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High-Load Gemcitabine Inorganic–Organic Hybrid
Nanoparticles as an Image-Guided Tumor-Selective
Drug-Delivery System to Treat Pancreatic Cancer

Myrto Ischyropoulou, Kristina Sabljo, Leonie Schneider, Christof M. Niemeyer,
Joanna Napp,* Claus Feldmann,* and Frauke Alves*

Pancreatic ductal adenocarcinoma (PDAC) has a devastating prognosis
without effective treatment options. Thus, there is an urgent need for more
effective and safe therapies. Here, inorganic–organic hybrid nanoparticles
(GMP-IOH-NPs) are presented as a novel drug-delivery system for the
selective delivery of extraordinarily high concentrations of gemcitabine
monophosphate (GMP), not only to the primary tumor but also to metastatic
sites. GMP-IOH-NPs have a composition of [ZrO]2+[GMP]2− with GMP as
drug anion (76% of total IOH-NP mass). Multiscale fluorescence imaging
confirms an efficient uptake in tumor cells, independent of the activity of the
human-equilibrative-nucleoside transporter (hENT1), being responsible for
gemcitabine (GEM) transport into cells and a key factor for GEM resistance.
Delivering already phosphorylated GMP via GMP-IOH-NPs into tumor cells
also allows the cellular resistance induced by the downregulation of
deoxycytidine kinase to be overcome. GMP-IOH-NPs show high
accumulation in tumor lesions and only minor liver trapping when given
intraperitoneally. GMP-IOH-NPs result in a higher antitumor efficacy
compared to free GEM, which is further enhanced applying
cetuximab-functionalized GMP-CTX-IOH-NPs. By maximizing the therapeutic
benefits with high drug load, tumor-specific delivery, minimizing undesired
side effects, overcoming mechanisms of chemoresistance, and preventing
systemic GEM inactivation, GMP-IOH-NPs are anticipated to have a high
chance to significantly improve current PDAC-patient outcome.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC)
is one of the most lethal human cancers,[1]

ranking the fourth leading cause of cancer-
related deaths in the western world. Such
dismal prognosis can be traced back to
both its late detection—often due to a
lack of symptoms in early stages—and
to treatment failure—especially in ad-
vanced tumors not eligible for complete
surgical resection.[2] Therefore, effective
therapeutic strategies not only against
the primary tumor but also its metasta-
sis (most often in liver, peritoneum and
lung) are urgently needed for patients with
late stage PDAC.[3] Currently, systemic
chemotherapy represents the standard
treatment either in neo-adjuvant, adju-
vant and palliative settings, regrettably
resulting in only modest improvement
of survival.[4] Since the late 1990s, the
nucleoside analogue gemcitabine (GEM,
2′,2′-difluroro-2′-deoxycytidine) has been
the first-line drug for advanced PDAC.
GEM is preferentially applied in combi-
nation therapies (e.g., with nab-paclitaxel,
cisplatin, capecitabine, erlotinib), selected
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based on the tumor stage and the general performance sta-
tus. Although other regimens are available (e.g., FOLFIRINOX:
combination of 5-fluorouracil, leucovorin, irinotecan, oxali-
platin), GEM is still a key-compound for PDAC treatment. Yet,
its clinical efficacy is severely limited by its short half-life and
rapid elimination from the body by conversion into inactive
2′,2′-difluorodeoxyuridine by the enzyme cytidine deaminase
(CDA) abundant in plasma and liver.[5] Therefore, usually high
GEM doses need to be repeatedly given to patients, which not
only lead to systemic toxicity (e.g., hepato-/nephrotoxicity) but
also promotes chemoresistance.[6]

Since GEM is a hydrophilic moiety, it needs to be trans-
ported into the tumor cells via different nucleoside transporters,
e.g. the human equilibrative nucleoside transporter (hENT1),[7]

whose biological activity is considered to be a prerequisite for
the efficacy of GEM. After entering the cell, free GEM un-
dergoes intracellular conversion by a series of phosphorylation
steps mediated by specific enzymes. First of all, deoxycytidine ki-
nase (dCK) phosphorylates GEM to the nucleotide gemcitabine
monophosphate (GMP), and subsequently pyrimidine nucleo-
side monophosphate kinase (NMPK) to gemcitabine diphos-
phate. The latter is finally activated by phosphorylation to gemc-
itabine triphosphate (GTP) by the nucleoside diphosphate kinase
(NDPK) that competes with deoxycytidine triphosphate (dCTP)
for the incorporation into DNA, leading to an inhibition of DNA
synthesis.[8]

The most fundamental mechanisms of GEM chemoresistance
are: i) downregulation of the nucleoside transporters, as their ab-
sence prevents GEM from entering cells, ii) decrease in expres-
sion of dCK being responsible for the first step of the GEM phos-
phorylation after cellular uptake,[9] and iii) enhanced GEM de-
activation, causing GEM degradation and excretion, controlled
by the enzyme cytidine deaminase, which is often upregulated
in chemoresistant patients.[10] Another factor generally affect-
ing the efficacy of chemotherapeutic drugs is the peculiar tu-
mor microenvironment in PDAC with a highly dense, desmo-
plastic stroma. To circumvent the resistance to GEM derived
from the physical and molecular barriers in PDAC, nanocarrier-
based approaches (e.g., GEM-loaded solid-lipid nanocarriers,
GEM embedded in (bio)polymer matrices or liposomes)[11] and
various modifications of GEM (e.g., as prodrug)[12] have been
suggested but yet suffer from insufficient drug load (<10% of
total nanocarrier mass), multistep synthesis, complex nanocar-
rier composition and structure, and/or insufficient drug trans-
port, delivery and efficacy. A nanocarrier-based transport of GMP,
however, could not only be an option to bypass the hENT1
transporter, but also the initial step of GEM phosphorylation
as the rate-limiting step to activate gemcitabine.[7] Both strate-
gies have high potential to circumvent GEM resistance as al-
ready suggested for GEM-loaded liposomes, microemulsion-
made calcium phosphate nanocarriers, or GMP-filled metal–
organic framework (MOF)-type particles.[13] However, these
nanocarriers exhibit complex, multicomponent compositions
with only <1% to 10% of GEM/GMP and particle sizes partly up
to 100 μm.

