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cases were diagnosed with pancreatic 
cancer in ���� worldwide and the related 
death were ������� (with an incidence 
of �.�% with respect to all diagnosed 
tumors).[�] Abundant �brotic stroma and 
poor vascularization are the typical fea-
tures of PDAC, limiting the delivery of 
chemotherapeutics to the tumor site.[���] 
Therefore, the development of novel thera-
peutic systems able to speci�cally target 
tumor stroma as well as neoplastic cells 
while enabling treatment monitoring is a 
particularly desirable goal in treating this 
malignancy.[�,�]

Paracrine hedgehog (HH) signaling 
from pancreatic cancer cells to stromal 
cells has been identi�ed as an important 
promoter of stromal desmoplasia,[�,�] and 
the inhibition of HH signaling pathway 
has been the object of many therapies 
aimed at depleting tumor stroma.[��,��] 
However, the administration of a HH 
pathway inhibitor can increase vascularity, 
which in turn may provoke an enhanced 
tumor aggressiveness. Moreover, the 
clinical limitations of this approach have 
been partly explained by the recently dis-

covered dual role of tumor stroma, which is now well-known 
to both support and restrain PDAC.[��] On the other side, 
vascular endothelial growth factor (VEGF) is a potent pro-
angiogenic factor, whose overexpression occurs in ���% of 
PDAC, promoting tumor growth, invasion, and metastases.[��] 
Thus, VEGF signaling represents an attractive anti-angiogenic 
therapeutic target in human PDAC.[��] Nonetheless, the anti-
angiogenic therapy in PDAC is poorly e�ective because drug 
delivery is impaired by high interstitial pressures and collapsed 
vessels.[��] Motivated by this challenge, we hypothesize that it 
might be possible to improve the e�cacy of anti-angiogenic 
therapy if the vascular endothelial growth factor receptor 
(VEGFR) kinase inhibitor was administered simultaneously 
with a stromal depleting agent known to increase perfusion 
and vascular promotion. This approach is referred to as tumor 
microenvironment normalization,[��] and it has been shown to 
be a preferable treatment with respect to complete vascular and 
stromal depletion.[��]

Although the combination of HH pathway inhibitor and 
VEGFR kinase inhibitor here proposed possess considerable 
potential, the limited targeted delivery, low drug bioavailability, 

This study focuses on the development of theranostic, dual drug-loaded 
nanocarriers to propose a proof-of-principle therapeutic approach in the 
treatment of pancreatic ductal adenocarcinoma (PDAC). The nanoconstructs 
consist of a core of zinc oxide nanocrystals doped with gadolinium, useful as 
a potential contrast agent in magnetic resonance imaging applications. After 
functionalizing their surface with amino-propyl groups, the physical adsorp-
tion of two hydrophobic drugs is performed: Vismodegib and Sorafenib. 
Their synergistic use might improve PDAC treatment and stroma depletion 
when co-delivered in the tumor microenvironment for future in vivo applica-
tions. To enhance the nanoconstructs� biostability, the ensemble is coated 
by a lipid bilayer and a tumor targeting peptide is incorporated on the outer 
shell surface. As a �rst proof of concept, the resulting nanoconstructs are 
tested against two pancreatic cancer cell lines, showing a modest increase 
in treatment e�cacy compared to the free drug counterparts and proving to 
spare healthy pancreatic cells. In a second testing set, the dual-drug loaded 
nanoconstructs are tested on both cell lines previously sensitized to a �rst-
line chemotherapeutic drug, Gemcitabine, showing an improved treatment 
response. From these preliminary results, the nanotheranostic platforms 
might constitute a good starting point for future PDAC therapy and diagnosis 
studies.
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�. Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains one of the 
most lethal human malignancies having an overall �-years sur-
vival rate less than ��%.[�] According to a recent update from 
the International Agency for Research on Cancer, ������� new 

' ���� The Authors. Particle & Particle Systems Characterization pub-
lished by Wiley-VCH GmbH. This is an open access article under the 
terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
License, which permits use and distribution in any medium, provided the 
original work is properly cited, the use is non-commercial and no modi�-
cations or adaptations are made.
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and high hydrophobicity of the two drugs in question could 
reduce their e�ectiveness. For these reasons, we propose here 
the use of molecularly targeted and smart drug carriers, already 
reported in previous literature reviews,[��] to achieve a dual drug 
codelivery and their consequent synergistic action.

