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Nanotechnology offers promising tools for disease diagnosis through the unique biomolecular corona

(BC) that surrounds nanoparticles (NPs) when exposed to biological fluids, creating personalized profiles.

In this study, we investigated the capability of BC of polystyrene and silica NPs with diverse surface

functionalization in distinguishing eight types of cancer (breast, ovarian, kidney, lung, colon, bladder,

uterus, and thyroid) using a straightforward method based on one-dimensional gel electrophoresis. A

total of six NPs, silica and polystyrene NPs with various functional groups (plain, NH2, and COOH), were

exposed to a total of 43 plasmas, 5 for each of the 8 investigated cancers plus 3 controls, to create per-

sonalized BCs. By analyzing the densitometric profiles of proteins’ molecular weights, we demonstrated

that the BC signatures of NPs can distinguish healthy individuals from those affected by cancer. We

revealed that certain BCs could discriminate against specific types of cancer, i.e. ovarian and kidney

cancer, and that amination could improve the diagnostic power of the platform. Being fast, cheap, and

requiring only a blood sample, if validated on a more comprehensive cohort of patients, this method

could serve as a first-line diagnostic tool, guiding decisions on further invasive testing and/or patient

monitoring post-surgery or during treatment.

Introduction

The biological fate of nanoparticles (NPs) is governed by their
specific interactions with biomolecules that naturally adsorb onto
their surface.1 When NPs enter biological environments, they
become coated with a dynamic layer of biomolecules, forming
what is known as the biomolecular corona (BC). The resulting
BC-NPs complexes then interact with cell membranes and intra-
cellular organelles, influencing cellular uptake, distribution, and
biological response.2,3 The BC has been extensively studied over
the past decade, particularly for its impact on the targeting capa-
bilities of nanosized delivery systems.4 More recently, research
has focused on engineering an artificial BC to enhance specific
desired features.2,5,6 For example, the incorporation of quaternary
ammonium lipids into lipid NPs (LNPs) allowed modulating the

BC composition, abundant in Apolipoproteins (306-O12B LNPs)
or in coagulation-relevant proteins (306-N16B LNPs), and selec-
tively reaching lung cells.7–11

Giulimondi and colleagues utilized the negative charge of
DNA to coat non-PEGylated liposomes forming lipoplexes.
Interestingly, upon exposure to human plasma, these lipo-
plexes developed a BC with a notably low opsonin content
(only 5%), a condition essential to reduce the nanocarriers’
immune system recognition and prolong their circulation
time.12 Luo and colleagues obtained similar results by stabiliz-
ing Cabazitaxel nanocrystals with D-α-Tocopherol PEG 1000
succinate which favoured the preferential interaction with
Serum Albumin, Apolipoprotein A-IV, Apolipoprotein E, and
Transferrin. As a result, the nanocrystals had a prolonged cir-
culation time and were able to target the tumour in 4T1 ortho-
topic tumour-bearing mice.13 An interesting study by Peng and
collaborators involved coating pheophytin carbon dots with
1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)-
mPEG, resulting in the formation of a BC predominantly com-
posed of Apolipoprotein A-I, Apolipoprotein C-III, and
Apolipoprotein E. This specific corona composition facilitated
the interaction of the NPs with cancer cells expressing low-
density lipoprotein receptors (LDLR).14

As well established, BC’s composition strongly depends on
both the physicochemical properties of NPs (e.g., material†These authors contributed equally.
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type, shape, size, surface functionalization) and the character-
istics of the biological milieu (e.g., plasma from healthy or dis-
eased individuals).2,7,15,16 Indeed, beyond the well-known
impact of the BC on the targeting, delivery, and circulation
time of NPs,17 a particularly interesting aspect, investigated by
our group and others, is the BC’s ability to provide molecular
fingerprints that reflect disease states, including cancer.
Noteworthy studies in this field have explored the exploitation
of the BC for the detection of biomarkers and molecular pat-
terns, highlighting its potential for diagnostic applications.15

