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Abstract

Highly aggressive cancer types such as pancreatic cancer possess a mortality rate of up to 80% within the first 6months after diagnosis. To reduce
this high mortality rate, more sensitive diagnostic tools allowing an early stagemedical imaging of even very small tumours are needed. For this
purpose, magnetic, biodegradable nanoparticles prepared using recombinant human serum albumin (+rHSA) and incorporated iron oxide
(maghemite, y-Fe2Os)nanoparticles were developed. Galectin-1 has been chosen as target receptor as this protein is upregulated in pancreatic
cancer and its precursor lesions but not in healthy pancreatic tissue nor in pancreatitis. Tissue plasmin-ogen activator derived peptides (t-PA-ligands),
that have a high affinity to galectin-1 have been chosen as target moieties and were covalently attached onto the nanoparticle surface. Improved
targeting and imaging propertieswere shown in mice using single photon emission computed tomography—computer tomography (SPECT—CT), a

handheld gamma camera, and magnetic resonance imaging (MRI).

1. Introduction

During the last decades the development of early diagnostic methods for various tumours enabled an improvement in the
treatment of cancer patients. This achievement, however, has not been achieved for pancreatic ductal adenocarcinoma (PDAC).
PDAC is currently the fourth leading cause of cancer death in the United States of America [1]. Furthermore it is anticipated
to become the second leading cause of cancerrelated deaths in the year 2030 [1,2]. PDAC possesses a mortality rate of up to

80% within the first 6 months after diagnosis [3], and the 5-year survival rate is only 6.7% [4,5].
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The paramount problem with pancreatic adenocarcinoma is that in most cases this cancer is diagnosed only in late stages, after
possible metastasis spread, especially into the liver. Only 10%—15% of patients are diagnosed in the early stages of the disease
le].

Magnetic resonance imaging (MRI), computed tomography (CT),and single photon emission computed tomography—computer
tomography (SPECT—CT) are state of the art in the diagnosis of pancreatic tumours. However, these medical imaging methods often
don't have theability to distinguish pancreatitis from pancreatic cancer [7], which iseven worse as pancreatitis is a risk factor for
carcinogenesis. Even the addition of more sophisticated imaging techniques such as diffusionweighted imaging is of no help in
this effort [8].

In preclinical MRI studies, such as s of tumour cell migration and regional tumour growth, contrast enhanced MRI is used for both,
diagnostic purposes and therapeutic monitoring. (Super-)paramagnetic nanoparticles offer the advantage, that they can be
visualized in the morphologicstandard T1-weighted (T1w) and T2-weighted (T2w) sequences.

NPs represent a novel class of therapeutics and diagnostics for cancertherapy. Recent studies demonstrated that therapeutics bound
to or encapsulated into NPs provide an enhanced efficacy as well as reducedside effects compared to the respective unbound
therapeutic entities[9—11]. Due to the leaky vasculature within a variety of tumours combined with their poor lymphatic drainage,
nanoparticles can selectivelyaccumulate in the tumour tissue following intravenous injection [12]. Inaddition, the attachment of
targeting ligands that can bind to receptorsor other biochemical structures which are presented and overexpressedon the surface of
cancer cells, enhances the interaction with these cellsresulting in further increase of accumulation in the tumour. Moreover, the
targeting ligands also promote internalization by receptormediated endocytosis [13,14], which is a prerequisite for advanced in
tracellular therapeutic approaches such as interference with the cells' metabolism via siRNA. Tumour-associated antigens that are
already atearlier stages highly expressed on the cell surface of cancer cells butnot in neighbouring tissue or only in negligible
amounts are ideal for tumour targeting. Attachment or incorporation of diagnostic markers thuscould allow the detection of the
tumour by the targeted NPs using medical imaging. Since pancreatic adenocarcinomas are tumours witha very low perfusion
(hypovascularized tumours) and hence radiologically low contrast agent uptake, a nanoparticle accumulation in these tumours,
therefore, would be of great help for diagnosis as well as therapy.

Previous studies showed that these magnetic NPs (MNPs) consisting

of recombinant human serum albumin (HSA) and a magnetic core are non-toxic in vitro and in vivo and exhibited promising in
vitroMRI-behaviour [15]. The main advantage of MNPs is their ability tocovalently bind different molecules to their surface for
presentation tocellular molecular units such as receptors. Loaded NPs were able to release the drug or diagnostic agent after
internalization and procession of the particles in the targeted tissue, by using different binding techniques as described by
Wartlick et al. and Weber et al. [11,16]. Thisfact underlines the versatility of these particles in the scope of modularnanosystem
platforms.

Recently, it was shown that the galectin-family (Gal), especially galectin-1 (Gal-1), acts as functional receptors for tissue
plasminogenactivator (t-PA) [17]. The binding is specific with a strong affinity and, hence, may provide a promising strategy for

pancreatic cancer targeting.The expression of Gal-1 was reported to be upregulated in pancreaticcancer cells but is not expressed
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in adjacent normal tissues or adjacent inflammatory pancreas [18,19].