Rapid growth in bionanotechnologies applied to cancer 
therapy has resulted in the development of various nanomedi-
cine products[��,��] and in the implementation of novel thera-
nostic approaches.[��,��] In particular, nanoparticles (NPs)[��,�����] 
and more speci�cally zinc oxide nanocrystals (ZnO-NCs) have 
shown great potential application in vitro as well as in vivo for 
targeted therapy, due to their biocompatibility and pH-sensi-
tivity, that assure e�ective endosomal drug release.[�����] More-
over, ZnO-NCs can be probed for magnetic resonance imaging 
(MRI) when doped with metals or rare earth elements (i.e., gad-
olinium),[��] which might help the detection of drug-loaded NPs 
in deep-seated tumors such as pancreatic cancer.[��]

To limit ZnO-NCs aggregation in biological media, reduce 
their fast dissolution in toxic Zn�� ions and increase their bio-
compatibility,[��] a phospholipidic coating based on commer-
cially available lipids is here implemented. Actually, the use of 
ZnO NCs shielded by a lipid bilayer has already been the topic 
of previously reported studies, which assessed the enhanced 
biostability of the �nal nanoconstructs and their e�ective appli-
cation in various branches of cancer treatment.[��,��] In contrast, 
uncoated ZnO NCs can show important cytotoxic e�ects, due to 
the dissolution and release of zinc cations (Zn��) and the reac-
tive oxygen species (ROS) generation, as reported in a recent 
review on the topic.[��] In this work, due to Sorafenib and Vis-
modegib poor solubility in aqueous media, their loading is car-
ried out by means of two successive physical adsorptions on the 
surface of ZnO-NCs in non-polar solvents, whose selection and 
order are carefully designed and tuned to achieve an optimized 
process.

The dual drug loaded ZnO nanocrystals here developed are 
coated with a lipid bilayer by means of the freeze-thaw tech-
nique, reported by our group in previous studies[��,��] and active 
targeting is accomplished by the use of the tumor homing pep-
tide CKAAKN,[��] potentially able to interact with the Wnt-� 
pathway, and thus to target both the pancreatic cancer cells and 
the tumor microenvironment, speci�cally the angiogenic ves-
sels,[��] in vivo. The resulting nanoconstructs are thoroughly 
characterized from a physical and chemical point of view, to 
achieve an optimized nanoplatform. As a �rst proof of concept, 
the obtained lipid-coated nanocrystals (LNCs) are tested on dif-
ferent cell lines: Two tumoral, BxPC-� (a human PDAC cell line 
derived from pancreas) and AsPC-�, (a human PDAC cell line 
derived from metastatic site) and a healthy one, HPDE (healthy 
cells derived from normal human pancreatic duct epithelial). 
Finally, the nanocarriers are administered to the afore-men-
tioned cell lines following a Gemcitabine pre-treatment, aimed 
at obtaining a basic idea of sensitized PDAC cells. The inter-
esting preliminary results obtained so far support the future 
use of these LNCs as a feasible nanotheranostic tool, thanks to 
their potential as dual drug nanocarriers. Nevertheless, these 
data undoubtedly deserve further future research toward �D 
models in vitro and in vivo applications to assess the nanocon-
structs� synergistic action against PDAC in more accurate bio-
mimetic models.

�. Experimental Section

�.�. Synthesis and Amine-Functionalization of Oleic Acid  
Stabilized Gadolinium-Doped ZnO Nanocrystals

The synthesis of gadolinium-doped ZnO nanocrystals (Gd-
doped ZnO- NCs) was carried out following a rapid wet chem-
ical co-precipitation method, as previously described by some 
of us.[��] More in details, �.����� g of zinc acetate dihydrate 
(�.�� mmol) and �.����� g of gadolinium(III) acetate hydrate 
were dissolved into ��� mL of absolute ethanol in a round-
bottom glass �ask. The desired molar ratio of zinc acetate dihy-
drate and the dopant was �:�.��. Subsequently, �����L of oleic 
acid was added. The reaction �ask was then assembled with 
a refrigeration column and immersed in a silicon oil heating 
bath, set to ��� �C, under constant stirring at ���� rpm. After 
reaching the target temperature, �.����g of tetramethylammo-
nium hydroxide, dissolved into �.���� mL of bidistilled water 
and then mixed with ��� mL of absolute ethanol, were rapidly 
added to the reaction mixture. The so-obtained colloidal solu-
tion evolved from transparent to white. After �� min of stir-
ring, the reaction was interrupted by immersing the �ask in 
an ice bath and quickly adding ���mL of ice-cold (�����C) eth-
anol. The resulting nanocrystals were collected by centrifuga-
tion (at �� ��� RCF for � min), the reaction�s supernatant was 
discarded, and the pelleted nanomaterial washed with ��� mL 
of fresh ethanol, vortexed and sonicated in an ultrasound 
bath to improve the disaggregation process, and then centri-
fuged again. The washing process was repeated twice and the 
resulting Gd-doped oleic capped ZnO NCs were obtained as a 
colloidal suspension in ethanol. To obtain the NCs concentra-
tion, an empty Eppendorf tube was carefully weighed, �lled by 
a known amount of colloidal NC suspension and then dried at 
RT overnight, to assess the dry weight of the NCs.