Indeed, the BC of a plethora of NPs has been used to develop
methods for diagnosis of Alzheimer’s disease, sepsis, coronary
artery disease, breast cancer, prostate cancer, lung cancer, pan-
creatic cancer, and melanoma.18–27 This emerging approach
has great potential for minimally invasive cancer diagnosis.
However, the high cost of the BC’s analysis, which often
requires mass spectrometry, represents a challenge.15 To
bypass this step, Caracciolo’s group investigated the diagnostic
potential of mass spectrometry-free analysis of BCs formed on
clinically approved liposomes. They were able to combine
physical measurements after BC formation with data from
semi-quantitative densitometric analysis of gel electrophoresis
bands to differentiate characteristics between the BCs of
breast, gastric, and pancreatic cancer.28 Similarly, using one-
dimensional gel electrophoresis to analyse the BC on graphene
oxide (GO) and LNPs, the same group demonstrated to suc-
cessfully discriminate glioblastoma and pancreatic cancer
patients from healthy controls, with a classification accuracy
in the case of pancreatic cancer of 88%.29,30 Di Giacomo et al.
developed a multiplex point-of-care test for pancreatic ductal
adenocarcinoma (PDAC) by integrating inflammatory bio-
markers, standard laboratory parameters, and protein corona-
based blood assays. The test generated a risk score that accu-
rately distinguished PDAC patients from healthy controls
(88.9% specificity, 93.6% sensitivity).31 Moreover, the same
group showed that combining CA 19-9 levels with a GO-based
corona assay analysed via gel electrophoresis further improved
pancreatic cancer classification accuracy, reinforcing the
potential of this approach for personalized clinical decision-
making.32 Another mass spectrometry-free approach for ana-
lysing BCs implies the use of Transmission Electron
Microscopy (TEM). For example, Sheibani and colleagues
investigated the distribution, morphology, and association of
BCs adsorbed onto carboxylated polystyrene NPs using high-
resolution TEM, cryo-TEM, and general image analysis, with
the aim of uncovering the biological identity of the NPs.33 Wu
et al., investigated the formation and features of BC formed on
the surface of iron oxide NPs by dynamic light scattering
(DLS), NPs tracking analysis, flow cytometry, and TEM.34

Interestingly, Dell’Aglio and colleagues demonstrated that the
use of Laser-Induced Breakdown Spectroscopy (NELIBS)
allowed to sense the BC of gold NPs by avoiding the mass spec-
trometry analysis.35 In contrast to previous studies that relied
on single-NP approaches, herein we use a panel of six distinct
NPs, each differing in physicochemical properties (e.g., surface
charge, and composition). This multi-particle system enables

the formation of diverse BC fingerprints when exposed to
blood plasma, significantly enhancing the sensitivity and
specificity of cancer detection. Notably, we evaluated its poten-
tial across multiple cancer types (8 types), thereby highlighting
its broader applicability. To this end, we employed six NPs:
three types of silica with various functional groups (plain,
NH2, and COOH, named Si, Si-NH2, and Si-COOH, respectively)
and three types of polystyrene with different functional groups
(plain, NH2, and COOH, named Poly, Poly-NH2, and Poly-
COOH, respectively). Each of these NPs was exposed to the
plasma of cancer patients (n = 40, clinical information pro-
vided in Table S1) affected by one of the following eight types
of tumours (breast, ovarian, kidney, lung, colon, bladder,
uterus, and thyroid; n = 5 each) and plasma from healthy
control individuals (n = 3), to create disease-specific or control
BCs. By utilizing this panel of NPs with diverse core materials
and surface functionalization, we aimed to capture distinct yet
complementary BCs from each plasma sample. We hypoth-
esized that analysing these multiple and varied BC profiles
would provide a multi-dimensional dataset, enhancing the
ability to generate unique signatures and improve discrimi-
nation between different cancer types and healthy states. The
resulting BCs were analysed using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). In total, we
analysed 258 BCs leading to the generation of a rich, multi-
dimensional dataset of protein signatures capable of dis-
tinguishing healthy individuals from patients with eight
different types of cancer. The experimental workflow is sum-
marized in the schematic (Fig. 1).

