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[GA(OH)I?*[(SN-38)0 5(FAUMP), 512~ inorganic—organic hybrid nanoparticles (IOH-NPs) with a chemother-
apeutic cocktail of ethyl-10-hydroxycamptothecin (SN-38, active form of irinotecan) and 5-fluoro-2'-
deoxyuridine-5-phosphate (FAUMP, active form of 5'-fluoruracil), 40 nm in size, are prepared in water.
The IOH-NPs contain a total drug load of 63 wt% with 33 wt% of SN-38 and 30 wt% of FAUMP. Cell-
based assays show efficient cellular uptake and promising anti-tumour activity on two pancreatic cancer
cell lines of murine origin (KPC, Panc02). Beside the high-load drug cocktail, especially the option to use

Received 30th March 2024,
Accepted 16th July 2024

DOI: 10.1039/d4nr01403k

SN-38, which — although 100- to 1000-times more potent than irinotecan — is usually unsuitable for sys-
temic administration due to poor solubility, low stability, and high toxicity upon non-selective delivery.
The [GA(OH)I2*[(SN-38)o 5(FAUMP)o 512~ IOH-NPs are a new concept to deliver a drug cocktail with
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Introduction

Nanoparticles are already the base for many new concepts and
materials for cancer treatment and specifically for drug deliv-
ery." Such drug-loaded nanoparticles can have essential advan-
tages over the respective free drug in solution. Firstly, nano-
particles allow restricting the widespread distribution of drugs
through the body and provide an opportunity for selective
delivery exclusively to the site of the tumour. This not only
enhances the local activity but also concurrently minimizes
undesired side effects on the entire body. Enhanced accumu-
lation at the tumour can be achieved, e.g., via the enhanced
permeability and retention (EPR) effect and/or by targeting
promoted by antibody functionalization."? As the cell uptake
of nanoparticles (e.g., phagocytosis, endocytosis) is different
from free drugs (e.g., passive diffusion, ion channels, drug
transporters),” moreover, nanoparticles can lead to a drug
accumulation in or near to the tumor.* Here, they can also
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SN-38 and FAUMP directly to the tumour, shielded in a nanoparticle, to reduce side effects.

serve as a drug depot, prolonging the local activity.® Finally,
the monitoring of nanoparticles in cells, tissue, organs, or
whole body is easier in comparison to free drugs due to their
larger volume and mass, giving the possibility of multimodal
imaging by fluorescent, radiological, and metallic labelling
(e.g., via optical imaging, magnetic resonance imaging, com-
puted tomography, positron emission tomography).> Some
drug-loaded nanoparticles were already approved for clinical
application. This includes, for instance, non-PEGylated liposo-
mal doxorubicin (Myocet®) or PEGylated liposomal doxo-
rubicin (Caelyx®, Doxil®).°

Despite the great potential of drug-loaded nanoparticles,
there are still several disadvantages and restrictions for
tumour treatment. To avoid uncontrolled leakage and drug
release during the delivery to the tumour site, the chemothera-
peutic agent is usually encapsulated in certain matrix material
such as an organic polymer (e.g. polyethylene glycol/PEG) or
biopolymer (e.g., polysaccharides, polypeptides),” liposomes or
micelles,® or an inorganic material (e.g., silica, iron oxides,
metal phosphates).” As a result, the drug load in relation to
the total nanoparticle mass is often low (<20%). Although not
being a drug, the matrix material can nevertheless cause toxic
or allergic effects and needs to be biocompatible for complete
removal from the body. Furthermore, high material complex-
ity, limited cell uptake, damage of cell membranes, and/or
unexpected toxicity can occur on the long-term.>'° Finally,
nanoparticles usually only contain a single drug, whereas stan-
dard clinical therapy involves drug cocktails of at least two or
even more drugs (e.g. FOLFIRINOX with folinic acid, 5-fluor-
ouracil, irinotecan, and oxaliplatin)."* Such chemotherapeutic

Nanoscale, 2024, 16, 14853-14860 | 14853


http://rsc.li/nanoscale
http://orcid.org/0000-0002-9034-9980
http://orcid.org/0000-0002-6258-5409
http://orcid.org/0000-0003-2426-9461
https://doi.org/10.1039/d4nr01403k
https://doi.org/10.1039/d4nr01403k
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr01403k&domain=pdf&date_stamp=2024-08-09
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01403k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR016031

Open Access Article. Published on 16 July 2024. Downloaded on 4/29/2026 7:14:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

cocktails are not only highly effective due to their synergistic,
additive and potentiation effects. Yet, they also play a crucial
role in overcoming resistances by leveraging drugs with dis-
tinct mechanisms of action."