The prime objective of the present study is to investigate different

in vivo imaging procedures for their ability to improve the pancreaticcancer diagnosis using non-toxic human serum albumin
nanoparticlesthat offer the possibility for attachment of a variety of targeting ligandsand, as a further step, allow the binding of
drugs (theranostics). As targeting moiety glycosylated peptides derived from t-PA, Gal-1's natural ligand, were bound
covalently to previously developed [15] magnetic maghemite-containing nanoparticles (MNPs). The targeted MNPs were
physico-chemically characterized, and their potentialin vivo toxicity was determined by histology. The in vivo imaging

methods included MRI as well as SPECT-CT and handheld gamma camera after radiolabelling the MNPs with ¢7Ga.

2. Materials and methods

2.1.  Nanoparticle preparation

MNPs were prepared following a method previously described byRosenberger et al. [15]. For the incorporation of the magnetic
y-CANmaghemite NPs (CAN, (NH4)2Ce(IV)(NO3)s-y-Fe203 NPs) into the rHSA nanoparticles, rHSA (Sigma-Aldrich, Steinheim,
Germany) was dissolved to 100 mg/mL in 10 mM NaCl solution. 2000 ug or 4000 ugiron, respectively, were added to the protein
solution and incubated for1 h at 20 °C (Eppendorf thermomixer, 300 rpm, Hamburg, Germany). Af-terwards desolvation took place
by addition of 4 mL ethanol 96% (V/V)under constant stirring with a pump rate of 1 mL/min (ISMATEC IPN, Glattbrugg,
Switzerland). This procedure allowed a defined nanoparticleformation process. By using 117.5 uL glutaraldehyde 8% (v/v) (Sigma-
Aldrich, Steinheim, Germany) as a bifunctional crosslinker, the freeavailable amino groups on the surface of the denaturized
protein wereinactivated. The amount of required glutaraldehyde was calculated on the basis of 60 amino groups per molecule of
rHSA. This bifunctionalaldehyde was then added in excess in a quantity that would be required to crosslink 200% of these groups.
The nanoparticle suspension wasstirred at room temperature over 24 h to ensure the crosslinking process to be quantitative.

To remove free glutaraldehyde, denaturized protein, and y-CAN maghemite NPs in excess, three cycles of centrifugation (20
min, X 20,100 rcf) and resuspension of the centrifugation pellet in 1 mL ultra-purified water is necessary. Each resuspension step
was performed inan ultrasonic bath (Bandelin, Sonorex, Berlin, Germany). Finally, theamount of MNPs in suspension was
determined gravimetrically.

The particle size, size distribution (PDI), and surface charge (ZP) of the obtained MNPs were determined by dynamic light
scattering (DLS) using a Zetasizer Malvern Nano ZS (Malvern Instruments Ltd., Malvern, UK). For this purpose, a 10 uL. MNP
suspension was diluted with ultrapure water to 1 mL 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic-NHS (DOTA- NHS) ester
(CheMatech, Dijon, France) as chelator for 67Ga was attachedonto the surface of the MNPs using 1-ethyl-3-(3-dimethylamino-
propylcarbodiimide (EDC) as crosslinking moiety. Briefly, 5 mg MNP was resuspended in 0.1 M 2-(N-morpholino) ethanesulfonic
acid buffer(MES buffer) (Thermo Fisher Scientific Inc., Rockford, USA) and incubated with a 10-fold molar excess of EDC and 5 mg
DOTA-NHS for 1 h at roomtemperature. Afterwards, the DOTA-MNPs were purified three times bycentrifugation and resuspension
in Milli-Q water as described above.The amount of unbound DOTA-NHS ester in the supernatant was determined using HPLC

analysis.
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As targeting moiety tPApep.1rac was selected (see SI, t-PA peptidesand galectins interaction studies, SI Table S1). This sequence was
synthetized by Peptide Specialty Laboratories GmbH, Heidelberg, Germany. 50 pg tPApep.lrac (Peptide Specialty Laboratories
GmbH, Heidelberg, Germany) was attached onto the surface of DOTA-MNPs using the same binding protocol as described
above. The amount of unbound protein in the supernatant was determined using a FLUOstar Galaxy (MTXLab Systems, Inc.,

Virginia, U.S.A.). The attached number of tPApep.lracper nanoparticle was calculated using a modified equation by Nobs et al.[20]:

4
nYaa-N-"m-d

Equation 1: n = number of targeting moieties per MNP, a = mol of targeting moiety per MNP [g], N = Avogadro number (6.022
X 1023), r = mean radius of MNPs, d = density of MNPs [g/cm3] (set as1 g/cm?).
The obtained DOTA-MNPs incubated with 2000 pg iron were used for MRI 11.7 T experiments, SPECT-CT and handheld gamma

camera scans, whereas MNPs incubated with 4000 ug of iron were employedfor MRI investigations at 1.5 T.
2.2.  Cell culture

