
as compared to comparator treatments by quantifying cell growth 
of PDAC cell lines under exposure to different concentrations for 
up to 6  days. Cell growth-drug response plots of three PDAC cell 
models-PANC1, AsPC1 and COLO357. Selected dasatinib doses 

were 1000 nM, 500 nM, 100 nM and 10 nM. ns signifying p > 0.05, 
* for ≤ 0.05, ** for ≤ 0.01, *** for ≤ 0.001 and **** for ≤ 0.0001. 
Two-way ANOVA test for repeated measurement was performed with 
Dunnett’s post hoc test for statistically significant datasets

Fig. 6   Transcriptional activation of Src family gene members in 
the PDAC cell models reveals high LYN mRNA associated with 
increased sensitivity to DASA
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Discussion

By using a variety of computational assessments on large-
scale genome datasets, our work supports the clinical rel-
evance of Src kinase pathways networks for the diagnosis 
of pancreatic cancer progression. Our analysis of survival 
data enforces the activation of the Src kinome as a promis-
ing therapeutic target and indicates that the family member 
BLK might be involved in the development of PDAC in 
diabetic patients. To overcome the high levels of therapy 
resistance of pancreatic cancer to the DASA, a clinical 
Src inhibitor, a development of nanoparticle-based deliv-
ery platform was developed. Functional validation of our 
nanodrug in cancer cell lines suggests that the Src member 
LYN plays a pivotal role in mediating the resistance to 
DASA no matter in naïve or in nanoparticle system.

The dysregulation of the Src kinases network is a main 
driver of tumorigeneses and the development of signal-
ing inhibiting strategies is the center of a variety of drug 
development projects [6]. Src signaling is thought to sup-
port the notoriously high therapy resistance properties of 
PDAC and experimental work not only shows that inhib-
iting Src in PDAC is feasible [32], but also potentiates 
the effect of standard of care chemotherapy [33]. To date 
DASA is the only clinically approved Src kinase inhibitor 
used for the treatment of patients with blood cancers [8, 9]. 
Clinical trials investigating the potential of DASA to treat 
PDAC, however, have not resulted in promising outcomes 
(i.e. [19], NCT01395017, NCT04164069, NCT01660971 
as assessed via www.​clini​caltr​ials.​gov in December 2023). 
Nanoparticle-based delivery of drugs is emerging as a 
technologically and clinical feasible strategy to overcome 
drug resistance barriers in cancer [34, 35], including for 
PDAC [36]. In a continuation of our previous work on 
increasing effectivity of an anti-cancer compound to treat 
highly chemotherapy resistant cancer stem cells [37, 38], 
we deployed our in-house developed gold nanoparticle 
platform for the purpose to augment the DASA PDAC cell 
killing effect. As a summary of our results, we conclude 
that the applied nano-medicine strategy did not deliver 
major advantages to the drug performance as compared to 
the naïve drug. Compared to our previous studies in glio-
blastoma, in this project we relied on classical monolayer 
cell models as test matrix for the nanoparticle system, as 
compared to 3D models. It is well known that 3D models 
are pathophysiological more suitable in vitro cancer mod-
els, usually featuring higher therapy resistance levels as 
their isogenic 2D counterparts [39, 40]. In contrast to our 
studies on glioblastoma, the cellular uptake of the current 
version of DASA gold nanoparticles is low with only mod-
erate intracellular signal of the fluorescence dye labeled 
particles detectable after prolonged exposure time (up to 

24 h, Supplementary Fig. S10). To narrow down the influ-
ence of the chemical modification applied in this project 
on the overall uptake properties of the particles, it would 
be interesting to compare the cellular uptake of our parti-
cles between the two diseases as well as between the two 
culture conditions of same cell line. Moreover, for follow-
up projects, some relevant chemical aspects on the drug 
modification shall be considered that may improve the 
DASA uptake in PDAC cells: The cell uptake of AuNPs 
depends on their size. Most AuNPs cannot reach the tumor 
tissue due to their size, as they are either too small or too 
large. A nanoparticle size between 10 and 100 nm should 
be achieved in order to be able to penetrate the leaky tumor 
tissue. The size of the present AuNPs could be too small 
for the desired effect of strong penetration, as a result of 
which too low a concentration of the drug used reaches the 
tumor cells [41]. To do so, the AuNP size can be varied by 
changing the ratio of the gold precursor and the reducing 
agent NaCit or by exchanging the reducing agent NaCit 
with NaBH4 [42]. In addition, stability tests were used to 
show that the AuNP remain stable under the conditions of 
the cell tests and that the DASA loading decreases during 
the 4 days.