Experimental section
Materials

Polystyrene and silica NPs were purchased from Polyscience,
Inc. (https://www.polysciences.com/) and Kisker-Products
(https://www.kisker-biotech.com/) respectively. Human plasma
from cancer patients and healthy individuals was obtained
from Innovative Research, Inc. (Novi, MI, USA). Bradford,
Laemmli buffer 2X, and 4–20% Mini-PROTEAN® TGX™ Pre-
cast Gels were supplied by Bio-Rad Laboratories, Hercules, CA.
Coomassie Brilliant Blue was obtained from Fisher Scientific,
Fair Lawn, NJ, USA.

Nanoparticles

In this study, we employed six types of NPs with a nominal dia-
meter of approximately 100 nm, composed of polystyrene or
silica and functionalized with either plain (Poly and Si,
respectively), amino-conjugated (Poly-NH2 and Si-NH2), or car-
boxyl-conjugated surfaces (Poly-COOH and Si-COOH). Silica
NPs were supplied by Kisker-Products (https://www.kisker-
biotech.com/), while polystyrene NPs were purchased from
Polyscience, Inc. (https://www.polysciences.com/). Both manu-
facturers follow standardized synthesis protocols and quality
control procedures to ensure high batch-to-batch reproducibil-
ity. Each batch was characterized by the suppliers using tech-
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niques such as DLS and zeta potential (Z-pot) measurements
to confirm homogeneity in size distribution, surface charge,
and functionalization.

Physicochemical characterization of nanoparticles

The size and surface charge (Z-pot) of both NPs and BC-coated
NPs were characterized using NPs tracking analysis
(Nanosight, Malvern, UK) and Zetasizer Nano ZS90 (Malvern,
UK), respectively. Briefly, NPs were diluted in water to reach a
concentration of 50 µg mL−1. Size and surface charge values
are reported as mean ± standard error (SE) of three indepen-
dent measurements. For TEM morphological analysis, samples
and grids were labelled with 1% uranyl acetate. Samples were
adsorbed to the grid by floating the grid on a drop of sample
for 1 min, liquid excess was removed with filter paper
(Whatman #1). A Tecnai G2 Spirit BioTWIN TEM equipped
with an Hamamatus ORCA HR camera (80 kV), with a magnifi-
cation of 68k×, was used.

Cancer biomolecular corona formation

Human plasma from cancer patients and healthy individuals
was purchased from Innovative Research, Inc. (Novi, MI, USA).
Blood samples collected in K2EDTA tubes were centrifuged at
500g for 20 minutes at room temperature. The plasma super-
natant was carefully transferred to a new conical tube without
disturbing the cell layer. To further purify the plasma, a
second centrifugation was performed at 1000g for
5–10 minutes at room temperature. Plasma was aliquoted and
freezed at ≤−70° C for long-term storage. To create BCs on
each of the six NPs types, plasma samples from patients with
eight diverse cancer types (n = 5 for each type: breast, ovarian,
kidney, lung, colon, bladder, uterus, and thyroid) and healthy

individuals (n = 3) were used, resulting in a total of 258 BCs for
formation and analysis. The BCs were prepared by incubating
0.5 mg of NPs at 37 °C for 1 h with 200 μL of human plasma
samples diluted with 200 μL of deionized H2O (final plasma con-
centration 50% v/v). After incubation, BC-NPs complexes were
separated by centrifugation at 14 000 rpm at 4 °C for 30 min and
washed three times with cold phosphate-buffered saline (PBS,
4 °C) to remove the loosely-bound, ‘soft’ BC. The resulting BC-
coated NPs, now enriched with the ‘hard’ corona, were resus-
pended in a denaturing buffer (8 M urea and 50 mM ammonium
bicarbonate) for SDS gel electrophoresis. The proteins concen-
tration within the BC was determined by Bradford assay accord-
ing to the manufacturer’s protocol (Bio-Rad Laboratories,
Hercules, CA) using albumin for the standard curve.