The human pancreatic tumour cell line PANC-1 was obtained from the European Collection of Cell Cultures (ECACC Cell Lines,
Sigma Aldrich). PANC-1 cells were maintained as monolayer culture in RPMI-1640 (Lonza, Verviers, Belgium) with 10% FCS
(Sigma-Aldrich, St. Louis USA), 1% streptomycin/penicillin (Invitrogen, USA) and 2 mM glutamine (Lonza,, Verviers, Belgium).
Cultures were grown at 37 °C in ahumidified atmosphere of 5% CO2/95% air. Regular testing of the presence of Mycoplasma was

performed with the use of a commercialkit (Lonza, Rockland, ME, USA).
2.3. Magnetic resonance at 11.7 T, SPECT/CT and handheld gamma camerain vivo imaging experiments using DOTA-2000-MNPs

All experiments described within this section, and only those, wereperformed in the molecular imaging facility in San Sebastidn
(Spain). Experimental design, execution, data acquisition, and analysis as well as interpretation were performed by
CICbiomagune staff. Handheldgamma camera experiments were performed and interpreted by researchers from Vienna

(Austria).
2.3.1. Tumour Xenograft

All animal procedures utilizing SPECT/CT, 11.7 T MRI and the hand-held gamma camera were performed in accordance with the
Spanishpolicy for animal protection (RD53/2013), which meets the requirements of the European Union directive 2010/63/UE
regarding the protection of animals used in experimental procedures. The guidelines were approved by the Ethical Committee
of CIC biomaGUNE and authorized by the regional government.

Preparation of PANC-1 cells for production of xenografts consisted ofcollecting them in a pellet by centrifugation and a further
suspension inDulbecco's Phosphate Buffered Saline (PBS) (Lonza, Verviers, Belgium)at a concentration of 20 X 106 cells/mL. The
cell suspension was mixed with Matrigel (Becton Dickinson, Oak Park, Bedford, MA) kept at 4 °C at a 1:1 (v/v) ratio, and finally
200 pL of the mixture was usedfor each injection. Fourteen seven-week old male athymic-nude CD-1Foxn1 nu/nu mice (Charles

River Laboratories, Calco, Italy) were injected subcutaneously with 2 million PANC-1 cells in the upper leftflank. Mice were
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housed in a controlled environment (12 h:12 h light/dark cycle with dawn and dusk transitional periods, room temperature 22 °C
and 55% relative humidity) and maintained on an ad libitum access to commercially available pelleted diet (Teklad 2919,
Harlan Laboratories, Inc.) and sterilized water. Animal weight and tumoursize were monitored three times per week. The
tumour volume was calculated using the formula (L. X W2)/2 where Lis the longest diameter (inmm) of the tumour and W (in mm)
is the longest perpendicular diameter with respect to L. Both dimensions were determined with acalliper (see SI, Figure S1).
When tumour volumes reached above 150 mm? (approximately after 8/10 weeks post-inoculation of the cells), animals were

subjected to the imaging sessions.
2.32.MRlat11.7 T

MRI measurements were performed on an 11.7 T horizontal boreBiospec 117/16 scanner (Bruker, Ettlingen, Germany) using
a 40 mmtransmit/receive volumetric coil. Mice were anaesthetized using 4.5%— 5% isoflurane and maintained during images
acquisitions at 1.5%—2.5% in Os. Animals were prevented from hypothermia with the use of a water blanket, and respiration
was monitored. Baseline scans were performed prior to the injection of MNPs (i.v.), and imaging continued up to 2 h. An
additional imaging session was conducted the following day. Axial images were acquired to cover continuously the tumour
(12 mm-15.6 mm), using a slice thickness of 0.6 mm. The field of view (FOV) was 30 x 30 mm? resulting in an inplane resolution
of 234 X 234 pm?. A respiration triggered gradient echo sequence (TE = 3.1 ms) was selected for T1w imaging, whereas a triggered
RARE (Rapid Acquisition with Relaxation Enhancement) sequence (TEeff=13.40 ms, RAREfactor = 4) was chosen for T2w imaging.

Both, DOTA-2000-MNPsand DOTA-tPApep.11.ac-2000-MNP (1.4 mg Fe/kg each) were tested (n = 2).
2.3.3 Radiolabelling

The gamma-emitting 6’Ga radionuclide (ti2 = 3.26 days) was purchased from Molypharma S.L. as a citrate solution; this
radioisotope wasselected because of its long half-life, which enabled the longitudinalfollow-up of the biodistribution pattern up
to several days. The citratesolution was passed through a C18 Sep-Pak silica plus light cartridge (Waters chromatography, S.A.),
which was then washed with ultrapurewater. Desorption of gallium was performed by addition of 1 mL 0.1 MHCI 30% (v/v) solution
(Merck kGaA, Darmstadt, Germany). The eluatewas collected in 10 different fractions, and only those containing themaximum
activity concentration were used in subsequent labelling experiments. The labelling procedure can be summarized as follows: The
radioactivity contained in one of the fractions was mixed with 200 pLof a buffered sodium acetate solution obtained from Sigma-
Aldrich Co. LLC (0.2 M, pH = 3.8) together with 50 uL of the DOTA-2000-MNP orDOTA-tPApep.1r.ac-2000-MNP solution (10
mg/mL). The pH was adjusted to 3.8 approximately by titration with 1 M NaOH, and the reactionwas allowed to occur at 55 °C,
using a digital block heater (SBH130D,Stuart Group Ltd.) for 30 min. Thereafter, the crude material was purified via centrifugal
filtration (8 min, 8000 rpm) through Millipore filters (100 kDa cut-off). The resulting precipitate was washed three timeswith
sodium acetate buffered solution, and the radiochemical yield was calculated as the ratio between the amount of radioactivity