A following amino-propyl functionalization step was car-
ried out on the ZnO- NCs surface. A volume of colloidal sus-
pension corresponding to ��� mg of NCs was introduced in a 
round-bottom �ask and diluted with ethanol down to �nal con-
centration of �.��mg mL�� concentration. The reaction mixture 
was heated up to ��� �C and re�uxed under continuous �ow 
of nitrogen. Afterward, ��.�� �L of (�-aminopropyl)trimeth-
oxysilane (corresponding to ��.� mol% of the total amount 
of ZnO- NCs) was added and the reaction was carried out for  
� h. After this time, the reaction mixture was let to cool down 
and then centrifuged at �� ��� RCF for �� min. The superna-
tant was removed, ��mL of ethanol was added to resuspend the 
pellet, followed by sonication and vortexing, and two washing 
steps were performed. The �nal aminopropyl functionalized, 
oleic acid-capped, and Gd-doped ZnO NCs were obtained as 
a colloidal suspension in ethanol (EtOH) of known concentra-
tion and kept at room temperature (RT) as stock solution, from 
which the volume corresponding to a certain weight of NCs 
was withdrawn each time to perform the experiments.

�.�. Nanocrystals Chemo�Physical Characterization

Field emission scanning electron microscope (FESEM) assisted 
by energy dispersive spectroscopy (EDS) was performed for 
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the evaluation of the morphology and elemental analysis of the 
NCs, using a Merlin microscope from Zeiss (Jena, Germany) 
with an accelerating voltage of �� and ���kV for EDS.

To assess the crystallinity of the obtained NCs, X-ray dif-
fraction (XRD) analyses were performed with a with a Pana-
lytical X�Pert di�ractometer in ���� Bragg�Brentano mode 
(Cu-K� radiation source, �� � �.�� ¯, ��� kV, and ��� mA). For 
both FESEM and XRD characterizations, the analyses were 
performed on dried samples prepared by spotting a certain 
amount of colloidal solution on a silicon substrate.

Dynamic light scattering (DLS) was employed for the assess-
ment of size distribution and Z-potential of NCs suspensions in 
ethanol and water (just in water for Z-potential measurements) 
at a concentration of �����g mL��, with a Zetasizer Nano ZS�� 
(Malvern Instruments, Worcestershire, UK).

�.�. Drug Uptake

Sorafenib (Sigma-Aldrich) and Vismodegib (AstaTech, Inc.) 
were purchased from Sigma-Aldrich and AstaTech, respectively. 
For both drug uptake analyses and drug release experiments, 
calibration curves were calculated by measuring the absorb-
ance spectrum of each drug in its respective solvent (as justi�ed 
below, Sorafenib in EtOH, Vismodegib in both EtOH and dime-
thyl sulfoxide, DMSO) and also in cell culture medium, RPMI 
(American Type Culture Collection, ATCC) completed with fetal 
bovine serum (ATCC) at ��%v/v and penicillin-streptomycin 
at �% v/v (Sigma-Aldrich) using a UV�vis spectrometer (Mul-
tiscanGO, Thermo Scienti�c). Starting from stock solutions 
of ��m� of Sorafenib in ethanol and ���m� of Vismodegib in 
DMSO, �ve solutions were prepared for each drug (�.��, �.�, 
�, ��, ��� and ������M) and analyzed in triplicate using a syn-
thetic quartz glass microplate (�� wells, Hellma Analytics).

For drug adsorption onto the ZnO NCs, two di�erent proce-
dures were carried out: a single drug uptake, performed to tune 
some important process parameters, and then the dual drug 
uptake experiment.

For the optimization of the correct drug uptake time, 
���� �g of amino-propyl functionalized Gd-doped ZnO NCs 
were separated by centrifugation (�� ��� RCF for �� min) 
from ethanol and a �� m� solution of either Vismodegib in 
DMSO or Sorafenib in ethanol was added; magnetic stir-
ring was then performed at RT at ����rpm to allow the drug 
uptake on the NCs. The drug adsorption on the NCs was then 
assessed at di�erent time steps (from � to � h) investigating 
the UV�vis absorbance of the drug solution before and after 
uploading; for the background subtraction, the free solvent 
was used. Brie�y, after a speci�c time step the sample was 

centrifuged, the NCs pellets separated from the supernatant 
drug solution and the latter analyzed in triplicate. The amount 
of adsorbed drug on the NCs surface was determined by the 
subtraction of the solution concentration to the starting drug 
solution (��m�) and applying the calibration curve plotted as 
described above.

After optimizing the process, as thoroughly described in the 
Section �, the dual drug loading on the NCs was �nally per-
formed as follows: �����g of NCs were collected by centrifuga-
tion (�� ��� RCF for �� min) in a �.��mL tube and, after EtOH 
removal, �����L of �� m� Vismodegib in DMSO solution was 
added. Magnetic stirring was performed at RT for �.� h at 
����rpm. The obtained Vismodegib-loaded NCs were then cen-
trifuged (�� ��� RCF, �� min), the supernatant was collected 
for uptake analyses using UV�vis spectroscopy, and �����L of 
�� m� Sorafenib in ethanol was added. Magnetic stirring was 
performed at RT for � h at ����rpm, then the supernatant was 
collected by centrifugation and analyzed. Figure � reports a 
scheme of the optimized dual drug uptake protocol described 
above.