SDS gel electrophoresis and densitometric analyses

An equal volume of Laemmli buffer 2× (Bio-Rad Laboratories,
Hercules, CA) was added to BCs dissolved in 8 M Urea and
50 mM ammonium bicarbonate. After incubation at 90 °C for
5 min, proteins were loaded and resolved on a 4–20% Mini-
PROTEAN® TGX™ Pre-cast Gels (Bio-Rad Laboratories,
Hercules, CA) for 1 h at 120 V. Protein bands in the gels were
stained with Coomassie Brilliant Blue (Fisher Scientific, Fair
Lawn, NJ, USA) overnight followed by extensive washing in
ultra-pure water. Gel images were acquired using the GelDoc
Go Gel Imaging System (Bio-Rad Laboratories, Hercules, CA),
and densitometric analysis of the protein bands was then per-
formed. Gel lanes were analysed to obtain an integral density
value using ImageJ software (website: imagej.nih.gov/ij/).
Specifically, a vertical rectangle spanning the full height of the
4–20% gel was drawn over the first lane, corresponding to the
molecular weight ladder. This same rectangle was then moved

Fig. 1 Schematic representation of the BC analysis workflow. Polystyrene and silica NPs were incubated with plasma derived from patients (kidney,
ovarian, lung, thyroid, breast, uterus, and colon cancer) and healthy donors. The obtained BCs were isolated and analyzed using SDS-PAGE.
Significant differences were found between healthy and cancer-affected donors by evaluating lane band intensity by densitometric analysis. This
workflow represents a proof-of-concept for the early diagnosis of disease and holds potential for guiding treatment decisions. Created in https://
BioRender.com.
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across to each subsequent lane within the gel. To ensure accu-
racy and reproducibility, the width of the rectangle was care-
fully selected to avoid overlapping with adjacent lanes while
encompassing all the bands present in each lane. To account
for potential variations between gels, in each gel, the raw den-
sitometry signal of each lane was normalized using the corres-
ponding gel’s molecular weight ladder, whose total lane inten-
sity was arbitrarily fixed to one.

Statistical analysis

All results are presented as mean value ± standard deviation
(SD) or mean value ± SE as specified. Statistical significance
was investigated using one-way ANOVA with Tukey’s multiple
comparison test and Unpaired t-test. All the statistical evalu-
ations including the receiver operating characteristic (ROC)
curve and area under the curve (AUC) analyses were performed
in GraphPad Prism version 8.3.0. (GraphPad Software Inc., La
Jolla, CA, USA).

Results and discussion
Nanoparticle characterization and biomolecular corona
formation

The nano-sized platform used for the diagnostic method study
consisted of six NPs with different surface modifications,
based on expected differences in protein affinity to obtain vari-
able BC profiles upon incubation in plasma samples (healthy
and cancer). As widely known, batch-to-batch variability in NPs
synthesis could influence their features (e.g., charge, size, and
hydrophobicity) thereby impacting protein adsorption and BC
formation. To minimize such an effect, in our study we
employed NPs provided by reputable manufacturers that
adhere to robust standardized protocols of synthesis, ensuring
high reproducibility and consistency across different batches.
All six NPs, before BC creation, had a diameter of approxi-
mately 100 nm and a negatively charged surface, confirming
the manufacturer’s specifications (Fig. S1a). We decided to
restrict the NPs library to negatively charged NPs with the aim
of avoiding non-specific interactions while promoting the
absorption of low abundant diagnostically informative pro-
teins in the BC. Indeed, at physiological pH, most plasma pro-
teins present a net negative charge and positively charged NPs
are prone to strong electrostatic interactions that favour non-
specific adsorption of highly abundant proteins such as
albumin and immunoglobulins. This phenomenon often leads
to dense BC dominated by non-informative proteins, which
may hide the enrichment of diagnostically relevant, lower-
abundance species. By contrast, negatively charged NPs tend
to promote more selective and differential binding profiles, in
line with the diagnostic aims of this study.36–39 Interestingly,
after plasma incubation, all NPs exhibited an enlargement in
size up to 44 nm, and most of them showed an increase in
Z-Pot becoming less negative, as reported in Table 1.