in thefilter and the starting radioactivity.
2.3.3. Radiochemical integrity

A good approximation for the determination of the radiochemicalintegrity of NPs in vivo consists of assessing the integrity in
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vitro by incubating the NPs in a fluid that mimics in vivo conditions, e.g. a solutioncontaining a strong chelator [21,22]. In our
experiments, DOTA-2000- MNPs and DOTA-tPApep.1Lac-2000-MNP were prepared and purified as described above, and the
radiochemical integrity was determined intwo different media. Briefly, MNPs were resuspended in 400 pL of physiologic NaCl 0.9%
solution (Braun Medical S.A.). The suspension wasthen divided into 8 different aliquots containing 50 pL of the MNPs each,
which were treated as follows: 4 samples were mixed with a solution of the bifunctional chelator DOTA (Macrocyclics Inc. Dallas,
USA, final concentration = 32 uM); 4 samples were diluted with an equalvolume of physiologic saline solution. The aliquots
were incubated at37 °C for 1, 3, 24 and 48 h, respectively. The samples were then filteredin order to separate the NPs from the
media, and the radioactivity was measured in a 2470 WIZARD? Automatic Gamma Counter(PerkinElmer). The dissociation
of 67Ga (expressed in percentage) from the radiolabeled nanoparticles at each time point was calculatedas the ratio between the

amount of radioactivity in the filter and thestarting amount of radioactivity.
2.3.4. SPECT-CT

Three hours before the examination, PANC-1 mice (Charles River, Calco, Italy) bearing the subcutaneous tumour received an
intravenousadministration of the radiolabelled nanoparticles (6.5 + 0.4 MBq forDOTA-2000-MNP, 6.6 + 1.3 MBq for DOTA-
tPApep.11ac-2000-MNP,

V = 150-200 uL in physiologic saline solution). During image acquisi-tion, anaesthesia of the animals at first was induced
using 4.5%—5% isoflurane (IsoFlo®, Abbott Laboratories) and maintained with 1.5%— 2% isoflurane in Os. Images were acquired
using a eXplore speCZT CT preclinical imaging system (GE Healthcare, USA) placing the animals on top of a homeothermic blanket
control unit (Bruker BioSpin GmbH, Karlsruhe, Germany) to prevent hypothermia. Once the animals were positioned within the
field of view of the system, whole-body SPECT— CT scans were acquired at 3 h, 24 h, and 48 h post-injection for30 min, 60
min, or 120 min. As a general rule, the image acquisition period was dependent on the counts detected by the collimator of the
scanner, thus, longer imaging times were needed as the gamma emissions decreased. After each SPECT scan, CT acquisitions were
performedto provide anatomical information of each animal. The SPECT images were reconstructed using an ordered-subset
expectation maximization (OSEM) iterative algorithm (3 iterations/5 subsets, 128 x 128 x 32 array with a voxel size of 0.4 X
0.4 X 2.46 mm?3), whereas for the CT acone beam filtered back-projection a Feldkamp algorithm (437 x437 x 523 array with
a voxel size of 0.2 X 0.2 X 0.2 mm?) was used.

After SPECT—CT images reconstruction, image data was quantified by PMOD analysis software (version 3.4, PMOD Technologies Ltd.).
SPECTimages were co-registered with CT images; the volumes of interest (VOIs) were drawn around the organs under
investigation (tumour and muscle), and results of the SPECT signal were used to calculatethe tumour-to-muscle ratio.
Differences between groups were analysedusing an unpaired two-tailed t-test, whereas temporal evolution withingroups was

assessed by a paired two-tailed t-test. In both cases, we considered a threshold for statistical significance at p b 0.05.
2.3.5.  Handheld gamma camera

The handheld gamma camera (CrystalCam, Crystal Photonics GmbH, Berlin, Germany) (see also SI Handheld gamma camera) also can

be usedfor preclinical imaging with a special positioning adapter. In the presentstudy, the 7-week-old athymic-nude CD-1 Foxn1
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nu/nu mice (CharlesRiver, Calco, Italy) were put on top of the imaging device. The sides ofthe camera were shielded with 3 mm
lead. This device can be used forenergies from 50 keV till 250 keV. The handheld gamma camera wasplugged into a standard
laptop via an USB-interface. With installedvisualization software, collected events were continuously transmitted to the laptop

via the USB port [23].
2.4.  R2 Magnetic resonance in vivo imaging experiments using 4000-MNPsat 1.5 T

All experiments described within this section, and only those, wereperformed in the Department of Diagnostic Radiology in
Heidelberg(Germany). Experimental design, execution, data acquisition and analysis as well as interpretation were performed

by staff members ofthe University of Heidelberg.
241 Tumour mouse models

All experiments on animals were officially approved by the Ethical Committee of the University of Heidelberg and Regional
Commission Karlsruhe, Germany (ref. no. 35-9185.81/G-9/12) in accordance withthe German law for the care and use of
laboratory animals.

