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ABSTRACT

The main diagnostic tools for primary and metastatic central nervous system (CNS) tumors are the anamnestic neurological examination
and the imaging tests, which are expensive and lack specificity. In recent years, the shell of macromolecules which forms on nanoparticles
(NPs) when they are exposed to human blood, also known as hard corona (HC), became a powerful tool in diagnostics. Indeed, HC can act
as a “nano-concentrator” of serum proteins and can detect minor changes in the protein concentration at the very early stages of disease
development. In this paper, we characterized lipid NP HC formed in blood samples from patients affected by meningeal tumors. We found
that the HCs of meningeal tumor patients could be discriminated from those of healthy subjects. Our results show that emerging HC-based

technologies will pave the way for early diagnosis of CNS cancer.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5098081

Tumors of the central nervous system (CNS) represent one of the
most common causes of cancer death and account for about 1.3% of
all malignant cancer, with an incidence of 7 per 100000 persons
worldwide.”” CNS tumors consist of a heterogeneous group of neo-
plasms, including different variants of primary brain tumors (glial or
nonglial, benign, or malignant) and metastatic neoplasms.” Metastatic
brain tumors include malignant tumors that arise elsewhere in the
body (such as the breast or lungs) and migrate to the brain, usually
through the bloodstream. The number of primary and metastatic
brain tumors is steadily rising, whereas the mortality rate for most
tumor types has remained essentially unchanged. In particular,

patients with high-grade glioma usually have the worst prognosis with
a median survival of 12 months even after surgical resection, radiation
therapy, and chemotherapy.” Actually, the main diagnostic tools for
both primary and metastatic CNS tumors are the anamnestic neuro-
logical examination and the imaging tests, such as conventional mag-
netic resonance and computerized tomography scan.” Advanced
imaging techniques improve the neuro-radiological diagnostic accu-
racy; however, they are expensive and lack specificity, and thus, there
is a pressing need of noninvasive methods to diagnose carcinoma of
the CNS as well as for their management. Currently, except for rare
germ cell tumors, there is no method to prospectively detect brain
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FIG. 1. (a) Schematic illustration of the
protocol used for HC formation. The prob-
ability density function weight with the
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tumor until they have progressed to the symptomatic stage. Thus,
detection, definition, and validation of biomarkers for diagnosis, prog-
nosis, disease monitoring, as well as therapeutic efficacy and tumor
progression are recognized as tough challenges in oncologic research.
Recent advances in nanotechnology have brought many innovative
approaches to cancer diagnosis. Due to the peculiar properties that
arise when a material is reduced to the nanoscale, nanoparticles (NPs)
are being utilized in almost limitless applications.” When dispersed in
a biological fluid, the NP surface interacts with medium components.
The result is the development of a dynamic interface on the NP sur-
face, the so-called “bio-nano interface,” composed of biomolecules
such as proteins, sugars, and lipids. This biomolecular shell is dynamic
by nature, and given the protein enrichment, it is usually referred to as
the protein corona (PC).” PC is made of the “hard” corona (HC) and
the “soft” corona (SC). HC is made of proteins strongly adsorbed to
the surface and is the interface “seen” and processed by living sys-
tems.” The formation and composition of HC depend on several fac-
tors:” (i) surface properties of NPs (i.e., size, shape, curvature, surface
chemistry, and surface charge); (ii) characteristics of biological media,
including the protein concentration, protein source, and temperature;
and (jii) incubation time.'” Since the protein pattern in cancer patients’
blood differs from that of healthy donors, the molecular composition
of the HC formed around NPs could change between cancer and non-
cancer patients. Therefore, HC can act as a nanoconcentrator' ' of
serum proteins with affinity for the NP surface. Characterization of
HC could therefore allow detection of small changes in the protein
concentration at the very early stages of disease development when
alterations in the circulating levels of proteins are undetectable by
blood tests. In this work, we explored the feasibility of developing a
technology for CNS tumor HC detection, based on a method recently
reported for pancreatic cancer detection.'” To this end, we employed a
liposomal formulation made of 1,2-dioleoyl-sn-glycero-3-phospho-
(1'-rac-glycerol) (DOPG)." Blood samples from 25 meningeal tumors
and 20 healthy subjects were analyzed. Patients were excluded if they:
(i) had other concomitant illnesses; (ii) had evidence of recent history
of intracranial hemorrhage; and (iii) did not have a definitive diagnosis
at the end of diagnostic work-up. In all meningiomas, Ki-67 protein
and progesterone receptor (PR) staining was performed. Diagnosis of
tumors was made by usual clinical criteria and confirmed postopera-
tively by histopathological findings according to the latest WHO clas-
sification.” 10 healthy volunteers with no concomitant illnesses,
infections, gastrointestinal disease, hepatic disease, or renal disease nor
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Zeta potential (mV)

intensity (Pdl) vs liposome’s (b) and
HC-liposome’s hydrodynamic ~ diameter
(Dp) (c). Zeta potential distributions of lip-
osomes before (d) and after (e) incubation
with HP. Representative TEM images of
liposomes (f) and HC-liposomes (g).