Numerous pathways were described for the internalization
of nanocarrier-based therapeutics into cells. After uptake, these
pathways merge into early endosomes before undergoing sort-
ing, where material may also be sent back to the surface via

recycling endosomes, traffic to late endosomes and lysosomes
or escape from endocytic vesicles to the cytosol. Understand-
ing the complex mechanisms and pathways, which can be dif-
ferent for different cell types, as well as for different nanocarri-
ers, is a currently emerging issue.[14] Metabolic characteristics of
cancer cells such as pH or increased glucose consumption can
be used to direct nanocarriers to the tumor tissue. In this re-
gard, glucose-coated nanocarriers were often reported to show
a faster cancer-cell uptake.[15] To increase the tumor-specific up-
take, moreover, many nanocarriers were equipped with specific
ligands. Among them, the (human) epithelial growth factor re-
ceptor 1 ((h)EGFR1)—overexpressed in 70% of PDAC cases—
has been successfully targeted with monoclonal antibodies (e.g.,
cetuximab, panitumumab), immunotoxins, ligand-binding cyto-
toxic agents, or small-molecule tyrosine-kinase inhibitors (e.g.,
erlotinib, gefitinib).[16] Beside cell uptake, detailed understand-
ing of biodistribution, localization at target sites, accumulation
and mechanisms for heterogeneous distribution in healthy or-
gans and tissues are key to the successful transition of nanocar-
riers from basic research via preclinical development into clin-
ical application. To this concern, fluorescence imaging (FI) has
become a powerful tool for non-invasive imaging in preclinical
setups, as well as with high spatial and temporal resolution to
assess the nanocarrier distribution in tissue on a (sub-)cellular
scale.[17]

Aiming at an efficient delivery of GEM to PDAC tu-
mors, preferentially circumventing chemoresistance, we sug-
gest inorganic–organic hybrid nanoparticles (IOH-NPs) as a
novel drug-delivery system for selective delivery of extraor-
dinarily high concentrations of already phosphorylated gem-
citabine monophosphate (GMP) to the primary tumor and
metastatic sites, followed by uptake into tumor cells, most
likely via one of the endocytic pathways but independent
of the activity of hENT1. Due to fluorescence labeling, the
GMP-loaded IOH-NPs (GMP-IOH-NPs) are enabled for in
vivo and ex vivo monitoring. Moreover, “naked” GMP-IOH-
NPs are compared with glucose-coated (GMP-GLU-IOH-NPs)
and cetuximab-functionalized (GMP-CTX-IOH-NPs) in regard
of an efficient, selective accumulation at tumor sites and le-
sions. IOH-NP accumulation, tumor targeting, cytostatic effi-
cacy, chemoresistance, and side effects are addressed to un-
derstand and to maximize the therapeutic benefits applying
GMP-IOH-NPs.

2. Inorganic–Organic Hybrid Nanoparticles

2.1. Material Concept and Synthesis

Inorganic–organic hybrid nanoparticles (IOH-NPs) are charac-
terized by a saline composition with an inorganic cation and a
drug anion, which is functionalized by phosphate, sulfonate, or
carboxylate groups.[18] Specifically, the concept of IOH-NPs com-
prises a simple synthesis in water, an extraordinary high drug
load (>60% of total nanoparticle mass), an uncomplex composi-
tion and structure of the nanocarriers, and a high adaptability of
the IOH-NPs to use various drugs. Previous studies with antibi-
otic or anti-inflammatory drugs have already pointed to the feasi-
bility of the material concept.[19] Here, gemcitabine monophos-
phate (GMP) is used as chemotherapeutic anion for the first time.
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Figure 1. Synthesis and characterization of [ZrO]2+[GMP]2− IOH-NPs: a) Scheme illustrating the aqueous synthesis, b) particle size distribution ac-
cording to DLS and SEM with photo of aqueous suspension, c) SEM images at different levels of magnification, d) FT-IR spectra (with H2(GMP) as a
reference), e) zeta potential, including surface-functionalized [ZrO]2+[GMP]2−@[ZrO]2+[G6P]2− and [ZrO]2+[GMP]2−@CTX IOH-NPs (G6P: glucose-6-
phosphate; CTX: cetuximab), and f) scheme of IOH-NPs with designation used for in vitro/in vivo studies. For further characterization see Figures S1–S7,
Supporting Information.

Zirconyl ([ZrO]2+) is used as inorganic cation to make the drug
insoluble in water and to obtain IOH-NPs with a saline compo-
sition [ZrO]2+[GMP]2− (Figure 1).

In detail, [ZrO]2+[GMP]2− IOH-NPs were synthesized by in-
jection of aqueous ZrOCl2×8H2O into an aqueous solution of
H2(GMP) (Figure 1a), which, after purification (see Support-
ing Information), results in colloidally highly stable suspen-
sions (5 mg mL−1) that do not show any sedimentation over
several weeks (Figure 1b). Particle size, size distribution and
zeta-potential analysis were examined by dynamic light scatter-
ing (DLS) and scanning electron microscopy (SEM). Accord-
ingly, a hydrodynamic diameter of 69 ± 16 nm (DLS) and a
diameter of 29 ± 4 nm (SEM) were obtained with negative
surface charging (−35 ± 6 mV) (Figure 1b,c,e), which is also
causative for the colloidal stability. The chemical composition of
the [ZrO]2+[GMP]2− IOH-NPs was validated by different meth-
ods, including X-ray diffraction (XRD), energy-dispersive elec-
tron spectroscopy (EDXS), Fourier-transform infrared (FT-IR)
spectroscopy, elemental analysis (EA, C/H/N/S analysis), and
total organics combustion/thermogravimetry (TG) (Figure 1d;
Figures S1–S6, Supporting Information). Whereas the presence
of zirconium and GMP were qualitatively confirmed by EDXS
and FT-IR, the [ZrO]2+: [GMP]2− ratio and the overall compo-
sition were quantified by EA and TG. In sum, the composi-
tion [ZrO]2+[GMP]2− with a GMP-load of 76% of the total IOH-

NP mass (24% due to [ZrO]2+ as inorganic cation) was con-
firmed. Here, it should be noticed that IOH-NPs with gemc-
itabine triphosphate (GTP) as the drug anion ([ZrO]2+3[GTP]3−2
IOH-NPs) can be realized similarly, showing comparable proper-
ties as [ZrO]2+[GMP]2− IOH-NPs (Table S1 and Figure S7, Sup-
porting Information).

In addition to [ZrO]2+[GMP]2− IOH-NPs as active drug-
loaded nanocarrier, [ZrO]2+[CMP]2− IOH-NPs (CMP: cytidine
monophosphate) were prepared as GEM-free reference via a sim-
ilar synthesis protocol (Figures S1–S5, Supporting Information).
In difference to GMP, CMP does not contain fluorine in 2,2′-
position of the ribose unit, so that the DNA reproduction is
not blocked. Beside the cytostatic activity, [ZrO]2+[GMP]2− and
[ZrO]2+[CMP]2− IOH-NPs exhibit similar properties (size, com-
position, etc.) within the significance of the analytical charac-
terization (Figures S1–S6, Supporting Information). Therefore,
GEM-free [ZrO]2+[CMP]2− IOH-NPs were used in the follow-
ing (with similar concentration as [ZrO]2+[GMP]2−) as nega-
tive control without any cytostatic effect. Moreover, solutions of
H2(GMP) and free GEM were used (with similar GMP/GEM con-
centration as in [ZrO]2+[GMP]2−) as positive control. To avoid
lengthy chemical formula, [ZrO]2+[GMP]2− IOH-NPs are des-
ignated as GMP-IOH-NPs and [ZrO]2+[CMP]2− IOH-NPs as
Ref-IOH-NPs in the discussion of the in vitro/in vivo studies
(Figure 1f).
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2.2. Fluorescence Labeling and Surface Functionalization

To enable [ZrO]2+[GMP]2− IOH-NPs for fluorescence-based
tracking in vitro and in vivo, they were labeled with fluorescent
dyes showing green (DY−549P1-dUTP, designated DUT549) or
red (DY−647P1-dUTP, designated DUT647) emission. Due to
their bright emission, only very low amounts (≈0.01 mol-%) of
the respective dye anions are required, as expressed by a com-
position such as [ZrO]2+[(GMP)

>0.99(DUT647)
<0.01]2−. Successful

incorporation of the fluorescent dye is visualized by the charac-
teristic emission (Figure S6, Supporting Information).