The obtained dual drug-loaded NCs were either used imme-
diately or kept at �����C for further preliminary studies, such 
as lipid coating and cell treatments. In this latter case, all the 
above-mentioned protocols were conducted under a bio-safety 
hood, in sterile conditions.

�.�. Nanoconstruct Preparation

Single and dual drug-loaded amino-functionalized oleic-
capped Gd-doped ZnO NCs were coated by a lipid bilayer, 
using liposomes and exploiting a freeze-thaw technique in 
liquid nitrogen, after having carefully optimized a precise 
number of freeze-thaw cycles as reported in a recently pub-
lished work from our group.[��] Two kinds of liposomes were 
separately prepared using commercially available lipids: DOPC 
(�,�-dioleoyl-sn-glycero-�-phosphocholine, Avanti Polar Lipids 
Inc.) liposomes, and a second type composed of DOPC and a 
functional lipid made by DSPE-PEG(����)-maleimide (Avanti 
Polar Lipids Inc.) conjugated to the CKAAKN targeting peptide 
(custom made from BioFab Lab).

To prepare the DOPC liposomes (hereafter called Lipo), 
�.��mg of DOPC were collected from the stock solution in chlo-
roform, dried in a glass vial, and dispersed in �����L of EtOH 
and ���� �L of water. From this new stock solution (having a 
concentration of �.�� mg mL��), ���� �L was withdrawn, dis-
persed in �����L bidistilled, and �.���m micro�ltered water and 
then sonicated for � min to produce a DOPC liposomal solu-
tion (�.���mg mL��).

Part. Part. Syst. Charact. ����, �������

Figure �.  Schematic representation of the optimized dual drug uptake process.
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The target ligand-coupled liposomes (hereafter called 
Lipo-Pep) was prepared by �rst conjugating the lipid DSPE-
PEG(����)-maleimide with the cysteine residue of the CKAAKN 
peptide (as explained in detail in Supporting Information) and 
then fusing it to a solution of DOPC liposomes.

Finally, both Lipo and Lipo-Pep preparations were separately 
incubated at ��� �C for � h under orbital shaking at ���� rpm. 
This process aimed at the stabilization of both the so-formed 
liposomes and, in the case of Lipo-Pep, also at the correct 
incorporation of the peptide compound into the lipidic shell. 
Ultimately, both samples were separately dialyzed to allow the 
removal of the unbound peptide in the Lipo-Pep formulation, 
and the process was performed also on the Lipo sample to sub-
ject it to the same protocol. SnakeSkin Dialysis Tubing (�.�K 
MWCO, ���mm dry I.D., �� feet, Thermo�sher Scienti�c) was 
used and the dialysis was carried against � L of bidistilled water 
for �� h under gentle magnetic stirring (������rpm).

The lipid coating of the NCs was performed exploiting a 
freeze-thaw technique: The desired amount of drug-loaded 
NCs (and also of unloaded NCs, for control) as pellet was 
resuspended in a proportion of �� �L of bidistilled water for 
each ����g of NCs, and vigorously mixed in a cryovial. Then, 
aliquots of both Lipo and Lipo-Pep solutions were added 
according to the following ratio: �:�.�:�.�, where � refers to the 
volume (�L) of Lipo, �.� to the volume (�L) of Lipo-Pep, and 
�.� to the weight (�g) of NCs. This ratio is the result of an opti-
mized procedure derived from a long lab experience,[��] which 
aimed at �nding the best compromise between an e�cient 
lipid coating�thus employing an adequate amount of lipids�
and a reduced amount of CKAAKN peptide, whose free pres-
ence might cause toxicity to cells and would result in a waste 
of a highly speci�c and expensive compound. The cryo vial 
was subject to � freeze-thaw cycles, where � cycle consisted in 
freezing the sample solution in the cryovial in liquid nitrogen 
at ������C for � min and thawing it at RT for �� min. After the 
�th cycle, the obtained LNCs were stabilized with � h of orbital 

shaking at ����rpm at ����C. The entire process is schematized 
in Figure �.

To prepare a control sample, the two liposome formulations 
Lipo and Lipo-Pep were also freeze-thawed using the same pro-
cess described above, but without including the ZnO NCs. The 
resulting control sample is hereinafter named Lipo-Lipo-Pep.