Aiming at a drug-load per nanoparticle as high as possible,
we have developed the concept of inorganic-organic hybrid
nanoparticles (IOH-NPs)."”> IOH-NPs are characterized by a
saline composition with an inorganic cation and a drug anion,
which is functionalized by phosphate, sulfonate or carboxylate
groups. A recent example is [ZrO]*[GMP]*~ containing gemci-
tabine phosphate ((GMP]*7) as the drug anion with 76% of the
total IOH-NP mass and zirconyl ([ZrO]*") as inorganic cation.'*
[ZrO"[GMP]>~ TOH-NPs turned out to be very promising to
treat pancreatic cancer with considerable advantages such as
high and selective uptake, low side effects, circumvention of
resistances and high activity. Despite of the characteristic high
drug load, IOH-NPs nevertheless only contain a single drug.
Aiming at high-load chemotherapeutic cocktails, we here focus
on the synergistic drug combination with irinotecan (ITC) and
5-fluorouracil (5-FU), which - in combination - are a standard
in clinical chemotherapy of pancreatic cancer or colon cancer.
Based on the IOH-NP concept, for the first time, we can now
realize [Gd(OH)J*"[(SN-38)o.5(FAUMP), s>~ IOH-NPs, which
combine SN-38 (100- to 1000-times more active form of ITC)
with FAUMP (as a derivative of 5-FU) to a total drug load of
63% per nanoparticle mass.

Experimental section
Synthesis

[GA(OH)]**[(SN-38)¢ 5(FAUMP), 5]~ IOH-NPs. 56 mg
(15 pumol) of SN-38 (99.8%, MedChemExpress, Germany) were
dissolved in 12.5 mL of demineralized water and adjusted to
pH = 8 by addition of view drops of 0.1 M NaOH to convert the
insoluble lactone form to the anionic carboxylate form. In
addition, 15.7 mg (45 pmol) of Na,(FAUMP) (~85%, Sigma
Aldrich, Germany) were added. The nucleation of the IOH-NP
was induced by injection of an aqueous solution of 15.7 mg
(45 pmol) of GACl;-8H,0 (99.9%, Sigma Aldrich, Germany) in
0.5 mL of demineralized water. The immediate formation of
nanoparticles was indicated by the transformation of a yellow
solution into a yellow suspension. After two minutes of
intense stirring, the as-prepared IOH-NPs were separated from
the suspension via centrifugation (15 min, 25000 rpm) and
purified twice by redispersion/centrifugation in/from 5 mL of
H,0 at pH = 7. Finally, the as-prepared yellowish
[Gd(OH)*[(SN-38)o.5(FAUMP), s]>~ IOH-NPs were dispersed in
5 mL of H,O (pH = 7), or they were dried in vacuum at room
temperature (RT) to obtain powder samples.

[Gd(OH)]**[(SN-38)0.5(UMP)o s]°~ IOH-NPs (negative refer-
ence). 11.7 mg (0.03 mmol, 99.8%, MedChemExpress) were
dissolved in 25 mL of demineralized water and adjusted to pH
= 8 by addition of view drops of 0.1 M NaOH. In addition,
33.1 mg (0.09 mmol) of Na,(UMP) (99%, Alfa Aeasar, USA)
were added. The nucleation of the IOH-NPs was induced by
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injection of an aqueous solution of 33.5 mg (0.09 mmol,
99.9%, Sigma Aldrich, Germany) in 0.5 mL of demineralized
water. After two minutes of intense stirring, the as-prepared
IOH-NPs were separated from the suspension via centrifu-
gation (15 min, 25000 rpm) and purified twice by redisper-
sion/centrifugation in/from 5 mL of H,O at pH = 7. Finally,
the as-prepared yellowish [Gd(OH)]**[(SN-38)o.5(UMP)os]*~
IOH-NPs were dispersed in 5 mL of H,O (pH = 7), or they were
dried in vacuum at room temperature to obtain powder
samples.