To enhance the tumor uptake of [ZrO]2+[GMP]2− IOH-NPs,
we pursued two strategies for surface modification. On the
one hand, the IOH-NPs were coated with glucose (GLU), and
on the other hand, functionalized with cetuximab (CTX) as
pancreatic-tumor-specific antibody. To this concern, we have
coated [ZrO]2+[GMP]2−/[ZrO]2+[CMP]2− IOH-NPs with a shell
of [ZrO]2+[G6P]2− (G6P: glucose-6-phosphate) as another type
of IOH-NPs (Table S2 and Figures S8–S10, Supporting In-
formation). The course of the coating can be followed by
the zeta potential (Figure 1e). For CTX functionalization, an
aqueous CTX solution was slowly added to a suspension of
[ZrO]2+[GMP]2−/[ZrO]2+[CMP]2− IOH-NPs, whereupon the an-
tibody was electrostatically adsorbed on the particle surface. Suc-
cessful adhesion of CTX was qualitatively indicated by an in-
creased particle diameter (84 ± 19 nm) as well as by a zeta poten-
tial, which decreases after CTX functionalization (−21± 7 mV) in
comparison to non-CTX-functionalized IOH-NPs (−35 ± 6 mV,
Figure 1e,f; Tables S3–S5 and Figures S11–S15, Supporting In-
formation). The decreased surface charge is in accordance with
the alkaline point of zero charge for CTX (PZCCTX at pH= 8.5).[20]

The amount of CTX adhered on the particle surface was adjusted
and determined by Bradford assays (Table S5 and Figure S14,
Supporting Information) and resulted in 0.2 mg mL−1 CTX for
[ZrO]2+[GMP]2−@CTX suspensions with a particle content of
1 mg mL−1, so that these IOH-NPs contain 63% GMP of the to-
tal IOH-NP mass. Finally, immunofluorescence assays confirm
CTX to selectively bind to hEGFR1 after adhesion on the IOH-
NP surface (Figure S15, Supporting Information). In in vitro/in
vivo studies, the GLU-coated/CTX-functionalized nanocarriers
are designated GMP-GLU-IOH-NPs and GMP-CTX-IOH-NPs
(Figure 1f).

3. In Vitro Characterization

3.1. Cell Uptake

Efficient uptake by tumor cells, followed by efficient drug release
is crucial for the efficacy of nanocarriers, in general.[18,19] To this
concern, the uptake of DUT549-labeled Ref-IOH-NPs was inves-
tigated first of all in two PDAC cell lines: i) AsPC1—a human
cell line known to moderately to strongly express human EGFR1,
recognized by the recombinant antibody CTX (Figure S16, Sup-
porting Information) and ii) Panc02—a murine cell line that by
definition lacks the human EGFR epitope.[21] To avoid any drug-
mediated toxicity (possibly affecting cell proliferation, morphol-
ogy, adhesion, etc.), GEM-free Ref-IOH-NPs were applied as such
or after GLU coating or CTX functionalization (Ref-GLU-IOH-
NPs, Ref-CTX-IOH-NPs). Both cell types show efficient massive

uptake of all tested IOH-NPs within 48 h (Figure 2a,b). In AsPC1
cells, the IOH-NP uptake was even faster (already after 30 min)
and slightly higher (Figure 2a) than in Panc02 cells (after ≈5 h)
(Figure 2b). Interestingly, neither GLU coating nor CTX func-
tionalization of the IOH-NPs increased their cellular uptake in
the in vitro monolayer setting. By assessing the intracellular traf-
ficking in AsPC1 cells, DUT647-labeled GEM-free Ref-IOH-NPs
turned out to end up in part in LysoTracker-positive late endo-
somes and lysosomes (Figure 2c). Thus, the IOH-NPs can be as-
sumed to follow the endocytic pathways for cell internalization,
before they reach these acidic compartments. Such mechanism
is known for a variety of nanocarriers[14] and also in accordance
with our previous findings, showing IOH-NPs to end up in late
endosomes (large endosomal vacuoles) of macrophages 24 h af-
ter internalization.[22]

As a next step, surface binding of CTX-functionalized IOH-
NPs to hEGFR1-expressing AsPC1 cells was analyzed. Binding
experiments were performed by incubating cells with Ref-CTX-
IOH-NPs at 4 °C (Figure S16, Supporting Information). At this
temperature, the cellular metabolism and internalization pro-
cesses are minimalized. As expected, almost no cell uptake oc-
curred at 4 °C, neither by AsPC1 nor by Panc02 cells. Notably,
Ref-CTX-IOH-NPs were nevertheless observed via confocal flu-
orescence microscopy only on the cell surface of AsPC1 cells
but not on hEGFR1 non-expressing murine Panc02 cells, which
confirms receptor-mediated binding of Ref-CTX-IOH-NPs to the
hEGFR1 epitope. The ability of DUT549-labeled IOH-NPs to be
efficiently taken up by PDAC cells shows their potential to serve
as nanocarriers for image-guided delivery of GEM to tumor tis-
sue.

Aiming at an in vitro evaluation of the cytotoxic effects, AsPC1
and Panc02 cells were incubated with increasing concentra-
tions of the DUT549-labeled GMP-IOH-NPs and GTP-IOH-NPs,
as well as with GLU-coated and CTX-functionalized IOH-NPs
(Figure 2d,e). Note that GTP-IOH-NPs with gemcitabine triphos-
phate were studied here, too. The efficacy of the IOH-NPs was
compared to Ref-IOH-NPs (negative control) and free GEM (pos-
itive control). In all experiments, the specified GMP/GTP/GEM
concentration refers to the respective concentration in the IOH-
NPs. Cell growth was monitored with a live-cell imaging system.
The concentration-dependent efficacy was measured as a per-
centage of the cell confluence after 72 h of incubation—a point
in time when the control cells already reached full confluence.
As a result, AsPC1 cells show a concentration-dependent sensi-
tivity to GMP-IOH-NPs/GTP-IOH-NPs with a half-maximal in-
hibitory concentration (IC50) of 14.8 nm in comparison to an IC50
of 10.5 nm of free GEM. Both values are even lower than the IC50
of the GEM values described in the literature at 72 h (494 nm to
23.9 μm).[23] In this regard, human PDAC cell lines are known
in particular for a varying sensitivity to GEM, mainly driven by
different expression of its molecular regulators.[24] A therapeu-
tic approach that allows circumventing the cell-intrinsic GEM
processing and the GEM cell-transport mechanisms responsible
for chemoresistance, therefore, can become even more interest-
ing, especially in regard of the genomic heterogeneity of PDAC,
as well as the intrinsic and developed chemoresistance to GEM,
which severely limit its effectiveness.