Human pancreatic carcinoma cell line PANC-1 was obtained fromAmerican Type Culture Collection (Manassas, VA, USA). Cells
were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL
streptomycin (Invitrogen GmbH, Karlsruhe, Germany) at 37 °C in a humidified 5% CO2 atmosphere.

For the subcutaneous tumour model ~ 2 X 106 PANC-cells resus- pended in 50 uL. RPMI-1640 were injected subcutaneously into the
anterior region of the mouse trunk of female 5-6-week old CD nuBR mice(crl:CD1-Foxn1m) (Charles River Laboratories,
Sulzfeld, Germany) through a 26-gauge needle. The injection sites were examined daily.Ten days post-injection the appearing
tumours were measured twiceweekly with Vernier calliper and tumour volumes were calculated asdescribed above. The sc
tumours were allowed to grow for about4 weeks to 5 weeks until approximately 0.5 cm3 in size and then subjected to NP
treatment and MRI investigations. When experiments were finished, animals were sacrificed and tumours and organ of inter-
est were excised, spitted part flash frozen in liquid nitrogen and storedat —80 °C other part fixed, and embedded in paraffin wax
for furtheranalysis.

For the orthotopic (ot) tumour model the tumour cell inoculationwas performed by direct injection in the pancreatic tail via
laparotomy.In this case 6-week old female CD nuBR mice (Charles River Laborato-ries) were first anaesthetized with 3%
isoflurane (Isofluran Baxter, Baxter Deutschland GmbH, Unterschleissheim, Germany), fixed on a surgical board and
maintained with 1.5%—2% isoflurane mixed with Oz 600 mmHg. A left lateral abdominal incision of approximately 1 cm-1.5 cm
was made, the peritoneum was opened the spleen with tail ofthe pancreas was exteriorized with cotton swabs, and using an
Insulin syringe 27G X 1.2 in 1.0 mL (Terumo, Eschborn, Germany) ~ 2 X 106 Panc-1 cells in 20 uL PBS were gently injected into the
pancreatic parenchyma. The exteriorized organs were placed back into the abdominalcavity; the peritoneum and the skin were
then closed with 5-0 surgicalsuture (Johnson & Johnson Medical GmbH, Ethicon Deutschland, Norderstedt, Germany). The
wound healing, body weight and physical condition of the animals was monitored over the total experimental time. Tumour

growth was assessed by palpation and by high- frequency ultrasound imaging, with a Vevo 770® High-Resolution Imaging
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System, (Visual Sonics, Amsterdam, Netherlands).
2.4.2. R2 MRI

In addition to the MRI measurements with a 11.7 T instrument, experiments where performed using a 1.5 T generally available
humanwhole-body MR-scanner (Siemens Magnetom Symphony, Erlangen, Germany) with a custommade radiofrequency coil
(animal resonator)(SI Figure S2) for signal reception. This pickup-coil was designed as acylindrical volume resonator with an
inner diameter of 35 mm and ausable length of 100 mm.

For MRI examination and catheterization, female mice CD-1 (nu/nu)(Charles River Laboratories, Research Models and Services,
Sulzfeld, Germany) were anaesthetized by inhalation of a mixture of isofluorane (1.5%), and Os, flow was adjusted to the individual
need of the animal.The tail vein was catheterized using a 30 G needle connected to a

10 cm PE 10 polyethylene catheter (Portex, Medic Eschmann, Germany) filled with 0.9% NaCl. Successful puncture of the
tail veinwas controlled by blood reflux into the catheter and by injectionof 30 uL 0.9% NaCl. 100 uL of 4000-MNP and
tPApep.1rac-4000-MNP (10 mg/mL), respectively, were injected as bolus within 5 s into the tail vein of the nude mice manually.
The injected amount of iron in term of y-CAN maghemite was about 20 pg per injection.

All animals were examined with multiple axial high-resolution T2wturbo spin echo (TSE) pulse sequences, using the following
imaging parameters: TR = 4390 ms, TE = [12 ms, 24 ms, 60 ms], TA = 7:38,

NA =5, field of view = 40 X 54 X 55 mm?2, matrix = 144 x 192 x 46,slice thickness = 1.20 mm, voxel size = 0.28 x 0.28 x 1.20
mm3. During an overall measurement time of ~105 min, 13 measurements were obtained (SI Table S2). Slices were placed to cover
the mice's liver, kidneys,muscle (the norm), the sc tumour, and the ot tumour. The tissue typeswere analysed in terms of the
temporal behaviour of the signal intensityand, furthermore, the spin—spin—relaxation rate was calculated before and 90 min after
MNP administration according to Weis et al. [24]. This method has been chosen to simulate the most common clinical settingof