�.�. Lipid-Coated Nanocrystals Nanoconstruct Characterization

Optical �uorescence microscopy was performed with a 
wide-�eld �uorescence inverted microscope (Nikon Eclipse 
Ti-E), equipped with a high-resolution camera (Zyla �.� Plus, 
����������� pixels, Andor Technology) using a ��x and a ���x 
immersion oil objective (Plan Apo �.��, Nikon), with a super 
bright wide-spectrum source (Shutter Lambda XL), operating 
with NIS-element software. To validate the LNCs preparation, 
liposomes were labelled by exploiting a FITC dye (excitation 
peak ����nm, emission peak ����nm) covalently bound to the 
CKAAKN peptide, and the related images were obtained in 
the green channel. Before the freeze-thaw process, the ZnO 
NCs were conjugated through the amine-functional groups 
with Atto��� NHS ester (excitation peak ���� nm, emis-
sion peak ���� nm), as previously reported[��] and the corre-
sponding images were obtained within the red channel. The 
resulting images were then merged and the co-localization 
of the nanocrystals with the lipidic shell evaluated by NIS 
software.[��,��]

DLS and Z-potential were also performed on the LNCs sam-
ples. Furthermore, nanoparticle tracking analysis (NTA) was 
exploited for an additional evaluation of the nanoconstructs 
hydrodynamic size distribution and concentration, using a 
NanoSight NS��� (Malvern Panalytical). The detection was car-
ried out by a ��� ����nm laser beam and with a ��x magni�ca-
tion objective. Sample dilution was adjusted to feature within 
the range of ����� particles/frame and three videos of �� s 

Part. Part. Syst. Charact. ����, �������

Figure �.  Coupling of DOPC liposome (Lipo) and DOPC:DSPE-PEG-CKAAKN liposome (Lipo-Pep) with dual drug-loaded, amine functionalized, Gd-
doped ZnO NCs with freeze-thaw technique to obtain the �nal nanoconstructs (LNCs). Created with Biorender.com
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were captured for each sample, each with an infusion rate of 
�� and a camera level between �� and ��. Videos were analyzed 
with the NTA �.� software, setting the detection threshold to �.

Transmission electron microscopy was performed with a 
Talos F���X G� S(TEM) from Thermo Scienti�c. The prepared 
LNCs were diluted to a concentration of ��� �g mL�� in bidis-
tilled and �.�� �m micro�ltered water and then spotted on a 
copper holey carbon grid, let dry, and imaged without staining 
at an operating voltage of ���kV.

�.�. Drug Release Experiments from Lipid-Coated Nanocrystals

Drug release experiments were performed in complete cell cul-
ture medium to i) suggest a release kinetics pro�le, ii) assess 
an eventual retention of the drugs previously adsorbed on the 
NCs surface from the LNCs, and iii) compare LNCs to the 
lipid-uncoated NCs. All drug delivery experiments were moni-
tored for �� h, collecting the drug absorbance of the cell cul-
ture medium by UV�vis spectroscopy at di�erent time points 
and referring them to the calibration curves of each drug in. 
To prepare the calibration curves in RPMI, both stock solu-
tions of Sorafenib (��m� in ethanol) and of Vismodegib (���m� 
in DMSO) were diluted in RPMI at di�erent concentrations 
(�.���, �.��, �.�, �, ��, ���, ���, ���, and �����M) and analyzed 
in triplicate using a synthetic quartz glass microplate (�� wells, 
Hellma Analytics).

The following samples were evaluated: Single drug (either 
Sorafenib or Vismodegib) loaded LNCs, single drug loaded NCs 
(without liposomal coating), unloaded LNCs and NCs, both as 
reference. All samples were prepared as pellets of ���� �g by 
centrifugation, and then resuspended into �����L of RPMI (�:� 
weight/volume ratio). This solution was then aliquoted in three 
identical solutions of ���� �L, each containing ���� �g of NCs, 
and further �����L of fresh RPMI was added to all of them.

In this way, triplicate experiments were carried out for each 
sample type. As blank control samples, a triplicate of ��mL of 
cell culture medium was also analyzed. All sample tubes were 
orbitally shaken at ���� rpm and ��� �C, the released drug was 
assessed at di�erent time points (�.�, �, ��, ��, ��, and �� h) by 
centrifuging all samples at �� ��� RCF for � min, collecting � 
aliquots of �����L of supernatant from each one, and reading 
the UV�vis absorbance with the quartz glass microplate. Con-
trol samples were subjected to the same protocol to standardize 
the treatment and then used as background subtraction.

Once the reading was completed, the �����L of each sample 
was put back into the corresponding tubes, vigorously mixed, 
and vortexed again for homogenization, to continue with the 
cumulative release experiment.

�.�. Proof of Concept: In Vitro Cell Culture Experiments

To preliminarily test the �nal nanoconstructs and assess their 
behavior in a �rst proof-of-concept application, the drug-
loaded LNCs were tested on three di�erent cell lines: BxPC-� 
(a human pancreatic cancer cell line, CRL-���� from ATCC), 
AsPC-� (a human pancreas adenocarcinoma ascites metastasis 
cell line, CRL-���� from ATCC), and HPDE (healthy human 

pancreatic duct epithelial cells, H�c�, CVCL_�P��, from 
Kerafast).