GMP-IOH-NPs and GTP-IOH-NPs generally show a lower
sensitivity in Panc02 cells than in AsPC1 cells (Figure 2d,e),
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Figure 2. In vitro uptake and antiproliferative efficacy of IOH-NPs on PDAC cells. a,b) Representative confocal fluorescence microscopy images
showing time-dependent uptake of DUT549-labeled Ref-IOH-NPs, Ref-GLU-IOH-NPs (glucose-coated), Ref-CTX-IOH-NPs (CTX-functionalized) by hu-
man AsPC1 (a) and murine Panc02 cells (b) (red: DUT549-labeled IOH-NPs, 𝜆Ex = 561 nm, 𝜆Em = 571–623 nm; blue: nuclei stained with DAPI,
𝜆Ex = 405 nm, 𝜆Em = 415–479 nm). c) Representative confocal fluorescence microscopy images showing the uptake of DUT647-labeled Ref-IOH-NPs
(red; 𝜆Exc = 647 nm, 𝜆Em = 643–750 nm) after 24 and 48 h in AsPC1 cells co-stained with LysoTracker (green: acidic compartments of cells, mainly
lysosomes, together with late endosomes and multivesicular bodies; 𝜆Ex = 594 nm, 𝜆Em = 577–594 nm; blue: nuclei stained with DAPI). The enlarged
section shows GEM-free Ref-IOH-NPs to colocalize in part with LysoTracker-labeled vesicles (yellow, marked with white arrows on inset). Note that
more LysoTracker-labeled vesicles are visible in comparison to the control without IOH-NPs (scale bars in a-c identical for all images). d,e) Response
of PDAC cells to treatment with GMP-IOH-NPs and GTP-IOH-NPs (GMP: gemcitabine monophosphate, GTP: gemcitabine triphosphate) as well as the
respective GLU-coated and CTX-functionalized GMP/GTP-IOH-NPs by human AsPC1 (d) and murine Panc02 cells (e) assessed 72 h after treatment
with annotated IOH-NPs or free GEM.

whereas the anti-proliferative effect of free GEM on Panc02
cells (IC50: 15.9 nm) is comparable to that on AsPC1 cells
(IC50: 10.5 nm). GTP-IOH-NPs were even ≈10-times less cy-
totoxic in Panc02 cells (IC50: 149.2 nm) than in AsPC1 cells
(IC50: 14.8 nm) (Figure 2d,e), which can be ascribed to the gen-
erally slower uptake of IOH-NPs into Panc02 cells than into
AsPC1 cells (Figure 2a,b). Furthermore, GTP-IOH-NPs (IC50:
149.2 nm)—containing the phosphorylated and pharmacologi-
cal active form of GEM—were more effective in Panc02 cells

than GMP-IOH-NPs (IC50: 459 nm) (Figure 2e). This finding
can be ascribed to the fact that GTP does not need any fur-
ther phosphorylation within the cells to be incorporated into the
DNA. In addition, GTP is not transported out of the cell (in
difference to GMP), since this triphosphorylated GEM metabo-
lite is protected against deamination and cell efflux.[8] Since
the formation of GMP is the rate-limiting step for the whole
phosphorylation process to activate pharmacological GEM within
the cell—with downregulation of the responsible enzyme dCK
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being an essential reason for drug resistance, IOH-NP-driven
direct delivery of GMP into cells can be of course highly
promising to overcome GEM chemoresistance. As GTP-IOH-
NPs can be prepared similarly (Table S1 and Figure S7, Sup-
porting Information), furthermore, a direct delivery of GTP
to tumor sites via IOH-NPs as drug-delivery system is also
possible.

Interestingly, the therapeutic efficacy was not improved
when using CTX-functionalized IOH-NPs, showing a two-times
lower efficacy (IC50: 38.4 nm) than non-functionalized IOH-
NPs (Figure 2d). Similarly, glucose-coated IOH-NPs did not im-
prove the anti-proliferative potential. In contrast, Panc02 cells
were even ≈25-times less responsive to GTP-GLU-IOH-NPs
than to free GEM as the clinical counterpart. They were even
less effective than non-coated GMP-IOH-NPs/GTP-IOH-NPs
(Figure 2e). Hence, “naked” GMP-IOH-NPs/GTP-IOH-NPs—
at least in cell-based assays—show the best performance for
GEM delivery. Both GLU-coated and CTX-functionalized IOH-
NPs nevertheless remain promising tools for targeted delivery in
vivo.

3.2. hENT1 Inhibition to Overcome Chemoresistance

A major drawback of GEM therapy relates to the development
of chemoresistance, which very often occurs during the course
of treatment, e.g. due to altered expression of the hENT1 trans-
porter, responsible for GEM cellular uptake.[25] To this concern,
a hENT1-independent uptake of IOH-NPs can be an ideal op-
tion to overcome one of the underlying mechanisms of chemore-
sistance. Therefore, we have first analyzed if the inhibition of
the hENT1 with the selective tyrosine kinase inhibitor nilo-
tinib could affect the internalization of the different GMP-IOH-
NPs.[26] AsPC1 cells expressing hENT1 were seeded on cover-
slips and incubated for 24 h with 10 μm nilotinib (see Sup-
porting Information). Then, GMP-IOH-NPs, GMP-CTX-IOH-
NPs, Ref-IOH-NPs and free GEM were added with a concen-
tration of 37.5 ng mL−1. The cellular uptake was assessed after
30 min, 5, 24 and 48 h with confocal fluorescence microscopy.
As a result, AsPC1 cells indeed show efficient IOH-NP up-
take, even during hENT1 inhibition with nilotinib (Figure 3a)
and with uptake rates comparable to cells with active hENT1
transporter (Figure 2a). This clearly proves the uptake of GMP-
IOH-NPs to be independent of the activity of the hENT1
transporter.

As a second step, we have investigated if hENT1 inhibition
has an impact on the efficacy of GEM-IOH-NPs. To this concern,
AsPC1 cells were pre-incubated for 24 h with 10 μm of nilotinib
and treated with IOH-NPs in a concentration of 300 nm. The cell
viability was assessed after 24, 48, and 72 h using a CellTiter-
Glo assay (see Supporting Information). As a result, free GEM
efficiently reduces the cell viability only in absence of nilotinib
(Figure 3b). Its cytotoxic effect was almost completely abolished
by inhibiting hENT1, indicating that GEM was not transported
into the cells in the presence of nilotinib. In contrast, the effi-
cacy of both GMP-IOH-NPs and GMP-CTX-IOH-NPs was not
or only slightly affected by nilotinib, which suggests an uptake
of the IOH-NPs via a different mechanism. Moreover, hENT1 ex-

pression was observed in all AsPC1 tumors, independent of their
treatment with GMP-IOH-NPs or free GEM as shown by im-
munohistochemical staining (see Supporting Information). The
fact that the nanoparticle uptake is independent from hENT1 en-
ables GMP-IOH-NPs to establish high GMP concentrations in
cells—even in absence of hENT1—and to nevertheless develop
their full antitumoral effect. This indicates the IOH-NPs to be
able to overcome endosomal entrapment and to efficiently re-
lease GMP into the cytosol, which then leads to an inhibition of
the DNA synthesis. Since the tumor level of hENT1 is known
to be prognostic in PDAC patients treated with adjuvant GEM
chemotherapy,[27] bypassing the hENT1 transporter with high-
load GMP-IOH-NPs has the potential to overcome intrinsic and
acquired hENT1-mediated GEM resistance. Such strategy was al-
ready suggested[13] but is yet limited to nanocarriers with com-
plex composition and low GEM load (<10% of total nanocarrier
weight).