Analytical techniques

Details regarding analytical equipment and IOH-NP character-
ization are described in the ESL.{

In vitro studies

Cell culture. The Panc02 murine pancreatic ductal adeno-
carcinoma (PDAC) cell line, derived from C57BL/6 mice after
chemical induction of pancreatic tumor™® and the KPC PDAC
cell line (KPCbl6, clone 2.2), established from the primary pan-
creatic tumour of the genetically engineered KPC mouse
model were used."®

Panc02 cells were kindly provided by Prof. Stine Falsig
Pedersen (Section for Cell Biology and Physiology, Department
of Biology, Faculty of Science, University of Copenhagen,

Denmark).

KPC cells by Prof. Volker Ellenrieder (Clinic for
Gastroenterology, Gastrointestinal Oncology and
Endocrinology, University Medical Center Gottingen,
Germany).

Panc02 cells were grown in DMEM medium supplemented
with 10% fetal bovine serum (FBS, sodium pyruvate,
L-glutamine, p-glucose (Gibco) and KPC cells in 10% FBS, 1%
NEAA (non-essential amino acids), sodium pyruvate,
t-glutamine, and p-glucose (Gibco)). Cells were cultivated at
37 °C with humidified atmosphere of 5% CO,.

To study the IOH-NP uptake, Panc02 and KPC cells with
13.000 cells per cm?® were plated on coverslips and incubated
for different times (30 min, 5 h, 24 h and 48 h) with 12.5 ng
mL™" of [Gd(OH)'[UMP]>~ IOH-NPs (drug-free reference).
After the incubation, the coverslips were washed twice with
phosphate-buffered saline (PBS), fixed with 4% paraformalde-
hyde (PFA) for 10 min at RT and counterstained and mounted
with DAPI (1: 1000, Thermo Fisher Scientific, Germany).

To study anti-tumour efficacy of the IOH-NPs, Panc02 or
KPC cells were plated in a 96-well plate at a concentration of
15 000 cells per cm?® and allowed to attach for 4 h. Afterwards,
the cells were treated with gradient concentrations of
[GA(OH)*[(SN-38) 5(FAUMP), 5>~ and [Gd
(OH)*"[(SN-38)0.5(UMP), s>~ IOH-NPs, calculated to contain
the defined increasing amount of SN-38 (10 nM-2000 nM).
Controls included corresponding concentration of [Gd
(OH)*'[UMP]*~ IOH-NPs (negative reference) as well as gradi-
ent of the freely soluble drug SN-38 (10 nM-2000 nM), either
alone or in combination with FAUMP (as contained in the [Gd
(OH)*"[(SN-38).5(FAUMP), s>~ IOH-NPs). Due to its solubility

This journal is © The Royal Society of Chemistry 2024
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issues, free SN-38 was applied in 0.5% DMSO. Cell confluence
was monitored for up to two weeks, using the live cell imaging
system (Incucyte® ZOOM; Sartorius). A two-weeks period
ensured that the growth of the tumour cells in response to the
respective treatment was adequately monitored without
missing potential longer-term effects. Phase-contrast images
(2-images per well) were acquired every hour using a 10x objec-
tive. The confluence was measured for the individual images
by applying confluence mask with the Live-Cell Imaging and
Analysis Software (Sartorius). Since untreated control cells
reached 100% confluence after approximately three days, a
time point of 72 h was selected to calculate the concentration-
dependent efficacy (IC5, values).

Microscopy and image analysis. A Leica SP5 confocal laser
scanning microscope was used for fluorescence imaging, with
Agx = 549 nm g, = 559-650 nm for DUT549-labelled [Gd
(OH)'[UMP]*~ IOH-NPs and g, = 405 nm and Ag, =
415-479 nm for DAPL 0.15 um Z-stacks were acquired. The
images were analysed with Image J."”

Statistical analysis. Statistical analyses were performed with
GraphPad Prism 9 Software. All diagrams show mean values
with + SEM.