MRI systems.
3. Results
3.1.  Physico-chemical characterization of the nanoparticles

In a first step, magnetic nanoparticles (MNPs) were prepared using rHSA as shell protein and CAN-maghemite NPs as contrast
agent for MRI. To ensure that the iron is encapsulated into the rHSA NP matrix,transmission electron microscopy pictures were
taken previously. Inthese pictures, CAN-maghemite is visible in form of black spots surrounded by the grey rHSA
nanoparticle matrix in transmission electron microscopy images [15]. The MNPs were characterized by PCS to obtain particle
diameter, PDI and ZP (Figures S3 and S4). All pa-rameters were also determined after the attachment of DOTA as a che-lator for
radio-imaging and t-PApep.lrac as the targeting moiety (DOTA-t-PApep.1rac-2000-MNP and t-PApep.1rac-4000-MNP,

respectively).

Covalent linkage of the DOTA chelator was achieved in an amount 0f49% =+ 1.2%. The amount of covalently bound t-PApep.1rac to
DOTA-2000-MNP and 4000-MNP, respectively, is shown in Table 1.

All targeted nanoparticles were also investigated regarding the number of attached targeting moieties per MNP. The number
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of t-PApep.1lrac covalently linked to the surface of DOTA-2000-MNP 4000-MNP, respectively, was calculated using Equation 1
(Table 1):

As shown in SI Figures S3 and S4, all nanoparticles were comparablein size. A small shift in size distribution could be observed, and
the surface charge changed from a negative charge in case of “naked” MNPs toa positive charge in case of targeted MNPs. The resulting
targeted MNPscontaining different amounts of iron in term of CAN-maghemite showsimilar particle sizes and particle size

distributions and in vivo toxicities[15].
3.2.MRI(11.7T)

In T1w images, the tumour tissue appears generally homogeneous, with dark areas of low signal intensity, whereas the T2w images
showlarger tumour heterogeneity. Following the administration of MNPs, neither T1w nor T2w images indicate a fast and strong MNP
accumulationwithin the first 2 h (Fig. 1). However, the following day the tumours appeared more heterogeneous in signal intensity,
indicating a slow MNP uptake. Larger bright regions were diffuse and might reflect very low concentrations due to a
predominant T1 effect whereas focal dark spots could indicate high concentrations due to T2 shortening (Fig. 2).No difference

between DOTA-2000-MNPs and DOTA-tPApep.1Lac- 2000-MNP was found.
3.3.R2 MRI(1.57T)

Signal intensities (SIs) were normalized to the region of interest's(ROIs) values before MNP injection. ROIs were analysed in
images before MNP administration and 90 min afterwards (decreased SIs representing increased uptake).

For the non-targeted MNPs, only the liver showed a significant signalintensity drop caused by the NPs' presence. Both tumour species,
kidneys, and the muscle had the same signal intensities before and afterNP administration. The targeted MNPs showed a loss in
signal intensityfor all ROIs (both tumour species, liver, and kidneys), except the ROIcontaining the background (muscle). The
signal drop for each ROI, however, was not statistically significant (SI, Table S3).

In addition to conventional SI quantification, the R2 relaxation rates were measured before MNP administration and 90 min
afterwards (seeSI Table S4). The sc tumour and the kidneys expressed a slightly increased but not significantly different
relaxation rate before and after MNP administration (Fig. 3, top). The liver showed a significant R2-increase due to the non-
targeted MNP influence on the spin—spin— relaxation. The orthotopic (ot) tumour and muscle changes in R2 werewithin the
range of the standard deviations and not significant. These results are in agreement with the SIs measured for the mice with an
injection of non-targeted NPs (Fig. 3, A1, A2, C1, and C2).

The administration of targeted MNPs led to a significant R2-increasein the sc tumour (Fig. 3, B1, B2, D1, and D2). The ot tumour and
the liveralso had an increase in spin—spin—relaxation rate, but not as strong as the sc tumour (see SI Table S4). The kidneys and
the muscle, however, expressed a comparable R2 before and after injection of targeted NP.Consequently, the further focus was
on the sc tumour for detailed discussion and visualization.

Comparing normalized R2 of the sc tumour before and after NPs administration revealed in both cases that the relaxation rate
increased (Table 2). In terms of the non-targeted NP, R2 was increased by a factorof 1.92. In terms of the targeted NPs, R2 increased

by a factor of 2.69indicating increased uptake by addition of the target moiety.
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3.4. Radiolabelling and radiochemical integrity of DOTA-2000-MNPs and DOTA-t-PApep.11ac-2000-MNP

The radiochemical yield was calculated as the ratio between the amount of radioactivity in the filter (after 3 consecutive
washings) and the starting amount of radioactivity. Radiochemical yield valueswere 56% + 15% and 62% + 23% for DOTA-
2000-MNPs and DOTA-t-PApep.1.ac-2000-MNP, respectively.