In addition to by-passing the hENT1 transporter, GMP-IOH-
NP-driven delivery to the site of the tumor could also allow an
intracellular GEM activation independent of dCK. The impor-
tant role of dCK in mechanisms causing chemoresistance was
shown with several human PDAC cell lines and in PDAC pa-
tients, in which the expression level of dCK was found to cor-
relate with the degree of GEM resistance. Thus, knockdown of
dCK results in GEM resistance, whereas an overexpression of
dCK in GEM-resistant cell lines restores the sensitivity to GEM
treatment.[9a] The administration of free GEM, however, is ham-
pered by its poor stability in biological media and its poor cellular
uptake.[28] The use of GMP-IOH-NPs to deliver already phospho-
rylated GMP to tumor cells, thus, has the additional advantage
not only to be independent of hENT1 for cellular uptake but also
of the enzyme dCK for GEM activation. Both is extremely im-
portant to overcome GEM chemoresistance and to establish an
efficient treatment for PDAC patients, which is even suitable for
long periods of administration.

4. In Vivo Studies

4.1. Biodistribution

Prior to in vivo efficacy studies, the biodistribution of the different
IOH-NPs was assessed, in general, depending on the application
route in either immunodeficient xenogenic (AsPC1) or immuno-
competent syngeneic (Panc02) orthotopic PDAC mouse models
(Figures 4-; Figures S17–S29, Supporting Information). Fluores-
cence imaging (FI) was applied taking advantage of DUT647-
labeled IOH-NPs. Similar to the in vitro studies, Ref-IOH-NPs7
were used as GEM-free reference (negative control). Mice bear-
ing orthotopic AsPC1 tumors (Figure S17, Supporting Informa-
tion) were injected either intraperitoneally (i.p.) or intravenously
(i.v.) with a single dose of Ref-IOH-NPs, Ref-CTX-IOH-NPs or
Ref-GLU-IOH-NPs (all DUT647-labeled) in low concentrations,
corresponding to 3.5 mg kg−1 body weight (BW) of cytidine
monophosphate.

Mice were sacrificed 48 h after injection and the fluorescence
intensity of the different IOH-NPs measured ex vivo by FI to as-
sess their biodistribution, accumulation in tumors and in dis-
tant tumor lesions, as well as in excretion organs (kidneys, liver).
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Figure 3. Efficacy of GMP-IOH-NPs and relation to hENT1. a) Uptake of DUT647-labeled GMP-IOH-NPs, GMP-CTX-IOH-NPs and Ref-IOH-NPs
(37.5 ng mL−1) upon pre-incubation of AsPC1 cells with 10 μm nilotinib (red: IOH-NPs, 𝜆Exc = 647 nm, 𝜆Em = 643–750 nm; blue: nuclei stained
with DAPI, 𝜆Ex = 405 nm, 𝜆Em = 415–479 nm). Images on right side show an overview after 48 h of incubation (lower magnification). b) Efficacy of
GMP-IOH-NPs, GMP-CTX-IOH-NPs and free GEM (concentration each: 300 nm) on AsPC1 cells upon 24 h pretreatment with (pink-red bars, squares)
and without (white-gray bars, circles) nilotinib (10 μm). Cell viability assessed after 24, 48, and 72 h using luminescent CellTiter-Glo assay.

The fluorescence of the IOH-NPs was clearly detectable with
ex vivo scans of organs/tumors and metastasis, showing high
IOH-NP accumulation after 48 h at the tumor sites. This al-
ready proves their great potential for tumor-selective drug deliv-
ery (Figure 4a,b: upper panels). All IOH-NPs show efficient tu-
mor uptake with slightly higher tumor accumulation after i.p. ad-
ministration (Figure S18, Supporting Information). Light sheet
fluorescence microscopy (LSFM) reveals an inhomogeneous 3D
distribution of the IOH-NPs in excised and cleared tumors. Spe-

cific fluorescence signals were detected mostly in the periph-
ery of the tumors due to the restricted tissue penetration of the
IOH-NPs (Figure 4a,b: middle panels).[15] Moreover, IOH-NPs
frequently form clusters within the 3D architecture of the tumor
tissue, leading to remarkably intense fluorescence signals. This
was observed to be independent from the application route and
for all types of Ref-IOH-NPs, especially for Ref-GLU-IOH-NPs.
Taken together, multiscale FI demonstrates that the IOH-NPs
are effectively delivered in mice to the tumor site, as well as to
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Figure 4. Biodistribution of IOH-NPs in AsPC1 tumors and organs depending on application route and type of DUT647-labeled IOH-NPs: Ref-IOH-
NPs (left), Ref-GLU-IOH-NPs (middle), Ref-CTX-IOH-NPs (right) applied i.p. (a) or i.v. (b) as single bolus (48 h before dissection/scanning, containing
equivalent of cytidine monophosphate to 3.5 mg GEM/kg BW). The upper panels show ex vivo FI scans of excised organs/tissues: tumor (T), scar after
surgical intervention (Sc), both kidneys (K), liver (L). Middle-/lower panels show representative LSFM images of tumor and pieces of liver tissue (≈1 cm3)
illustrating IOH-NP distribution (red: IOH-NPs, 𝜆Ex = 630/30 nm, 𝜆Em = 680/30 nm; green: tissue autofluorescence, 𝜆Ex = 520/40 nm, 𝜆Em = 585/40 nm).
Clustered distribution pattern of IOH-NPs within tumors, mainly for Ref-GLU-IOH-NPs and high accumulation of all tested IOH-NPs within liver only
after i.v. injection (yellow boxes on liver scans indicate areas displayed also with high magnification).

metastatic sites, and predominately to the tumor periphery. In
this way, the growth of the tumor can be limited and efficiently
reduced with IOH-NPs serving as a drug reservoir at the border
of the tumor.

Interestingly, the route of application significantly affects
the accumulation of IOH-NPs in the liver. Thus, no IOH-

NP-derived fluorescence was observed after i.p. administra-
tion (Figure 4a), whereas liver accumulation occurred with
i.v. application (Figure 4b). This was also reported by oth-
ers, e.g., after i.v. application of gemcitabine-loaded PEGylated
liposomes.[29] The highest fluorescence signal over the liver
was detected with non-functionalized Ref-IOH-NPs, followed by
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Figure 5. In vivo antitumor efficacy of IOH-NPs in AsPC1 tumor bearing mice. a) Treatment scheme (US: ultrasonography, FI: fluorescence imaging).
b) Representative images of tumors (yellow circles, red arrows) adjacent to stomach (S) and pancreas (P) during autopsy. c) Tumor volumes assessed
during autopsy by caliper measurement. Graph shows tumor size in response to therapy at the time of dissection, together with median and range
(p ≤ 0.05; *marked considered statistically significant; n = 6) (see Figure S19 for body weight and blood parameters).