Results and discussion
Selection of drugs

Irinotecan (ITC) belongs to a class of chemotherapeutic drugs
known as topoisomerase I inhibitors and represents a semisyn-
thetic analogue of the natural alkaloid camptothecin.'® ITC is
a prodrug, which needs to be hepatically metabolised to SN-38
(7-ethyl-10-hydroxycamptothecin) as the active drug. This con-
version of ITC to SN-38 involves hydrolysis, catalysed by car-
boxylesterases (CES) in the liver, which, however, is with low
efficiency (2-8% in vivo). The then formed SN-38 has a con-
siderably greater potency (up to 1000-times) than ITC."® Beside
lower potency and need of conversion in the liver, ITC also
shows disadvantages during body clearance. After formation
in the liver, SN-38 is partially excreted into the intestinal
lumen through bile after conjugation to SN-38 glucuronide
(SN-38G) by hepatic uridine diphosphate glucuronosyl trans-
ferase. Once in the intestinal lumen, SN-38G undergoes sub-
stantial deconjugation by bacterial beta-glucuronidase, result-
ing in a reformation of SN-38. This regeneration of SN-38
within the intestinal lumen triggers severe gastrointestinal
reactions such as diarrhea, nausea, bloody stools, and/or colon
inflammation. Despite these disadvantages, the pro-drug ITC
is widely used in the clinics and very effective against numer-
ous malignant tumors (including lung, colorectal, gastric,
lymph, cervical, ovarian cancers). In contrast, a direct appli-
cation of the active drug SN-38 is normally excluded due to its
poor water solubility (11 pg mL™"), its low stability in physio-
logical media, and its high potency causing severe side effects
if non-selectively distributed over the whole body.*°
5-Fluorouracil (5-FU) is one of the most relevant chemother-
apeutic agents, again including lung, colorectal, gastric,
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lymph, cervical, and ovarian cancers. It directly acts on the
DNA synthesis by blocking the thymidylate synthase and is
applied in its active form.*' 5-FU is one of the oldest che-
motherapeutic agents with well-defined treatment regimens.
Although allowing an effective treatment for various types of
cancer, 5-FU still has several drawbacks that limit its clinical
use and may have negative impact on the patient’s outcome.
These include toxicity, drug resistance, non-specific cyto-
toxicity, variable patient responses, and restrictions regarding
administration. 5-FU is not specific to cancer cells and can
affect rapidly dividing normal cells, such as those in the gas-
trointestinal tract, bone marrow, and hair follicles, leading to
toxicities like gastrointestinal issues (including nausea, vomit-
ing, diarrhea) as well as cardiotoxicity, myelosuppression, and
hand-foot syndrome. Patients on 5-FU also have an increased
risk of partially life-threatening side effects, such as severe
infections, sepsis, and mucositis. Finally, 5-FU has a relatively
short half-life, requiring continuous infusion or frequent
dosing to maintain therapeutic levels. These limitations point
to the need of developing improved delivery systems (e.g.,
nanoparticles) and/or alternative therapeutic strategies to
improve the safety and efficacy of 5-FU and, in sum, the
patient’s quality of life.?*

In sum, a combination of the clinically highly relevant
drugs ITC and 5-FU - and even more preferable SN-38 and
5-FU - with high load in a single nanoparticle is extremely
attractive as a selective delivery and release could lead to a sig-
nificantly higher efficacy and/or considerably lower side effects
as compared to the current clinical therapy based on freely dis-
solved drugs. Nanoparticles with high load of both ITC and
5-FU, and especially of SN-38 and 5-FU, however, were not
available before.

Nanoparticle synthesis

Based on the IOH-NP concept with phosphate- or carboxylate-
functionalized drug anions and a certain inorganic cation to
make the IOH-NPs insoluble in water, we used the carboxylate-
functionalized SN-38 as the active and much more potent form
of ITC (Fig. 1a). Moreover, the phosphate-functionalized
5-fluoro-2’-deoxyuridylate (FAUMP) was used as anionic deriva-
tive of 5'-fluoruracil (Fig. 1a). To make both anions [SN-38]*~

a) SN38

[Gd(OH)]*'[(SN38), (FAUMP), J*
IOH-NP

+ GdCl,xH,0

Lactone form

b) FdUMP o n in water
%.9 0. TN0
gotﬁ,oﬁqv”‘\.;i\r
HO
Fig.1 Scheme illustrating the aqueous synthesis of [Gd

(OH)I?*[(SN-38)¢ 5(FAUMP), 51*~ IOH-NPs with SN-38 (a) and FAUMP (b)
as drug anions as well as a photo of the resulting aqueous suspension
(c).}
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and [FAUMP;]*~ insoluble in water, [Gd(OH)]** turned out to
be an appropirate inorganic cation.