Cellular uptake of ����g mL�� LNCs (without uploaded drugs) 
were assessed after �� h of incubation at ��� �C, �% CO� into 
the pancreatic cancer cells (i.e., AsPC-� and BxPC-�). Brie�y, 
cells were seeded (���� cells per well in the above-mentioned 
cell culture medium) in �-well chamber slides (Nunc Lab-Tek 
II CC� Chamber Slide System, Thermo Fisher Scienti�c) for 
live-cell imaging optical �uorescence microscopy �� h before 
the assay. The lipidic shell of LNCs was previously labelled by 
means of the FITC bound to the targeting peptide, while cell 
membranes with Wheat Germ Agglutinin, Alexa FluorTM ��� 
Conjugate (WGA���, Thermo Fisher, excitation peak at ����nm, 
emission peak at ����nm).[��]

The cytotoxicity of the drug-loaded LNCs and, as a compar-
ison, the unloaded LNCs, the single drug loaded LNCs and the 
free drugs were assessed with both pancreatic cancer cell lines. 
Brie�y, cells were seeded in replicates (���� cells in ���� �L 
per well) in ��-well plates (Greiner Bio-One) for �� h before 
the treatment, then cell media was replaced by solutions con-
stituted by RPMI complete medium with increasing concen-
trations of ��, ��, ��, ��, and ��� �g NCs mL��. For the free 
drugs, the amounts corresponding to those adsorbed on the 
NCs counterpart were evaluated, diluted in RPMI complete 
medium and administered to cells. After �� h of treatment, 
cell viability was assessed with the addition of ����L of WST-� 
(CELLPRO-RO Roche) per well, measuring the formazan 
absorbance at ����nm with the Multiskan Go microplate spec-
trophotometer (Thermo Fisher Scienti�c), using a ���-nm ref-
erence after ��h incubation at standard conditions. Cytotoxicity 
tests were carried out at least in triplicates. The absorbance 
values of the cells with the di�erent treatments were normal-
ized to those of the untreated cells and multiplied by ��� to 
get their percentage of viability, expressed as mean � standard 
deviation (SD).

The therapeutic e�ects of both single and dual drug loaded 
LNCs were then assessed not only on the cancer cell lines 
(AsPC-� and BxPC-�), but also on a healthy pancreatic cell line, 
HPDE. AsPC-� and BxPC-� cell lines were also pre-treated with 
a conventional chemotherapeutic drug, Gemcitabine, for �� h 
at a ����M concentration, to simulate the behavior of the cell 
populations after a �rst line PDAC treatment. The selected con-
centration was established according to a previous literature 
study by Awasthi et�al.[��]

In detail, cells were seeded (���� ��� cells for BxPC-� and 
�� ���� ��� for AsPC-�) in T-�� cell culture �asks (CELLSTAR, 
Greiner, ������-TRI, sterile) and incubated for �� h with ��mL of 
RPMI complete medium containing ����M Gemcitabine. After-
ward, their viability was assessed by both an optical microscopy 
analysis and the trypan blue (Trypan Blue Dye, �.��% solution, 
Bio-Rad Laboratories) viability assay, and only the alive cells 
were considered for further treatments since the dead ones 
were discarded. Afterward, cells with and without Gemcitabine 
pre-treatment were seeded, as explained above, in a ��-well 
plate for �� h before the treatment with single, dual-drug 
loaded LNCs and the corresponding free drugs. Here, the LNCs 
at the concentration of ����g mL�� were used (the choice of this 
concentration will be motivated in Section �) and incubated 
with cells for further �� h prior to assessing the cytotoxicity  
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with WST-�. Cells without Gemcitabine pre-treatment were 
used as control.

The evaluation of the apoptosis processes involved in cell 
death was assessed by �ow cytometry analysis (Guava EasyCyte 
�-�L, Merck). Cells were seeded (�� ��� cells per well) in ��-well 
plates (Greiner Bio-One), then single and dual drug-loaded 
LNCs were administered at a concentration of ��� �g mL��. 
As control experiments, the same amount of drug adsorbed 
on the NCs surface was administered as free drugs in RPMI. 
After �� h, cells were trypsinized and washed with PBS, and 
then exposed to a speci�c reagent kit containing Annexin V and 
�-AAD (Guava Nexin Reagent, Luminex) for �� min. A brief 
explanation of the kit�s mechanism of action can be found in 
Supporting Information. This reagent kit was also employed to 
assess the apoptosis processes taking place in cells pre-treated 
for �� h with Gemcitabine and then incubated for further  
�� h with dual-drug loaded LNCs and with free drugs. The 
same procedure was carried out with both pancreatic cancer 
cell lines, as reported above.

�.�. Statistical Analysis

The statistical comparison between the treatment groups was 
performed using one-way or two-way analysis of variance 
with Origin software. ***p� �� �.��� and *p� �� �.�� were con-
sidered signi�cant. Independent experiments were performed 
three-times.

�. Results and Discussions

�.�. Nanocrystals Characterization

FESEM in Figure �a shows the spherical-shaped morphology of 
the Gd-doped ZnO NCs, with average diameters ranging from 
� to �� nm. In particular, the histogram in Figure� �b reports 
the size distribution of a sample of NCs measured from the 
FESEM image, with a mean diameter of ���nm. These results 
were comparable to those previously described.[��] The content 
of Gd dopant was estimated by EDS, con�rming a doping level 
of �.�� atomic%, in line with our previous results.[��]

Figure� �c reports the XRD pattern of the NCs, showing 
the high crystallinity of the material in the wurtzite crystal-
line phase (see also Table S�, Supporting Information) and the 
absence of unwanted secondary phases.