Ref-Glu-IOH-NPs, whereas Ref-CTX-IOH-NPs exhibit the low-
est liver uptake (≈2.5-times lower fluorescence signal; Figure 4b:
upper panels; Figure S18, Supporting Information). For all IOH-
NPs, the average fluorescence signal over the liver (ex vivo 48 h
after i.v. application) was comparable to the signal over the tu-
mors (Figure S18, Supporting Information). LSFM of pieces of
liver tissue (≈1 cm3) show intrahepatic IOH-NPs to be homoge-
nously distributed and only with minor clusters (Figure 4b: lower
panels). This agrees with the previously described high uptake of
i.v.-injected nanocarriers by liver-resident macrophages (Kupfer
cells),[30] which are key-players in the hepatic sequestration of
nanocarriers or nanocarrier elimination via the hepatobiliary ex-
cretory pathway. Beside the liver, none of the IOH-NPs and ad-
ministration routes resulted in a detectable fluorescence signal
ex vivo over kidneys (Figure 4a,b: upper panels) or spleen (data
not shown), where splenic macrophages also play a significant
role for the removal of nanocarriers from blood. Here, the accu-
mulation in cells of the reticuloendothelial system (RES as het-
erogeneous population of phagocytic cells) has been described to
significantly capture nanocarriers and to reduce nanocarrier half-
life, which is a major barrier for the implementation of nanocar-
riers to clinical use.[31]

Despite the already low uptake in kidneys and spleen, the i.p.
route—at least in mice—represents the first choice for preclin-
ical therapy-efficacy studies to avoid liver uptake and to further
prolong the half-live time of the IOH-NPs. This measure is in ac-
cordance with other studies showing subcutaneous (s.c.) and i.p.
injection to result in lower nanocarrier accumulation in the liver
than the i.v. route.[32] Ensuring optimal clearance conditions to-

gether with best drug delivery to the target region, in this regard,
requires suitable nanocarriers, as well as the most effective route
of administration.

4.2. Treatment Efficacy and GMP Delivery Assessment

Since i.p. application resulted in the most tumor-selective ac-
cumulation of IOH-NPs in PDAC-bearing mice with almost
no accumulation within the liver, this route was selected to
evaluate the therapeutic efficacy of GMP-IOH-NPs. Although
the in vivo studies are focused on GMP-IOH-NPs, it should
be noticed that GTP-IOH-NPs can be used as well (Figure S7,
Supporting Information). AsPC1- (Figures 5 and 6; Figures S21
and S23, Supporting Information) and Panc02-tumor bearing
mice (Figures S20, S22, and S23, Supporting Information)
were treated either with GMP-IOH-NPs (all with equivalent to
17.5 mg GEM/kg BW) or free GEM (Gemcitabine Hexal, 17.5 mg
GEM/kg BW, positive control) and the corresponding volumes
of the negative controls (Ref-IOH-NPs, saline). To analyze if
glucose coating affects the treatment efficacy, mice were treated
with GMP-GLU-IOH-NPs (equivalent to 17.5 mg GEM/kg BW).
To monitor the efficacy of the CTX functionalization in vivo,
hEGFR1-expressing AsPC1-tumor-bearing mice were treated
with GMP-CTX-IOH-NPs (equivalent to 17.5 mg GEM/kg BW)
or the control antibody (1.85 mg CTX/kg BW for each; corre-
sponding to CTX amount on the IOH-NP surface) (Figures 5
and 6). Due to different tumor growth kinetics, treatment started
on day 12 for AsPC1 and on day 7 for Panc02 tumor bearing mice.
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Figure 6. Monitoring IOH-NP delivery upon treatment of AsPc1 tumor-bearing mice with DUT647-labeled GMP-IOH-NPs (left), GMP-GLU-IOH-NPs
(middle), GMP-CTX-IOH-NPs (right): a) FI (4 days after last treatment; for treatment schedule see: Figure 5a). Spectral unmixing performed to distin-
guish between DUT647-derived fluorescence (red) and tissue autofluorescence (green). The upper panels show in vivo scans of AsPC1-tumor-bearing
mice. The yellow circles label areas where primary tumors develop. The lower panels show ex vivo FI of excised organs shortly after the in vivo scan
(T: tumor, P: pancreas, Sc: tumor mass at the scar, K: kidney, L: liver; for GMP-CTX-IOH-NPs fluorescence signal also at site of gallbladder). b) LSFM
of cleared tumor tissues (red: DUT647-derived fluorescence, 𝜆Ex = 630/30 nm, 𝜆Em = 680/30 nm; green: tissue autofluorescence, 𝜆Ex = 520/40 nm,
𝜆Em = 585/40 nm). Lower panels with zoomed images of areas labeled by yellow circles (clustered IOH-NP distribution and increased accumulation
at marginal areas). c) Accumulation of GMP-IOH-NPs (red) in metastatic lesions developed at mesenterium (fluorescence signals visualized by FI
and LSFM). d) Immunohistochemical staining of paraffin tumor sections (4 days after GMP-CTX-IOH-NP treatment) with antibody targeting hEGFR1
expressed on cell membrane of AsPC1 cells (green) (blue: nuclei stained with DAPI, red (at yellow arrows): GMP-CTX-IOH-NPs).
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In total, animals received four treatment doses according to the
treatment schedule (Figure 5a; Figure S20a, Supporting Informa-
tion). In all mice ultrasonographic examination confirmed the
development of a tumor prior to the start of the therapy. There-
after, tumor progression in response to therapy was assessed
weekly by ultrasound (Figure S17, Supporting Information).

In the AsPC1 mouse model, all types of GMP-IOH-NPs show
good antitumor efficacy with reduced tumor volumes (≈50%
compared to saline-treated negative control, Figure 5b,c). The
highest and significant efficacy was clearly obtained in response
to GMP-CTX-IOH-NPs (mean tumor volume: 61.8 ± 71.0 mm3)
and GMP-GLU-IOH-NPs (72.8 ± 22.0 mm3). Both show signif-
icantly smaller tumor sizes than for the negative and positive
controls (saline-treated: 180.8 ± 104.1 mm3; CTX-treated: 230.9
± 112.4 mm3; GEM-treated: 147.2 ± 80.1 mm3). GMP-IOH-NP-
treated tumors (90.2 ± 35.2 mm3) were smaller than for the
controls but larger than for GLU-coated and CTX-functionalized
IOH-NPs. The antitumor effect of the GMP-IOH-NPs was even
more pronounced in the syngeneic Panc02 model (Figure S20b,c,
Supporting Information). Here, the difference between the effi-
cacy of the GMP-IOH-NPs (67 ± 53 mm3) was not only statis-
tically significant in comparison to the negative control (saline:
534 ± 359 mm3), but also in comparison to the positive control
(free GEM: 196 ± 83 mm3). GMP-IOH-NPs show also a reduced
tumor size compared to GMP-GLU-IOH-NPs (112 ± 85 mm3).
For Panc02, the average tumor volume of mice treated with Ref-
IOH-NPs (1055 ± 931 mm3) was partly larger than of control
tumors (saline: 534 ± 359 mm3), which, however, was statisti-
cally not significant (i.e., two outliners with extremely fast/large
grown tumors, resulting in high standard deviations) and could
also point to phosphate- and/or cytidine serving as growth
factors.[33]

In regard of side effects, the general conditions (i.e., BW of
mice) were analyzed during the course of therapy, and blood
parameters were analyzed after sacrifice. In general, all ani-
mals well-tolerated the treatment with IOH-NPs and free GEM
without any significant weight loss, signs of deterioration or
alteration of hematological and serum parameters (i.e., ala-
nine aminotransferase, blood urea nitrogen, albumin) in the
AsPC1 mouse model (Figure S19, Supporting Information).
The absence of side effects of free GEM can be explained by a
relatively low dose (17.5 mg GEM/kg BW), which is approxi-
mately five-times lower as the usually administered GEM dose
(100 mg GEM/kg BW). This lower dose was selected in order to
be identical to the GMP-load in the IOH-NPs, taking the already
strong cytotoxic effect of the GMP-IOH-NPs into account. In
vitro hemolysis assays, furthermore, demonstrate a neglectable
hemolysis in response to the IOH-NPs (Figure S24, Supporting
Information).