Notably, this trend was not observed in the Poly-NH2 NPs,
which consistently exhibited a decrease in the Z-Pot value (i.e.,

becoming more negative) after plasma incubation. For
example, bare Poly-NH2 had an initial Z-Pot of −19.33 mV
(Fig. S1) which decreased to −37.38 mV after incubation with
breast cancer plasma, corresponding to a change of
−18.05 mV (Table 1). This behaviour could be related to the
specific adsorption of negatively charged proteins via electro-
static interaction between the amino groups on the NPs
surface and negatively charged proteins in plasma.18,40,41

Morphological analysis by TEM revealed that NPs exhibited a
homogeneous spherical shape and smooth surface, condition
preserved also after the plasma incubation (Fig. S1b and d).

Moreover, TEM images revealed the presence of a distinct,
coating surrounding the NPs following incubation with
plasma (Fig. S1d). This coating is indicative of the formation
of a BC, suggesting adsorption of plasma proteins and other
biomolecules onto the NP surface. Indeed, NPs displayed an
overall increase in size following plasma incubation, consist-
ent with the results obtained from DLS analysis.

To investigate the correlation between NPs physicochemical
properties and BC composition, we performed a statistical ana-
lysis of the post-incubation DLS data, including size and Z-Pot
(Table S2). One-Way ANOVA statistical analysis of post-incu-
bation data relative to size showed that in general polystyrene
NPs could discriminate cancer BC vs. control better than silica
NPs. In particular, Poly-NH2 showed statistically significant
differences with all of the eight cancer types, while Poly and
Poly-COOH NPs showed significant differences with seven of
the eight cancer types (Table S2a).

The statistical analysis of the post-incubation Z-Pot values
revealed a positive significant general trend, for both poly-
styrene and silica NPS, in discriminating cancer BC vs. control
(Table S2b).

Altogether, these results indicate that, although plasma
incubation generally induces measurable alterations in NPs
size and charge surface, the magnitude and significance of
these effects depend on both NPs chemistry and pathological
condition. This variability suggests that the interaction
between NPs and the BC corona may display a degree of
selectivity, potentially reflecting disease-specific conditions. At
this stage, these notable preliminary results could not rep-
resent by themselves a discriminating factor in cancer detec-
tion, as they are not informative about the proteins in the BC
that could have a role in the discrimination.

Thus, to obtain a more comprehensive overview of the BC
composition and its potential role in cancer-specific signa-
tures, we performed SDS-PAGE analysis.

SDS-PAGE analysis of biomolecular coronas

In recent years, the study of BC for the early diagnosis of
different diseases has increased due to the correlation between
BC composition and the alteration of plasma proteins in
pathological conditions.2,3,7,22 Indeed, plasma from different
donors is known to vary in protein content and other bio-
chemical features, all of which may influence BC formation.18

In this study, to mitigate this factor, plasma samples were ran-
domized across subjects within each cancer type and healthy
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control group. This approach minimizes systematic bias
related to individual variability while still allowing us to
capture biologically relevant diversity. Despite some degree of
unavoidable inter-individual variability, we observed consist-
ent trends in protein adsorption. Specifically, the overall pat-
terns of BC formation, including size, Z-Pot changes, and BC
protein profiles, remain robust across individuals within each
group, which strengthens the relevance of the observed trends
for cancer detection.

The BCs were analysed by SDS-PAGE and subsequently
stained with Coomassie Brilliant Blue for protein visualization
and further densitometric analysis (Fig. 2 and Fig. S2). Before
loading, the protein amounts comprising the various BCs iso-

lated from the six NPs, were quantified using the Bradford
assay (Table 2), thus resulting in total protein amounts in the
range from 25 to 40 µg.