The hydrodynamic size distribution of the nanocrystals was 
evaluated by DLS measurements in two di�erent dispersants, 
EtOH and water (Figure� �d), and Z-potential measurements 
in water were also performed (Figure S�, Supporting Informa-
tion). The samples show a narrow size distribution, ranging 
between ��� and ���� nm (as % number) in EtOH and water, 
respectively. These distributions are con�rmed by the small 
values of the polydispersity index (PDI) obtained (all lower 
than �.�, characteristic of monodispersed samples). The sta-
bility of the nanocrystals in water solution was also con�rmed 
by the relatively high value of Z-potential measured in water  
(Figure S�, Supporting Information).

Part. Part. Syst. Charact. ����, �������

Figure �.  a) FESEM image of amine-functionalized, oleic acid capped Gd-doped ZnO NCs. b) Histogram reporting the dimensions of the Gd-doped 
ZnO NCs, measured from the FESEM picture. c) XRD di�ractograms of undoped and Gd-doped ZnO NCs. d) DLS size distribution of the Gd-doped 
ZnO NCs in EtOH (grey line) and water (blue line).
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It is worth to mention that the higher values of hydrody-
namic diameters obtained above with respect to those described 
by FESEM measurements are due to the method of analysis: 
dried nanoparticles are indeed considered on FESEM analysis, 
while hydrated nanomaterials in a liquid solvent, where ions 
also adsorb on the sample surface thus increasing its steric hin-
drance, are present in the DLS measurement.

More detailed characterizations, such as HRTEM and XPS 
were previously reported by us in another work.[��]

The prepared NCs were also characterized in terms of 
magnetic behavior, as explained above. More in detail, the 
magnetization in quasistatic conditions was evaluated at RT 
for the pristine and the Gd-doped ZnO NCs, both function-
alized with amino-propyl groups. The results, reported in 
Figure �, show a paramagnetic behavior for both types of 
NCs; however, the maximum magnetization obtained with 
Gd-doped NCs is higher than that of pristine ZnO, due to 
the presence of Gd atoms inside the ZnO lattice. Doping 
with rare elements has been already established in the lit-
erature as a way to impart magnetic properties to ZnO 
NCs.[��] The magnetization enhancement, already assessed 
in Gd-doped ZnO NCs in absence of amino-propyl function-
alization in a previous work,[��] is hereby confirmed in the 
case of functionalized NCs as well. Even if the true moti-
vation of such phenomenon is still under debate, most of 
the existing literature attributes this enhancement to either 
the presence of oxides nano-phases inside the ZnO lattice 
or the introduction of new magnetic dipoles into the NCs.[��] 
Since, as reported above, the XRD patterns displayed in 
Figure��c do not show the presence of any secondary phase 
apart from the ZnO wurtzite one, it is fair to suppose that 
the reason of such enhanced magnetization might be due 
to the introduction of Gd magnetic dipoles into the NCs. 
Judging from the imaging potentialities of the final nano-
construct, it is clear that this enhanced magnetization could 
be explored in order to employ the final nanodevice as a 
contrast agent for MRI.

�.�. Dual Drug Uptake

Figure�� reports the preliminary studies performed to optimize 
the drug uptake time, speci�cally of Vismodegib in DMSO 
(Figure �a) and Sorafenib in ethanol (Figure� �b). A similarly 
high drug adsorption on ZnO NCs was observed for both drugs 
after the �rst � h. In the case of Vismodegib, the adsorption fur-
ther increased, reaching a maximum after �.��� h, and then a 
drug desorption was detected after � h of uptake. The uptake of 
Sorafenib did not improve signi�cantly after the �rst � h, and a 
decrease was recorded after � h. From these trends, the achieve-
ment of an equilibrium between adsorption and desorption can 
be hypothesized for both drugs after a certain time, which can 
be then responsible for the partial release of the drugs back to 
their solvent. This is indeed expected in view of the weak bonds 
(typically hydrogen bonding or van der Waals forces) taking 
place between both drug molecules and the ZnO NCs surface, 
decorated with both amine groups and oleic acid.

Some preliminary studies were carried out to assess the best 
adsorption order of the drugs combination and are reported in 
detail in Figures S� and S�, Supporting Information. Putting 
together the results of these experiments and the above men-
tioned studies of the single drugs� behavior in their solvents, 
the optimal time and procedure for the uptake protocol was 
established: �.� h of uptake for Vismodegib in DMSO followed 
by � h of Sorafenib uptake in EtOH. The �nal uptaken drugs 
were then evaluated with UV�vis spectroscopy as described 
above and are reported in Figure��c.