Although our data is due to its correlative nature at 
most indicative rather than mechanistically explained, our 
analysis further supports the previously described impor-
tant roles of Src kinase members as cancer biomarkers. 
LYN, as an important member of the SCR family, plays 
an important role in the disease progression of pancre-
atic cancer. As the results analyzed by our bioinformatics, 
this gene was significantly associated with the pancre-
atic cancer size, AJJCC stage. In addition, we also found 
that the sensitive cell model COLO357 has significant 
upregulation of LYN. This conclusion is also supported 
by previous findings. By using enzymatic activity profil-
ing, Creeden et al. recently identified LYN kinase over 
activation in PDAC cell lines and patient tissue samples 
[7]. Moreover, LYN kinase emerges as tumor micro envi-
ronmental-derived regulator of cancer progression [43]. 
Stroma-derived LYN even enhances cancer cell survival 
[44], shedding new light on its role as resistance media-
tor for tumor cells under therapy stress. Of note, PDAC 
is a tumor type with the highest fraction of stroma, with 
reports stating that desmoplastic stroma cells feature up 
to 90% of the PDAC parenchyma [45]. Our cell line data 
further highlighted the relevance of LYN in PDAC. The 
results indicate that high mRNA expression of LYN might 
result in increased sensitivity towards DASA. COLO357, 
the cell model with the highest LYN activity, is known 
to represent a tumor with high Src dependency [46]. Our 
results are in line with previous reports on other diseases 
proposing a high LYN mRNA activation level as a vital 
indicator for drug sensitivity to DASA, such as in lung 
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cancer [47] and leukemia [48, 49]. Based on the above 
conclusions, we hypothesized that if the efficiency of drug 
delivery is increased in PDAC patients with high expres-
sion of LYN, the clinical benefit rate of patients can be 
significantly enhanced.

In addition, we also found a very significant upregula-
tion of the Src kinases member BLK in PDAC patients with 
diabetes as compared to tumors developed by non-diabetic 
patients. Although due to the fact that a low sample size 
was analyzed and the result is not statistically significant, 
a high BLK expression in PDAC patients with diabetic his-
tory is associated with strongly reduced median overall sur-
vival time of the patients. The manifestation of diabetes is 
a mayor risk factor for pancreatic cancer development [50]. 
Identification of underlying molecular mediators of this risk 
factor for PDAC development will be of tremendous impact 
for the community. We hypothesize that BLK with AuNP@
PVA-DASA conjugates is an interesting candidate for PDAC 
patients with diabetes.

PDAC cases exhibiting neural invasion or inclusion are a 
historically well-defined morphological subtype of the dis-
ease with particular bad clinical prognosis associated for 
the patient [23, 51]. We also investigated whether there are 
risk factors among Src family members that promote the 
development of PNI in tumors to provide a basis for the 
development of the AuNP@PVA-DASA system targeting 
this protein. To the best of our knowledge, we performed 
the first analysis to probe for differences in Src activation 
in perineural invading (PNI) PDAC vs PDCA that do not 
involve neural components as defined by pathology diag-
nostics (non-PNI PDAC). Unfortunately, the results show 
that Src signalling seems not to be involved in PNI-driven 
biology of PDAC. However, our analysis uses sequencing 
data retrieved from bulk samples ignoring intra-tumoral 
heterogeneity. It would be interesting to test Src activity in 
PDAC cells juxtaposing the nerves and compare to the sig-
nals found in the tumor parenchyma.

In line with results from peptide-based kinome array 
profiling that showed increased protein tyrosine kinase 
activity in PDAC and suggested LYN and BLK amongst 
most promising candidates [7], our work further supports 
the importance of LYN and BLK in pancreatic oncology. 
Follow-up studies with functional models with genetically 
inhibited LYN/BLK, ideally featuring stroma microenvi-
ronment as a culture component, are required to verify our 
indicative hypothesis. Moreover, one might transform PDAC 
in a druggable type of disease by optimizing DASA delivery 
into hard to treat PDAC cells, i.e. via equipping our particle 
platform with a targeting moiety to enforce tumor cell sur-
face binding [52], construction of multidrug nanomedicines 
[53], developing smart sequential combination treatments or 
employing synthetic and/or self-assembling carriers such as 
dendrimers [54].
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