To confirm that the bands observed were specific to the BC
and not related to potential contamination from unbound pro-
teins, we performed an SDS-PAGE also on n = 3 non-oncologi-
cal plasma samples (without NPs). In addition, to make sure
no residual proteins were in the washing buffers, we per-
formed an SDS-PAGE of the supernatant related to the third
washing step of the BC formation protocol, and we confirmed
that no protein bands were detected (Fig. S3).

As highlighted in Fig. 2 and Fig. S2, the BCs formed on the
six different NPs exhibited distinct protein band profiles when

Table 1 Characterization of NPs incubated health and cancer plasma. Results represent the mean ± SE of 5 independent batches (n = 5). The size
increase and Z-pot variation are referred to the comparison with the NPs analyzed in water

NPs Size (nm) SE Size increase (nm) Z-Pot (mV) SE Z-Pot variation (mV)

Brest cancer Poly 117.8 2.7 13.10 −13.35 0.39 19
Poly-NH2 158.5 5.3 28.95 −37.38 0.69 −18.05
Poly-COOH 121.7 1.9 12.75 −31.11 0.51 3.06
Si 177.8 13.9 44.20 −13.65 1.06 16.33
Si-NH2 134.1 9 26.70 −19.56 1.05 13.39
Si-COOH 175.7 37 38.05 −22.47 1.62 4.55

Colon cancer Poly 110.2 0.7 9.3 −12.48 0.41 19.87
Poly-NH2 131 5.3 15.2 −34.22 1.22 −14.89
Poly-COOH 101.7 1.8 2.75 −28.89 0.64 5.28
Si 160.4 29.9 35.50 −28.55 0.49 1.43
Si-NH2 134.6 2.5 26.95 −32.23 0.53 0.72
Si-COOH 145.4 4.9 22.90 −32.87 1.31 −5.85

Uterus cancer Poly 107.9 2 8.15 −11.91 1.8 20.44
Poly-NH2 121.5 0.3 10.45 −30.86 0.87 −11.53
Poly-COOH 109.6 3.8 6.70 −38.64 0.32 −4.47
Si 102.7 4.7 6.65 −4.28 0.93 25.70
Si-NH2 108.7 2.6 14 −24.46 0.34 8.49
Si-COOH 156.4 19.6 28.4 −30.30 0.95 −3.28

Ovarian cancer Poly 153.6 16.8 31 −17.34 1.05 15.01
Poly-NH2 118.2 1.4 8.8 −25.31 1.24 −5.98
Poly-COOH 102.5 1.9 3.15 −26.59 0.89 7.58
Si 109.9 4.4 10.25 −16.02 1.49 13.96
Si-NH2 139.8 13.4 29.55 −5.2 0.52 27.75
Si-COOH 136.2 7.1 18.3 −22.94 1.86 4.08

Kidney cancer Poly 114.3 5.4 11.35 −27.71 0.55 4.64
Poly-NH2 117.8 2.3 8.6 −30.81 0.47 −11.48
Poly-COOH 103.3 1.1 3.55 −29.56 1.42 4.61
Si 140.6 12.2 25.6 −18.99 1.1 10.99
Si-NH2 152 21.4 35.65 −16.73 0.81 16.22
Si-COOH 148.1 9.3 24.25 −23.85 0.88 3.17

Lung cancer Poly 101.9 1.8 5.15 −12.04 1.63 20.31
Poly-NH2 126.8 2 13.1 −26.42 0.4 −7.09
Poly-COOH 116.3 3.2 10.05 −25.99 0.83 8.18
Si 105.4 16.1 8 −5.42 0.38 24.56
Si-NH2 101.5 2.3 10.4 −10.23 0.43 22.72
Si-COOH 160.9 4.9 30.65 −15.3 0.69 11.72