The in vitro stability of radiolabelled DOTA-2000-MNP and DOTA-t-PApep.1Lac-2000-MNP was studied by incubating the MNPs
both inphysiologic saline solution and in the presence of the competing chelator DOTA at 37 °C (incubation time: 1 h-48 h),
submitting to centrifugalfiltration, and measuring the amount of radioactivity in the filtrate andin the filter using a gamma counter.
Both NPs showed excellent stabilityin physiologic saline solution, with 86.1 and 88.5% of the radioactivity inthe NPs at t = 48 h for
DOTA-2000-MNPs and DOTA-t-PApep.1rac- 2000-MNPs, respectively. DOTA-t-PApep.1rac-2000-MNPs showed a higher
stability in the presence of a competitor, with around 50% of the radioactivity still attached to the MNP after 24 h. A lower
stability of the label was found for DOTA-2000-MNPs, where more than 70% of the 67Ga was released from the MNPs after 24 h (SI,

Table S5).
3.5.SPECT-CT imaging

Five mice per sample were subjected to longitudinal SPECT—CT acquisitions at 3, 24, and 48 h after administration of the 6’Ga-
MNPs.DOTA-2000-MNPs and DOTA-t-PApep.1r.ac-2000-MNP were mainlyaccumulated into the liver (see Fig. 4). The analysis
of tumour/muscleratios for both MNPs presented similar values at all time-points (SI, Figure S5). A significant increase from

3 hto 24 h and from 3 h to48 h was observed for both MNPs.
3.6.Handheld gamma camera

Images also were acquired using a handheld gamma camera withthe aim of comparing the results obtained with the other
imaging methods. After injection of 6’Ga-labelled NPs, mice were positioned on the on top of the handheld gamma camera using
the specimen platform. Image acquisition was performed using an energy window of 80keV—105 keV. For all acquisitions the
handheld gamma camera was equipped using the LEHR collimator. During the whole acquisition, theanimals were under
isoflurane anaesthesia (1.5%—2% in oxygen). Acquisitions were performed 3 h and 24 h after injection, just after finishing the
SPECT acquisitions (SI, Figure S6). Data were d using a self-developed software toolkit. ROI analysis was used to calculate the
mean counts measured in the tumour, the liver, and the background.

In case of DOTA-2000-MNP, tumour-to-liver ratios are very low,demonstrating the massive accumulation of the NPs in the liver.
Highertumour-to-background ratios were obtained over time (SI, Tables S6and S7). Looking at these ratios, there was a non-
significant increaseof uptake in the tumour over time, that was more evident for the targeted versus the non-targeted

particles, but it has to be kept in mind that the background signal was high in both cases.

4.Discussion

In the present preclinical study, MNPs with and without an attachedtargeting moiety for pancreatic cancer were tested with respect

to theircapabilities for in vivo medical imaging using MR, SPECT—CT, and a handheld gamma camera. Increased relaxation rates
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in MRI or increased radiation ratios for tumour/muscle in SPECT—CT and handheld gamma camera imaging were found for
targeted as well as for non-targeted MNPs evidencing their uptake by the tumours. This uptake can be explained by passive
accumulation of particles via leaky endothelia in tumours combined with the tumours' poor lymphatic drainage. As shown in
previous investigations, no difference in in vitro and in vivo toxicityand behaviour of MNPs containing different amounts of iron
in formof CAN maghemite [15] was observable compared to untreated controls.Because of its relevance for the clinics, the results
obtained with the 1.5 T MRI human scanner are of special interest. This technique directly visualizes the particles' uptake without
having to depend on the in vivobinding stability of the attached radiolabels required for SPECT-CT or handheld gamma camera.
By evaluating only the 1.5 T MRI's SI of the different tissues, no significant uptake of 4000-MNPs, neither non-targeted nor targeted,
was detectable (see SI Table $3). However, by additionally analysing the spin— spin—relaxation rate (R2) a significantly higher uptake
of targeted 4000- MNPs compared to non-targeted 4000-MNPs in the sc tumour (Fig. 3,C1, C2, D1, and D2) was detectable. R2 in
general is superior to conventional SI evaluation in terms of quantification of low iron concentrations, because it evaluates not
only a single point in time butquantifies the relaxation process itself. The difference between the targeted 4000-MNP and
non-targeted 4000-MNPs was significant after calculating the R2—Spin—Spin—relaxation rates according to a protocol by Weis et
al. [24]. The maghemite-based nanoparticles shownin this publication, are super-paramagnetic contrast agents, and, therefore,
influence the T2 contrast of a tissue in terms of a signal intensity decrease caused by an increase of relaxation rates in the
presence ofthese NPs. This accumulation can be recorded dynamically with subsequent T2w images and furthermore quantified
by T2 relaxation mapping.

The MRI's R2-rate for targeted 4000-MNP and non-targeted 4000- MNP (SI Table S4) was increased after MNP administration.
Moreover,the sc tumour's R2-rate was 1.76-fold higher in case of the targeted NP compared to the non-targeted ones. This
increased uptake was a result attributed to the targeting moiety t-PApep.1iac [17], which, after acovalent linkage to 4000-MNPs,
results in a higher uptake rate of these NPs into pancreatic cancer cells as seen in previous in vitro experiments.