Following the aqueous synthesis of IOH-NPs, a concen-
trated solution of GdCl;-8H,0 in water was injected with vigor-
ous stirring into a solution of SN-38 and Na,(FAUMP) in water
(Fig. 1b). To do so, first of all, the water-insoluble lactone form
of SN-38 needs to be converted into the carboxylate form at
slightly alkaline conditions (pH 8) prior to particle nucleation.
Upon injection of GdCl;-8H,0 to the solution of the drug
anions, immediate nucleation and particle growth occur as
indicated by certain turbidity of the liquid phase (Fig. 1c). The
as-prepared [Gd(OH)]**[(SN-38),.5(FAUMP), s]*~ IOH-NPs were
purified by centrifugation/redispersion in/from water to
remove all remaining starting materials and salts. Thereafter,
the IOH-NPs were dried to powder samples or redispersed in
water to obtain colloidally stable suspensions (Fig. 1c).

Particle size, size distribution and colloidal stability of the
as-prepared [Gd(OH)]**[(SN-38),.5(FAUMP), s]*~ IOH-NPs were
characterized by dynamic light scattering (DLS) and scanning
electron microscopy (SEM). DLS of aqueous suspensions indi-
cates a mean hydrodynamic diameter of 66 + 16 nm (Fig. 2a).
SEM confirms the presence of spherical particles with a mean
diameter of 38 + 7 nm (based on statistical evaluation of >100
nanoparticles on SEM images) (Fig. 2a and b). Such particle
size is considered as optimal for biomedical application as the
particles are large enough to avoid immediate renal clearance
(>20 nm) but to also avoid embolism (<100 nm). The larger
diameter from DLS compared to the value obtained by SEM
relates to the hydrodynamic diameter and a rigid layer of water
molecules adsorbed on the particle surface. Aqueous IOH-NP
suspensions are colloidally highly stable without the need of
any additional surface-active agent. They do not show any sedi-
mentation over 3-4 weeks. The high colloidal stability can be

13,14
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Fig. 2 Particle features of [Gd(OH)I>*[(SN-38)o s(FAUMP)g 51~ IOH-NPs:
(a) size and size distribution according to DLS (in water) and SEM; (b)
SEM overview image; (c) zeta potential of aqueous suspension; (d) FT-IR
spectra (Nax(UMP) and SN-38 as references).
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ascribed to the intrinsic charge stabilization of the IOH-NPs.
Thus, zeta-potential measurements prove negative charging of
—10 to —30 mV in the physiologically most relevant pH range
of 6.5-7.5 (Fig. 2¢).

Composition and fluorescence

The chemical composition and drug load of the [Gd
(OH)J*"[(SN-38)0.5(FAUMP), 5]>~ IOH-NPs was evaluated with
different analytical methods. In regard of the high costs of
FAUMP (i.e. about 4000 € for 100 mg Na,(FdUMP)), we have
performed the chemical characterization with
[GA(OH)]*"[(SN-38),.5(UMP)o 5>~ (i.e. about 5 € for 100 mg
Na,(UMP)). In difference to FAUMP, UMP does not contain any
fluorine and, therefore, is not cytotoxic, which, however, does
not affect the particle size or overall composition of the
IOH-NPs (except for the absence of fluorine).

According to X-ray powder diffraction (XRD), the IOH-NPs
are amorphous. This finding is not a surprise taking the low
temperature of synthesis and the large volume of the drug
anions into account. In fact, amorphous drug nanocarriers are
often advantageous in regard of their dissolution kinetics,”?
which is slow enough to achieve maintenance of high tumour
concentrations but rapid enough to avoid side effects due to
particle accumulation. Qualitatively, Fourier-transform infra-
red (FT-IR) spectroscopy evidences the presence of the respect-
ive drug anions (Fig. 2d). Thus, the characteristic vibrations of
SN-38 (1(R-COO): 1585 cm™') and UMP (or FAUMP) (1(C=O0):
1680 cm™', y(P — O): 1100-970 cm™ ") are clearly observed.
These vibrations are well in agreement with the starting
materials as references. Energy dispersive X-ray spectroscopy
(EDXS) confirms the presence of gadolinium and phosphorus
in the IOH-NPs (ESI: Fig. S1t). Finally, the chemical compo-
sition of the IOH-NPs was quantified by total organics combus-
tion via elemental analysis (EA) and thermogravimetry (TG). As
a result, the IOH-NPs contain 33 wt% of SN-38 and 30 wt% of
UMP (or FAUMP) (Table 1 and ESI: Fig. S27). This confirms the
intended 1:1 ratio of SN-38 and FAUMP in the IOH-NPs.
Moreover, the good coincidence of the experimental and the
calculated data evidences the overall composition
[GA(OH)*"[(SN-38)o.5(FAUMP), 5>~ with a total drug load of
63 wt% (remaining 37 wt% due to inorganic [Gd(OH)]**
cation).