Thyroid cancer Poly 111.4 1.3 9.9 −9.36 0.27 22.99
Poly-NH2 120.1 3.5 9.75 −33.8 0.13 −14.47
Poly-COOH 112.1 4.5 7.95 −21.51 0.85 12.66
Si 122.1 3.6 16.35 −10.12 0.62 19.86
Si-NH2 113 3 16.15 −19.55 1.16 13.4
Si-COOH 115.4 4 7.9 −18.73 0.84 8.29

Bladder cancer Poly 107.2 5.8 7.8 −9.84 0.38 22.51
Poly-NH2 111.2 2.3 5.3 −26.15 1.97 −6.82
Poly-COOH 167.7 2.4 35.75 −25.49 1.26 8.68
Si 124.4 5.9 17.5 −9.56 0.51 20.42
Si-NH2 136.2 1.6 27.75 −18.54 0.5 14.41
Si-COOH 143.7 8.6 22.05 −24.15 1.44 2.87

Paper Nanoscale

25258 | Nanoscale, 2025, 17, 25254–25265 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

2:
39

:4
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr03082j


incubated in cancer plasmas. Indeed, a first-pass visual inspec-
tion reveals that the protein bands in the 10–15 kDa and
100–250 kDa molecular weight ranges derived from polystyrene
NPs (Poly, Poly-NH2, and Poly-COOH) were consistently more
intense than those from the silica NPs (Si, Si-NH2, and Si-
COOH). This phenomenon can be primarily attributed to the
distinct physicochemical properties of NPs, which play a criti-
cal role in shaping the pattern of adsorbed biomolecules and,
consequently, influence the overall composition of the BC.2,7,17

Specifically, polystyrene NPs exhibit a hydrophobic character,
whereas silica NPs are characterized by hydrophilic surfaces.42

In general, hydrophilic NP surfaces tend to reduce protein
adsorption, while hydrophobic NPs preferentially bind pro-
teins through interactions with their hydrophobic
domains.17,43,44

To investigate the differential behavior of BCs formed on
various NPs types incubated with healthy (n = 3) vs. cancer (n =
40) plasma, we analyzed the overall densitometric profiles
obtained from one-dimensional SDS-PAGE gels, covering the
full range of protein molecular weight (Fig. 3). Specifically, five
patients for each of the eight cancer conditions were employed
to collect plasma samples. All the relative gels obtained and
analyzed are reported in Fig. S4. For BCs formed on poly-
styrene NPs (Poly, Poly-NH2, and Poly-COOH), the protein pro-
files derived from cancer samples did not show significant
differences compared to those from healthy plasma (Fig. 3a).
In contrast, BCs generated on silica-based NPs exhibited clear
distinctions between healthy and cancer-derived samples.
Specifically, the total protein band intensities for Si, Si-NH2,
and Si-COOH NPs were significantly higher in cancer samples

Fig. 2 BC profiles of polystyrene and silica NPs by SDS-PAGE analysis. Representative gels (one of five per cancer type) comparing the personalized
corona of plain, amine- and carboxyl-modified NPs in human cancer plasma. Prominent bands observed around 66 kDa corresponding to serum
albumin were consistently present, with variations in intensity depending on the NP type and plasma condition.

Table 2 Protein concentration within the BC as determined by Bradford assay. Results represent the mean ± SD of 5 independent cancer batches
(n = 5) and 3 independent healthy batches (n = 3)

Kidney Ovarian Lung Thyroid Breast Bladder Uterus Colon Healthy
NPs µg µL−1 µg µL−1 µg µL−1 µg µL−1 µg µL−1 µg µL−1 µg µL−1 µg µL−1 µg µL−1