In summary, a well-tolerated treatment with GMP-IOH-NPs
in PDAC-bearing mice resulted in significantly reduced tumor
sizes. Most remarkable, the antitumor effect was even enhanced
with GMP-CTX-IOH-NPs, which points to a higher nanoparti-
cle accumulation in the tumor. In comparison to GMP-IOH-NPs,
current GEM-based nanocarriers to treat PDAC (e.g., GEM em-
bedded in (bio)polymer matrices or liposomes),[11,13] suffer from
low drug load (<10% of total nanocarrier mass), multistep syn-
thesis, complex nanocarrier composition and structure, and/or
insufficient drug transport, delivery and efficacy.

FI in combination with specific fluorophores is typically ham-
pered by the autofluorescence (e.g., tissue, diet in stomach
region). Since each of these sources exhibits specific excita-
tion/emission characteristics, which cannot be exploited if only
one-signal emission/excitation filter pairs were utilized, spec-
tral unmixing was applied (see Supporting Information). Mul-
tiple measurements (each with different combinations of ex-
citation/emission filters) were performed and the spectral dif-
ferences of the measured signals used for decoupling, even
if detected on the same spot. Applying spectral unmixing, re-
peated application of DUT647-labeled IOH-NPs to AsPC1 tumor-
bearing mice resulted in an intense, specific red fluorescence,
which can be detected in whole-body scans over the upper
abdomen—the area of pancreatic tumors (Figure 6a; Figure S21a,
Supporting Information). This is in contrast to single-dose exper-
iments, where DUT647-labeled IOH-NPs were only detectable ex
vivo in the excised tumors and organs but hardly detectable in
vivo. This finding can be attributed to the fact that all mice re-
ceived a single IOH-NP dose five-times lower (3.5 mg GEM/kg
BW) than applied in the efficacy studies (17.5 mg GEM/kg
BW). Single-dose addition, however, was repeated in total four-
times within two weeks. This proves the IOH-NPs to accumu-
late in the tumor over time, resulting in a high concentration of
DUT647-labeled IOH-NPs serving as a drug reservoir at the tu-
mor site after several treatment cycles. Emission spectra of mice
treated with DUT647-labeled GMP-IOH-NPs of cleared AsPC1
tumors show the characteristic red emission within the tumor
tissue, which suggests the uptake and presence of the IOH-NPs
(Figure S26, Supporting Information). As expected, Ref-IOH-
NPs (SI: Figure S21a, Supporting Information) show the same
distribution pattern in vivo as GEM-IOH-NPs (Figure 6a), prov-
ing the good detectability by FI in vivo due to the higher IOH-
NP concentration after repeated application. Similar results were
also obtained in the Panc02 PDAC mouse model (Figure S22,
Supporting Information).

In agreement with the biodistribution experiments of Ref-
IOH-NPs (Figure 4), GMP-IOH-NPs do not result in any fluo-
rescence signal over the liver after repeated i.p. administration—
neither in in vivo whole-body scans nor in the FI scans of ex-
cised organs. The DUT647-derived fluorescence was in vivo fre-
quently observed in the area over the bladder (Figure 6a: up-
per panels; Figure S21a, Supporting Information). In regard of
the size limit for renal filtration (6–10 nm),[34] the IOH-NPs
(hydrodynamic diameter: 60–80 nm) are not expected to be ex-
creted via the renal system. This rather suggests IOH-NP dis-
solution, followed by renal excretion of the released dye. This
is in accordance with the high antitumor efficacy of all GMP-
IOH-NPs, which evidences the drug release within the tumor
tissue/cells, and thus, also of the fluorescent dye. Moreover, the
detection of the DUT647-derived fluorescence signal at the site
of the gallbladder suggests the IOH-NPs to be partly excreted
by the hepatobiliary system (Figure 6a: lower panel right). The
tumor-specific accumulation of the IOH-NPs upon treatment
was further confirmed by ex vivo scans of the excised organs
in the AsPC1 (Figure 6a: lower panels; Figure S21a, Support-
ing Information) and Panc02 mouse model (Figure S22, Sup-
porting Information). In AsPC1-bearing mice, interestingly, FI
revealed a strong accumulation of all IOH-NPs within distant tu-
mor nodules, which frequently develop at the peritoneal scar at
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the site of surgical intervention (Figure 6a: labeled with Sc) or
within the mesentery (Figure 6c: left). LFSM in 3D proved spe-
cific fluorescent signals of DUT647-labeled GMP-IOH-NPs dis-
tributed also within mesenteric metastases (Figure 6c: middle,
right), which is another most interesting feature of IOH-NPs as
tumor-specific nanocarriers. To date, only few studies on PDAC
have focused on the enhancement of GEM-loaded nanocarri-
ers at metastatic sites in vivo using imaging (e.g., MRI, NIR-
FI),[35] although this is a very important information to evalu-
ate the potential of drug delivery systems for PDAC even at late
stages.

LSFM of the tumor tissue confirmed IOH-NP accumulation
to be associated with a highly-clustered distribution pattern,
which was most prominent in GMP-GLU-IOH-NP-treated tu-
mors (Figure 6b). This finding is in accordance with the highest
accumulation of IOH-NPs in tumor tissue measured as average
fluorescence signal by FI over the tumor area (Figure S23, Sup-
porting Information) and can be associated with high treatment
efficacy (Figure 5b,c). Similar to previous results,[15] this suggests
that also GLU-coating of IOH-NPs can be an effective approach
to increase tumor-selective drug delivery and drug protection also
in the absence of antibodies and for tumors not targetable with
CTX.

Immunofluorescence staining of primary tumors from mice
with i.p.-injected GMP-CTX-IOH-NPs, using an anti-human-
EGFR antibody, proves the location of DUT647-derived flu-
orescence signals close to positively stained hEGFR1 tumor
cells (Figure 6d). This demonstrates GMP-CTX-IOH-NPs to be
valuable tools to monitor the biodistribution, drug delivery, as
well as the therapy efficacy, not only to the tumor but also to
metastatic lesions on a multiscale level from in vivo over tis-
sue to the cellular level. Moreover, the IOH-NPs accumulate
in tumor tissue and ensure a protected delivery of GMP to
the tumor site, circumventing chemoresistance and preventing
the metabolic inactivation of GEM within the circulation and
liver. The good detectability of the IOH-NPs offers an excellent
opportunity to understand the pharmacokinetic processes and
to further improve the therapeutic options by distinct imaging
strategies.