Beside the above analytical characterization, specifically the
presence of SN-38 can be also validated by optical spectroscopy
(UV-Vis). Thus, the characteristic absorption below 450 nm is
observed for the IOH-NPs as well as for alkaline solutions of

Table 1 Composition of [Gd(OH)I**[(SN-38)o.5(UMP)osl>~ IOH-NPs
according to elemental analysis (EA) and thermogravimetry (TG)

EA contents

N/wt% C/wt% H/wt% TG mass loss/wt%
Experimental 5.0 32.5 3.2 64.9
Calculated 5.2 34.4 3.1 65.2

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Optical properties of [GA(OH)I>*[(SN-38)o.5(UMP)g 51~ IOH-NPs:
(@) UV-Vis spectrum (with Nay(UMP) and alkaline SN-38 solution as
references); (b) fluorescence spectra of DUT549-labelled IOH-NPs (1o =
550 nm, dem = 585 nm; free DUT549 as a reference).

SN-38 (pH = 8) (Fig. 3a). Furthermore, the absorptions at 335
and 410 nm are characteristic for the open carboxylate form of
SN-38 (ESI: Table S1 and Fig. S3-S871). These absorptions are
also in accordance with the yellowish colour of the
[Gd(OH)*'[SN-38]*~ IOH-NPs and alkaline solutions of SN-38
(Fig. 1).

To enable the [Gd(OH)]**[(SN-38)o.5(FAUMP), s>~ IOH-NPs
for fluorescence-based monitoring, they were labelled with
minor amounts (0.01 mol%) of Dyomics DY-549-dUTP
(DUT549) as a fluorescent dye (Fig. 3b). DUT549 shows red
emission at 570-700 nm (A,.x = 585 nm) upon excitation at
460-570 nm. Similar to FAUMP, DUT549 is phosphate-functio-
nalized and can be easily incorporated in the IOH-NPs upon
addition together with FAUMP. Moreover, it should be noticed
that SN-38 shows emission itself with greenish emission
(500-650 nm, Apax = 560 Nm) upon excitation at 400-500 nm
(ESI: Fig. S9t). Although we did not use the SN-38-based emis-
sion, it is an additional option for optical imaging.

In vitro studies

To assess the chemotherapeutic effectiveness of the [Gd
(OH)[(SN-38)0.5(FAUMP), s]*~ IOH-NPs, it is crucial to ensure
their successful uptake by the tumour cells. Therefore, the cel-
lular internalization of the IOH-NPs was examined in two
different pancreatic ductal adenocarcinoma (PDAC) cell lines
of murine origin (KPC, Panc02), using confocal microscopy
(Fig. 4). To safeguard against premature cell death during
uptake studies, the cells were incubated with drug-free [Gd
(OH)]**[UMP]*~ IOH-NPs. These reference IOH-NPs exclusively
contain the non-toxic uridine monophosphate (UMP) but
neither SN-38 nor FAUMP. Similar to the drug-loaded
IOH-NPs, these reference IOH-NPs were labelled with DUT549
as a fluorescent dye.

To accommodate the genetic diversity observed in PDAC,
both mouse pancreatic cancer cell lines — KPC and Panc02 —
were exposed to drugfree reference [Gd(OH)*'[UMPJ*~
IOH-NPs at a concentration of 12.5 ng mL™". Subsequently, the
cellular uptake was tracked using confocal microscopy after
0.5, 5, 24 and 48 h of incubation. The DUT549-labeled [Gd
(OH)]**[UMP]*~ IOH-NPs exhibit a distinctive intense red fluo-
rescence (Fig. 4). Cell nuclei were counterstained with 4',6-di-
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Fig. 4 Cell uptake of DUT549-labeled reference [Gd(OH)I**[UMPI>~
IOH-NPs in (a) KPC and (b) Panc02 PDAC cells, monitored with confocal
fluorescence microscopy over time (after 0.5, 5, 24 and 48 h of incu-
bation at 37 °C). DUT549-labeled IOH-NPs were imaged with le, =
549 nm, Aem = 559-650 nm (red); DAPI staining with e, = 405 nm, Aem
= 415-479 nm (blue). Yellow arrows on merged images point to the
cells, which have taken up extraordinary high amounts of IOH-NPs.
Scale bar corresponds to 25 pm in all images.