tumors or immunological disease were used as controls. The values of
basic laboratory parameters of these participants were within the refer-
ence limits. Peripheral venous blood samples were collected preopera-
tively. For each sample, determination of the protein concentration
was performed using the method of Bradford.” Human plasma (HP)
preparation was performed according to the methods already
described. Liposomes were incubated with HP (1:1 v/v) at 37°C for
1h according to previous investigations.* After incubation, liposo-
me-protein complexes were isolated by 3 consecutive centrifugations
for 15min at 14000 rpm and resuspension in phosphate buffered
saline (PBS) to remove unbound proteins and to obtain the hard
corona (HC). The HC-coated liposomes were analyzed on a gradient
polyacrylamide gel (4%-20% Criterion Tris-Glycine eXtended (TGX)
precast gels, Bio-Rad). Proteins were stained with highly sensitive
silver-ammonia solution. Pictures of gels were captured using a
KODAK Digital DC120. Densitometry analysis was performed using
Image]."” Measurements of the size and surface charge were per-
formed using a Zetasizer Nano ZS90 (Malvern, UK) as reported else-
where.'® For Electron Microscopy, samples were stained with 2%
uranyl acetate and imaged using a TEM SUPRA 25 (Zeiss, Germany).
Nanoliquid chromatography tandem mass spectrometry (nanoLC/
MS-MS) was performed using a Dionex Ultimate 3000 (Sunnyvale,
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FIG. 2. (a) Representative SDS/PAGE with a ladder and a duplicated HC of the
control and patient sample. The four regions used for integral area analysis are
highlighted. Intensity profiles of ladder (b), representative HC of a control (c), and
representative HC of a patient are shown. Areas for the integral calculation have
been highlighted.
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CA, USA) nanoLC system connected to a hybrid mass spectrometer
LTQ Orbitrap XL (Thermo Fisher Scientific Bremen, Germany), fur-
nished with a nanoelectrospray ion source. Sample preparation and
data analysis have been performed following a protocol reported
elsewhere.'”

As illustrated in Fig. 1(a), bare liposomes have been incubated
with human plasma (HP) to allow the formation of HC. Dynamic light
scattering (DLS) has been used to measure the size of liposomes before
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and after incubation [Figs. 1(b) and 1(c), respectively]. Size distribu-
tions are unimodal and centered at Dy; =150 = 11 nm in the case of
bare liposomes and Dy = 202 = 12 nm for HC-liposomes. Zeta poten-
tial distributions are also reported and centered at { = —59 = 5mV in
the case of bare liposomes [Fig. 1(d)] and {=-31%3mV for
HC-liposomes [Fig. 1(e)]. The increase in the size and variation of
Zeta potential demonstrate the formation of the HC. TEM images
confirm DLS data since while bare liposomes have a smooth surface
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FIG. 3. Comparison of control's and patient sample’s HC: diameter (a) and Zeta potential of HC-liposomes (b); integral areas of intensity profiles for MW > 100kDa (c),
75kDa < MW < 100kDa (d), 37 kDa < MW < 75kDa (e), and MW < 37 kDa (f). Average values are reported with a black bold line in each graph.
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[Fig. 1()], a dense negatively stained area (i.e., the HC) surrounds lipo-
somes after incubation with HP [Fig. 1(g)].

The HCs were detached from the liposomes and analyzed by 1D
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS/
PAGE). In Fig. 2(a), a representative SDS/PAGE is reported with lad-
der in the first lane and a HC sample duplicate in the second and
third lanes. Intensity profiles have been calculated along vertical
dashed lines, and the ladder intensity profile in Fig. 2(b) is compared
with a patient intensity profile in Fig. 2(c). The mass distribution of
HC in our samples is characterized by three major protein bands
located at ~150 kDa, 50 kDa, and 25 kDa with protein concentrated
in the central region of the SDS PAGE. For this reason, we divided
average lane intensity profiles into 4 regions with similar protein
abundance (i) MW < 37kDa; (ii) 37kDa< MW < 75kDa; (iii)
75kDa < MW < 100 kDa; and (iv) MW > 100 kDa.