�.�. Lipid-Coated Nanocrystals Preparation

The NCs were coated with a lipidic bilayer derived from two 
di�erent liposome formulations, Lipo and Lipo-Pep, to generate 
the �nal nanoconstructs (LNCs). Lipo and Lipo-Pep were also 
�rst characterized prior to their coupling with NCs, through 
NTA measurements and Z-potential analyses (see Figure S�, 
Supporting Information). They exhibited optimal stability and 
narrow size distribution in water, with average values of ����nm 
for Lipo and ����nm for Lipo-Pep, and a distinct strong negative 
Z-potential, which can explain in terms of charge repulsion the 
good dispersity in water.

The NTA results of the LNCs (blue curve in Figure �a) 
show a narrow size distribution, centered at ���� nm, similar 
to the freeze-thawed liposomes prepared without NCs as a con-
trol (indicated as Lipo-Lipo-Pep in Figure� �, purple curve in 
Figure��a). In contrast, the pristine NCs without lipidic coating 
seem to aggregate, with a size distribution having a major peak 
at ����nm (green curve in Figure��a).

Furthermore, as displayed by Figure� �b, the naked NCs 
display a Z-potential of ���.�� mV, whereas a negative value 
is shown for LNCs (���.�� mV), close to the Z-potential value 
of ���.�� mV obtained for freeze-thaw control Lipo-Lipo-Pep 
without NCs.

The TEM imaging (Figure��c and related image inset) con-
ducted on the LNCs shows groups of NCs (dark dots) encapsu-
lated by round shaped and vanishing organic matter (dark grey) 
having an overall size of about ����nm each. It is worth to men-
tion that, despite the LNCs are not stained, the lipidic fraction 
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Figure �.  Magnetization-saturation (M-H) curves of oleic acid capped, 
amino propyl functionalized ZnO NCs and Gd-doped ZnO NCs meas-
ured at RT.
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is still quite visible at the operating voltage used here (���kV), 
although rapidly degrading, and allows to argue the incorpora-
tion of the nanocrystal into the liposomal membrane.

As a whole, these results nicely suggest the success of the 
NCs encapsulation process by the liposome using the freeze-
thaw method, as both the Z-potential and size distribution of 
the �nal LNCs nanoconstruct were similar to the reference 
liposomes, while TEM images enables a �rst visualization of 
the LNCs nanoconstruct.

To further con�rm the above-mentioned results, the �uores-
cence microscopy technique was exploited for a qualitative co-
localization study. The NCs were labelled with the Atto���-NHS 
ester dye and imaged in the red channel, whereas the CKAAKN 
peptide, linked to the functional lipid and thus conjugated to 
the liposomal shell, was bound to the FITC dye and visualized 
in the green channel. Microscope images, reported in Figure �, 
demonstrate excellent levels of co-localization of the two dyes 
in the LNCs sample after the freeze-thaw cycles. The co-locali-
zation percentage was in fact found to be equal to ��% when a 
sample of �� di�erent pictures was analyzed with the co-locali-
zation tool of the NIS-element software.

To obtain the �nal nanoconstruct, dual drug loading (Vismo-
degib �rst and then Sorafenib) was performed on the NCs as 
described above, and then the lipid bilayer was coupled by � 
freeze-thaw cycles to obtain the dual drug loaded LNCs. A rapid 
characterization of the nanoconstructs was then carried out, 
compared to the unloaded LNCs.

DLS and Z-potential, reported in Figure �, show very similar 
size distributions and Z-potential values, suggesting that the 
presence of both drugs did not change the hydrodynamic prop-
erties of the LNCs nor their surface charge.

These results confirmed those obtained in the course of 
preliminary DLS measurements which aimed at comparing 
the behavior of drug-loaded NCs and LNCs with respect to 
unloaded samples. As reported in Figure �, a marked dif-
ference can be noticed between NCs and LNCs when loaded 
with either one or both drugs: while the pristine nanocrys-
tals show a significant increase in their hydrodynamic size 
and a broader size distribution, probably due to the steric 
hindrance of the drug molecules (Figure� �a,c,e), the lipid-
coated ones do not show any significant alteration when 
loaded with drugs (Figure� �b,d,f ). This behavior might be 
attributed to the shielding effect of the lipidic coating, which 
provides the nanoconstructs with colloidal stability thus 
reducing their aggregation in water, as demonstrated by 
their narrow size distributions even in the presence of the 
drugs.

�.�. Single Drug Release in a Cellular Condition

The nanoconstructs loaded with either Sorafenib or Vismo-
degib were immersed in cell culture medium under contin-
uous stirring at ��� �C with the aims of i) checking the good  
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Figure �.  a) Vismodegib uptake in DMSO and b) Sorafenib uptake in ethanol expressed in �g of drug per mg of functionalized Gd-doped ZnO NCs, 
as a function of time. c) Dual drug uptake at the optimized time point for each drug in their respective solvent expressed in �g of drug per mg of 
functionalized Gd-doped ZnO NCs.
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