amidino-2-phenylindole (DAPI) displaying blue emission. A
time-dependent increase in the nanoparticle uptake was
clearly observed as indicated by the emission of red light,
resulting in a substantial load of the IOH-NPs within both pan-
creatic cancer cell lines after 48 h of incubation. In Panc02
cells, the cellular uptake of the IOH-NPs was visible already
after 5 h (Fig. 4a), whereas an uptake by KPC cells was first
detectable after 24 h (Fig. 4b). The IOH-NPs can be assumed to
follow the endocytic pathways for cell internalization, before
they reach acidic compartments for dissolution. Such mecha-
nism is known for a variety of nanocarriers® and is also in
accordance with our previous findings, showing IOH-NPs to
end up in late endosomes and lysosomes of human PDAC cells
after internalization.'**> Notably, the IOH-NPs exhibit specific
accumulation in the vicinity of the cell nuclei, which is advan-
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tageous as the IOH-NP dissolution and the release of SN-38
and FAUMP are close to the nucleus as the site of action.

PDAC tumours are characterized by a considerably
increased probability of genetic mutations, leading to an
increased genetic variability within the cells.>® These
mutations can pose a significant challenge in achieving an
effective treatment due to their impact on the cell suscepti-
bility to various drugs. Consequently, two different PDAC
murine cell lines - KPC cells (with p53 and KRAS mutation,
Fig. 5) and Panc02 (with SMAD4 mutation, Fig. 6) were applied
to assess the efficacy of the [GA(OH)]**[(SN-38),.5(FAUMP), 5]*~
IOH-NPs with two drugs, [Gd(OH)]*'[(SN-38)o.5(UMP)os]>~
IOH-NPs with only one drug as well as the free drugs SN-38
alone or SN-38 + FAUMP (positive controls) and the drug-free
[GA(OH)*'[UMP]*~ IOH-NPs (negative control). Live-cell
imaging was employed for up to 2 weeks to monitor the con-
fluence hourly, utilising phase-contrast microscopy and a pre-
defined cell-identification mask (Fig. 5 and 6). Such an
extended time has been selected to observe not only short-term
cytotoxicity but also any delayed responses to the IOH-NPs treat-
ment and to assess the long-term viability of the remaining
cells and any potential recovery or regrowth. IOH-NPs toxicity
has been observed as early as after 1-2 days of incubation, with
no hints for the delayed effects within the experimental setting.
Since the untreated control cells reached confluence after
approximately three days, a time point of 72 h was selected to
calculate the concentration-dependent efficacy (Table 2).

In general, the drug-loaded IOH-NPs demonstrate a notable
anti-tumour efficacy in both PDAC cell lines, confirming not
only an efficient uptake of the IOH-NPs but also an effective
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Fig. 5 Confluence of KPC cells monitored via live-cell imaging to
assess the response of gradient concentrations of 10-2000 nM (a) and
enlarged of 10-250 nM (b) of [Gd(OH)I**[(SN-38)o5(FAUMP)o s]%
IOH-NPs,  [GA(OH)I**[(SN-38)05(UMP)o s>~ IOH-NPs and  [Gd
(OH)I2*[UMPI]?~ IOH-NPs as well as the freely dissolved drugs SN-38 +
FAUMP and SN-38 after 72 hours of treatment.
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Fig. 6 Confluence of Panc02 cells monitored via live-cell imaging the
response of gradient concentrations of 10-2000 nM (a) and enlarged of
10-250 nM (b) of [GA(OH)I**[(SN-38)qs(FAUMP)osl>~ IOH-NPs,
[GA(OH)I2*[(SN-38)0 5(UMP)g 512~ IOH-NPs and  [Gd(OH)I2* [UMP]?~
IOH-NPs as well as the freely dissolved drugs SN-38 + FAUMP and
SN-38 after 72 hours of treatment.