In Fig. 3, the values of size, charges, and normalized intensity
areas obtained from SDS PAGE analysis are displayed. While the aver-
age values of the size and Zeta potential of HC-liposomes do not dis-
play statistically significant differences between healthy and cancer
patients, the normalized intensity shows subtle differences. The aver-
age values of intensity are higher for controls in the regions between
75kDa-100 kDa and 37 kDa-75kDa. In contrast, in the other SDS/
PAGE regions, the average values are higher for cancer patients.
Despite these evidences, distributions of normalized intensities are
overlapped and therefore not feasible for cancer detection.

For this reason, we applied (Principal component analysis) PCA
to our results."® PCA was performed using the four integral areas, size,
and zeta potential as variables, and Linear Discriminant Analysis
(LDA) on principal components has been used to divide healthy and
cancer patients in the PC1 and PC2 plane.'” The results in Fig. 4 dem-
onstrate that PCA-LDA is capable of discriminating the two groups as
shown by separation of the PC centroids [Fig. 4(b)]. Variances
explained by PCI and PC2 are 38.2% and 31.6%, respectively. These
two PCs are strongly determined by the protein mass distribution,
whereas PC3 and PC4 take in account mainly the physical parameters
(size and zeta potential) with a variance of 14% and 12%, respectively.

In Fig. 3 is clearly visible how the largest differences in protein
corona intensity rely on the molecular weight range between 75 kDa
and 100 kDa [Fig. 3(d)]. To verify if this difference is merely caused by
a lower protein concentration or by a different pattern of adsorbed
proteins, we analyzed by mass spectroscopy this specific range of gel
bands. The results are shown in Fig. 4(c). In the color map, proteins
are grouped into proteins visible only in healthy patients’ corona
[Unique (H)], proteins more abundant in the healthy group (H > C),
proteins more abundant in the cancer group (C>H), and specific
proteins of cancer patients’ corona [Unique (C)]. 6 proteins are unique
in cancer patients’ protein corona: Lactotransferrin, Integrin beta-2,
Myeloperoxidase, Phosphatidylinositol-glycan-specific phospholipase
D, Polymeric immunoglobulin receptor, and Desmocollin-1. Among
these proteins, Desmocollin-1 is of particular interest for its involve-
ment in transition from normal to malignant tissue and has been pro-
posed as a biomarker for intracranial tumors in histochemistry
diagnostics.”’ Also, Lactotransferrin was reported as a possible bio-
marker for brain tumor in a previous study.”’ These evidences demon-
strate that the different gel band intensity are generated by a specific
pattern of proteins, already considered as brain tumor biomarkers,
which are absorbed in the biomolecular corona of cancer patients.

ARTICLE scitation.org/journal/apl

(a) (c) e

® Control
4 7PC1 @ Patient BTK

PC2

-3 -2
Unique(C)

4 9 ACON
(b) PCL A16A1

PC2

Legend Cc>P GELS
E

C= Control PROS
P= Patient PLMN

Unique(C): — ci1s

TRFL Lactotransferrin (T:'::EB u
ITB2 Integrin beta-2 p>C EPBA2

PERM Myeloperoxidase PLAK
PHLD Phosphatidylinositol-glycan- — %?ZL
specific phospholipase D 1TB2
PIGR Polymeric immunoglobulin Unique(P) ::T'I\)ﬂ
receptor PIGR

DSC1 Desmocollin-1 L bsc1

FIG. 4. (a) PC1 and PC2 calculated by PCA analysis of healthy and cancer
patients. (b) Centroids of the distributions. The line separates the controls from the
cancer patient group, according to the results of LDA. (c) Proteins detected in the
healthy (H) and cancer patients’ (C) plasma protein corona in the range of 75kDa
< Mw < 100 kDa. Colors express the Relative Protein Abundance (%RPA) from
0% (blue) to 1.4% (green). Unique Cancer group proteins [Unique (C)] are listed.
Proteins with higher abundance in healthy and cancer patients are also reported as
H> C and C > H, respectively.

Since nowadays there is no method to detect brain tumor before
its symptomatic stage, the development of a sensitive and specific bio-
marker could open huge medical opportunities in terms of treatment
and outcomes. Exploiting the nanobio-interactions between NP and
blood samples, we investigated the feasibility of developing a diagnos-
tic technology for meningeal tumor detection. Our results highlight
how small differences in the plasma composition, not visible by con-
ventional blood testing, between healthy volunteers and patients suf-
fering from meningeal tumor are amplified in the nanoparticle protein
corona composition. It is important to point out that these differences
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can be quantitatively appreciated using a relatively inexpensive and
fast technique such as 1D gel-electrophoresis. Extensive clinical inves-
tigations are necessary to define and validate an effective biomarker
based on the protein corona that takes into account all the factors that
may influence its specificity and sensitivity.
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