Analysis of the results of SPECT—CT and the handheld gamma camera showed no differences between non-targeted and targeted
DOTA-2000-MNPs. Both particles have significantly increased tumour/muscle ratio from 3 h to 48 h and thus slowly accumulated
in the pancreatic tumour.Similar time-courses were obtained by the handheld gamma camera.These findings are in agreement
with the results obtained for both DOTA-2000-MNPs at 11.7 T, which displayed no signal alteration withinthe first 90 min following
particle administration, however qualitative signal changes were detectable after 24 h. Thus, the use of SPECT/CT (Ga¢” half-life
3.26 days) over PET/CT (Gas¢® half-life 68 min) in combination with longitudinal MRI might be ideally suited to assess
biodistribution and kinetics of slowly equilibrating nanoparticles (days) in vivo.

Furthermore, the in vivo tests performed in the present study alsodemonstrated the absence of histological and behavioural
changes in-dicative of toxicity problems (SI, Histology and behavioural toxicology tests, SI Table S8, SI Figure S7). The latter results
were expected since HSA nanoparticles already previously were well tolerated, as shownby an earlier study [15] as well as by

clinical experiences with registered HSA particle-based formulations such as Albunex™ and Abraxane™ [25].

5.Conclusions

The present study demonstrated that all imaging modalities - MRI, SPECT-CT, and handheld gamma camera — were able to
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detect an in vivo accumulation of human serum albumin nanoparticles over time in PANC1-tumours, a tumour-model for
adenocarcinoma of thepancreas. Although nanoparticles - like other colloids including liposomes or many macromolecules in
general — were taken up by the reticuloendothelial system (RES), especially the liver to a high percentage(up to 90% of the
administered dose), a significant amount of the remaining fraction of circulating nanoparticles was shown to accumulate in
pancreatic tumour tissue by all imaging modalities. Whereas conventional MRI, SPECT—CT, and handheld gamma camera were not
able to distinguish between targeted and non-targeted nanoparticles, MRI-based R2 relaxometry at 1.5 T was able to detect an
increased uptakefor the t-PApep.1lrac-targeted vs. the non-targeted nanoparticles.

This result provides a platform for the fine-tuning of the diagnostic possibilities of non-toxic human serum albumin nanoparticles
especially in hypoperfused adenocarcinomas of the pancreas and, further down the road, for the development of theranostics for

these types of cancer.
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453 Tables

Table 1
Amount of attached t-PApep.1LAC per 5 mg MNP and per MNP.

Attached t-PApep.1pac [ug/5 mg MNP t-PApep.1 ac/MNP

DOTA-2000-MNP 37.81 £ 0.13 27264+ 9
4000-MNFP 45,63 + 0.17 8321+ 31
454
Table 2
R2 before (pre) and after (post) NP administration, normalized to the muscle value,
s¢ Tumour R2 pre (in 1/s), R2 post (in 1/5),
normalized to muscle nomalized to muscle
4000-MNP 0.13 £ 012 0.25 + 0.05
t-PApep. 1 4—4000-MNP 0.16 4+ 0.09 0.44 4+ 0.11
455

456 Figures

458 Fig. 1. Representative zoomed T1-weighted (a) and T2-weighted (b) images of a single slice showing the temporal evolution of DOTA-tPapep.1Lac-2000-MNP.MNPs were
459 injected after t0 within the scanner. The 24 h time-points were acquired after animal reposition.
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ig% Fig. 2. Representative zoomed T1-weighted (a) and T2-weighted (b) images of a single slice 24 h after MNPs injection. Arrows show representative zones for dark focal

464 spots whereas arrowheads indicate diffuse bright regions
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Fig. 3. Representative slices ofmouseMRI-datasets before and 90 min afterMNP administration. A1, A2, B1, and B2 showconventional signal intensity. C1, C2, D1, and D2
showspin-spin-relaxation rate (R2). The images on the left (A1, A2, C1, and C2) were acquired before and after an injection of non-targeted nanoparticles, the images on the
right (B1, B2, D1, and D2) were acquired before and after an injection of targeted nanoparticles. The sc tumours' outer boundaries are indicated in light blue.Whereas there
was no significant difference between the signal intensities of the sc tumours after administration of non-targeted and targeted nanoparticles, the sc tumour expressed a
significantly higher R2 in case of the injection of targeted nanoparticles (0.44 + 0.11 1/s, normalized to muscle) compared to the non-targeted nanoparticle injection (0.25 +

0.05 1/s, normalized to muscle).




484

485 Fig. 4. SPECT-CT images of the biodistribution of 67Ga-DOTA-2000-MNPs (a-c) and 67Ga-DOTA-t-PApep.1LAC-2000-MNP (d-f) at t=3 h (a,d), 24 h (b,e), and 48 h (c,f) after

486 intravenous administration. Doses: 6.5 + 0.4 MBq for DOTA-2000-MNP, 6.6 + 1.3 MBq for DOTA-t-PA-2000-MNPs, V = 150-200 uL in physiologic saline.