Table 2 ICso of the IOH-NPs in comparison with the values of their
soluble free drugs alone or in combination determined after 72 hours of
treatment

Panc02

Drugs cells KPC cells
Nanoparticles
[GA(OH)]**[(SN-38),.5 SN-38, FAUMP 43.4+31.2nM 11.0 + 2.2 nM
(FAUMP), 5>~
[GA(OH)]*'[(SN-38),.5 SN-38 247.5 +31.8 nM  198.9 + 80.5 nM
(UMP), 5]~
[GA(OH)]*'[UMP]>~  None No toxicity No toxicity
Free drugs
SN-38 + FAUMP SN-38, FAUMP 28.5+2.7nM 6.9 +3.2nM
SN-38 SN-38 159.3£53nM  98.6 £ 34.9 nM

release of the active drugs from the nanoparticles. [Gd
(OH)J**[(SN-38)0.5(UMP), 5>~ IOH-NPs show a mean inhibitory
concentration (ICs,), representing the concentration required
to reduce confluence to 50% of the initial value, of 247.5 +
31.8 nM in Panc02 cells and 198.9 + 80.5 nM in KPC cells
(Table 2). [Gd(OH)]*[(SN-38),.5(FAUMP), 5>~ IOH-NPs exhibit
an even higher effectiveness with 5-10-fold lower ICs, values of
43.4 + 31.2 nM in Panc02 and 11.0 + 2.2 nM in KPC cells. This
reinforces the synergistic effect of the drug cocktail in the
[GA(OH)]*"[(SN-38),.5(FAUMP), s>~ IOH-NPs. Interestingly,
KPC cells were more responsive than Panc02 cells (Fig. 5 and
6), not only to the IOH-NPs but also to both soluble drugs.
This could possibly be attributed to the faster doubling time
of KPC cells, as chemotherapeutic agents are known to affect
rapidly dividing cells more significantly, with less impact on
slow-proliferating cells.”” Additionally, the two cell lines carry

This journal is © The Royal Society of Chemistry 2024
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different genetic mutations, which could potentially influence
their susceptibility to the selected drugs.

While both single- and double-drug-loaded IOH-NPs show
impressive efficacy on the tested PDAC cells, the efficacy of the
free drugs in solution - i.e., SN-38 and SN-38 + FAUMP - is still
slightly higher (Fig. 5 and 6). This is to be expected and can be
attributed to the immediate availability of the freely dissolved
chemotherapeutics when applied directly to the cell-culture
medium, whereas the IOH-NPs, first, require cell uptake, fol-
lowed by endosomal trafficking,"*** and only thereafter the
release of the active drug to achieve cytotoxic effects. Even
more important, it has to be taken into account that SN-38,
though highly potent when applied in vitro to cultured cells,
exhibits limited efficacy when applied systemically in vivo due
to stability issues, thus, making it yet unsuitable for systemic
administration.”® Current nanoparticle concepts failed so far
for several reasons, such as insufficient stability and/or insuffi-
cient SN-38 load (<3 wt%).?° [Gd(OH)**[(SN-38)o 5(FAUMP), 5>~
IOH-NPs, however, could open the option of using the 100- to
1000-times more potent SN-38, while minimizing the issues
associated with a direct SN-38 administration (i.e., low solubility,
poor stability, severe side-effects for uncontrolled distribution).

Conclusions and outlook

In conclusion, the newly presented [Gd(OH)]*'[(SN-38)o.5
(UMP)o s>~ and [Gd(OH)]**[(SN-38),.5(FAUMP), s]*~ IOH-NPs
introduce a novel highly promising nanocarrier system to
deliver SN-38 either alone or in conjunction with 5-FU, which
provides a whole range of advantages. With a total drug load of
63% - thereof 33 wt% of SN-38 and 30 wt% of FAUMP - they
contain a drug cocktail of clinically highly relevant chemothera-
peutic agents with an exceptional load. Due to dye labelling, the
IOH-NPs can be monitored easily. Cell-based assays show
efficient cellular uptake and promising anti-tumour activity on
two pancreatic cancer cell lines of murine origin (KPC, Panc02),
comparable even to the freely dissolved drugs. The direct delivery
of the highly potent SN-38 without relying on the less efficient
enzymatic activation of irinotecan as a prodrug in the liver could
become most relevant for clinical therapy. SN-38 can be pro-
tected in the nanoparticle and delivered to the tumour (e.g. after
intravenous administration), where it develops its high efficacy
but causing less of the severe side effects (e.g;, diarrhea, bone-
marrow toxicities, colon inflammation). Beside the high load of
a chemotherapeutic cocktail, in sum, direct delivery of SN-38 in
form of IOH-NPs may not only eliminate the severe adverse reac-
tions, but also further enhance curative effects without the need
for increased dosage, addressing issues related to solubility and
stability without compromising its activity.

Data availability

Additional data regarding experiments and methods can be
obtained from the ESIf and on request from the authors.
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