4.3. Intratumoral Toxicity

Tumor sizes, assessed upon different treatment regimens, clearly
show a significantly improved efficacy upon treatment with all
GMP-IOH-NPs (Figure 5; Figure S21, Supporting Information).
Thereof, the best effects were obtained in AsPC1 tumors by GMP-
CTX-IOH-NPs. Although the assessment of the tumor sizes is a
valuable measure of the chemotherapeutic efficacy per se, other
aspects such as the occurrence of necrotic areas or the increase
in apoptotic events represent additional aspects of an effective
chemotherapy.[36] In this regard, necrotic areas were present in
AsPC1 tumors after treatment with all IOH-NPs and free GEM
(Figure 7). TUNEL assays show a pronounced apoptotic activ-
ity, especially in small-sized tumors, excised from mice treated
with GMP-CTX-IOH-NPs. Here, the DUT647-derived fluores-
cence of the IOH-NPs is visible in close proximity to apoptotic
cells (Figure 7a,c; Figure S25, Supporting Information). Regions
with a high number of apoptotic cells were preferentially lo-

cated at the tumor periphery. This was similarly observed after
GMP-GLU-IOH-NP treatment (Figure 7b), which is in agree-
ment with LSFM results, showing them to accumulate in clus-
ters at the tumor margins (Figure 6b). Due to the good tolera-
bility of all GMP-IOH-NPs, their administration beyond the cur-
rent 2-weeks-period could lead to a further enhancement of the
reservoir effect and the antitumor activity. Furthermore, all GMP-
IOH-NPs and free GEM (but not Ref-IOH-NPs) result in an in-
filtration of CD45+ and CD68+ immune cells in treated tumors
from both AsPC1 (Figure S28, Supporting Information) and
Panc02 mouse models (Figure S29, Supporting Information)—
a known effect in response to the therapy with free GEM,[37]

which evidences GMP-IOH-NPs, in addition to the antitumoral
effect, to exert similar immune reactions as in response to free
GEM.

The high apoptotic activity in tumors in response to GMP-
CTX-IOH-NP treatment and the presence of apoptotic cells in
close proximity to the IOH-NPs points to a successful delivery of
GMP to the tumor sites, an efficient cell uptake and transport
into the cytosol for activation, resulting in a high antiprolifer-
ative efficacy against PDAC tumors. Preserving the integrity of
GMP in the IOH-NPs throughout the delivery process and pre-
venting GMP from degradation in plasma (e.g., by cytidine deam-
inase/CDA) allows to establish high drug concentrations and a
reservoir of IOH-NPs within the tumor with consequent tumor-
cell death. Bypassing the primary phosphorylation of GEM by di-
rect delivery of GMP, thus, offers an optimal delivery, especially
against GEM-resistant cells.

5. Conclusion

Current therapeutic efficacy of GEM suffers from rapid
metabolism, high drug dose and drug resistance. To overcome
these limitations and to improve the future therapy outcome,
we present inorganic–organic hybrid nanoparticles (IOH-NPs)
as a novel drug-delivery system. IOH-NPs have a saline compo-
sition [ZrO]2+[GMP]2− (designated GMP-IOH-NPs) and contain
GMP as the drug anion with 76% of the total nanoparticle mass.
GMP-IOH-NPs exhibit a small, uniform size (29 ± 4 nm), and
a high colloidal stability in water (without additional stabilizers
or surface functionalization) at high nanoparticle and drug con-
centration (5 mg mL−1 IOH-NPs, 3.8 mg mL−1 GMP). In addi-
tion, [ZrO]2+[GTP]2− IOH-NPs (designated GTP-IOH-NPs) with
gemcitabine triphosphate can be also prepared and exhibit sim-
ilar size, stability and drug load as GMP-IOH-NPs. Efficient up-
take of GMP-IOH-NPs is shown into tumor cells in vitro. Fluores-
cence labeling of the IOH-NP allows to assess their cell-uptake,
biodistribution and tumor specific delivery. In this regard, multi-
scale imaging allows to monitor biodistribution and tumor ac-
cumulation from in vivo via tissue to cellular levels by track-
ing the IOH-NPs, which is an essential key to understand the
pharmacokinetic processes and to define an optimal application
route.

Multiscale fluorescence microscopy confirms the uptake of the
IOH-NPs in tumor cells via endocytosis, followed by intracellu-
lar trafficking via endocytic pathways. Although the endosomal
escape mechanisms for cytosol delivery of IOH-NPs or already
released GMP within endosomal vesicles are not yet sufficiently
defined, GMP is finally delivered from the endosomes/lysosomes

Adv. Mater. 2023, 2305151 2305151 (12 of 15) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 7. Apoptosis detection in AsPC1 tumors after treatment using TUNEL assay. a) GMP-IOH-NPs, b) GMP-GLU-IOH-NPs, c) GMP-CTX-IOH-NPs,
d) free GEM (positive control). The left panels show general histology (HE staining) of primary-tumor paraffin sections adjacent to stomach (S) and
pancreas (tumors indicated with yellow circles; approximate areas on enlarged images indicated with red squares). The right panels with TUNEL assay
analyzed by confocal fluorescent microscopy (green: apoptotic cells; blue: nuclei). The right images represent higher magnifications of areas indicated
with red squares. The yellow arrows point to IOH-NPs (red) detectable on the tissue slices in proximity to apoptotic cells.

to the cytosol as demonstrated by their antitumor efficacy.
Notably, the uptake of GMP-IOH-NPs is independent of the
activity of the human equilibrative nucleoside transporter
(hENT1), which is responsible for the transport of free GEM
into cells. As a result, IOH-NPs overcome the often occurring
chemoresistance of GEM due to a downregulation of hENT1.
Most probably, GMP-IOH-NPs are also independent of dCK
for GEM activation since the GMP-IOH-NPs already contain
phosphorylated GMP. In orthotopic PDAC mouse models, a
high accumulation of GMP-IOH-NPs in primary tumor le-
sions as well as at metastatic sites is verified, which is highly
beneficial in treating PDAC since more than half of the pa-
tients exhibit metastasis at the time of diagnosis. GMP-IOH-
NPs are delivered to tumor cells, protecting GEM during the
delivery process by preventing the metabolic inactivation of
GEM by enzymes present in the circulation and liver. The
treatment with GMP-IOH-NPs is well tolerated and results
in a higher antitumor efficacy compared to free GEM, which
was enhanced even further applying cetuximab-functionalized
GMP-CTX-IOH-NPs.

By minimizing undesired side effects, overcoming chemore-
sistance, preventing GEM inactivation by delivering already
phosphorylated GEM to tumor sites with GMP-IOH-NPs, we
could address most of the disadvantages associated with cur-
rent GEM-based PDAC therapy. Associating the results to ther-
apy efficacy will further support the design of the IOH-NPs
as drug-delivery system with a high chance to further improve
treatment efficacy. Together with maximizing therapeutic bene-
fits by high drug load, advantageous biodistribution, character-
ized by almost no liver accumulation but tumor-specific deliv-
ery after intraperiotenal application, and the option of long-term
GEM treatment by circumventing the mechanisms of chemore-
sistance, we anticipate GMP-IOH-NPs to have a high chance
for improving the quality of life and the survival of PDAC
patients.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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