Poly 1.62 ± 0.00 1.22 ± 0.03 0.72 ± 0.01 1.90 ± 0.10 1.53 ± 0.37 1.59 ± 0.63 0.95 ± 0.21 1.56 ± 0.15 1.03 ± 0.15
Poly-NH2 0.88 ± 0.02 1.43 ± 0.02 0.80 ± 0.12 0.96 ± 0.03 0.85 ± 0.31 1.67 ± 0.22 1.00 ± 0.09 0.66 ± 0.15 2.10 ± 0.25
Poly-COOH 0.79 ± 0.02 2.41 ± 0.04 1.38 ± 0.16 1.40 ± 0.25 1.18 ± 0.68 0.80 ± 0.08 0.99 ± 0.00 1.03 ± 0.22 1.55 ± 0.41
Si 0.69 ± 0.04 1.30 ± 0.00 0.74 ± 0.11 0.51 ± 0.01 1.44 ± 0.10 0.98 ± 0.07 0.91 ± 0.09 0.83 ± 0.00 1.04 ± 0.25
Si-NH2 1.22 ± 0.01 1.58 ± 0.08 0.89 ± 0.02 1.14 ± 0.22 1.61 ± 0.03 1.04 ± 0.14 1.24 ± 0.11 1.03 ± 0.01 2.15 ± 0.09
Si-COOH 0.86 ± 0.07 1.79 ± 0.01 0.82 ± 0.08 0.63 ± 0.05 1.50 ± 0.01 1.07 ± 0.06 0.83 ± 0.01 0.82 ± 0.06 1.85 ± 0.16
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compared to healthy controls (Fig. 3b). The performance of
this diagnostic approach was evaluated through ROC curves
and the corresponding AUC values. Results corroborate the
results on proteins densitometric profile analysis, showing
that the silica-based NPs as a good diagnostic potential.
Indeed, AUC for Si, Si-NH2, and Si-COOH were 0.93, 0.85, and
0.82 respectively (Fig. 4) while, polystyrene-based NPs AUC
showed a poor ability to distinguish BCs of cancer patients
from healthy subjects (AUC Poly = 0.55, AUC Poly-NH2 = 0.68,
and AUC Poly-COOH = 0.64) (Fig. S5). These findings suggest
that BC analysis, particularly through total protein semi-
quantification densitometric profiling, may serve as a valuable
strategy for differentiating malignant from non-malignant
states.

To assess the specificity of our method in discriminating
not only healthy versus cancer plasma but also among
different tumor types, we performed one-way ANOVA on entire

lanes across different cancer conditions, comparing the same
NP classes (Table S3). Results showed that the BC profile of
Poly-COOH NPs for kidney cancer differed significantly from
those of uterus (Tables S3b and f), bladder (S3c and f), colon
(S3d and f), and breast (S3h and f) cancers. A similar pattern
was observed for BC-coated Si NPs, which showed significant
differences between kidney and uterus or breast cancers
(Tables S3b, f and h). Additionally, the BC profile of Si-COOH
NPs from kidney cancer was significantly different from that of
uterus cancer plasma.

These results suggest that kidney cancer induces specific
modifications in the BC composition of certain NPs, poten-
tially reflecting a unique pathophysiological environment.
Overall, our findings support the concept that disease-specific
BC signatures can contribute to molecular discrimination
among cancer types and may represent a step toward selective
BC-based diagnostic tools.

Fig. 3 Densitometric analysis of BCs of NPs in human cancer vs. healthy plasma. Densitometric analysis was performed using ImageJ to quantify
the band intensity of 1D SDS-PAGE gels after incubation of polystyrene NPs (a) and silica NPs (b) with human plasma from cancer patients and
healthy subjects. The y-axis represents band intensity normalized against the ladder. The total intensity of each gel lane was considered and aver-
aged (cancer patients n = 40 vs. healthy controls n = 3). Unpaired t-tests determined statistical significance between groups. *p ≤ 0.05, **p ≤ 0.01.

Fig. 4 ROC curves and AUC analyses of silica-based NPs densitometric data to validate the performance of the diagnostic test. AUC observed by
the analysis of the cancers and healthy proteins derived from the BCs formed on the surface of Si (AUC = 0.93), Si-NH2 (AUC = 0.85), and Si-COOH
(AUC = 0.82).

Paper Nanoscale

25260 | Nanoscale, 2025, 17, 25254–25265 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

2:
39

:4
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr03082j


Densitometric analysis of biomolecular corona profiles

To further assess the ability of BCs to distinguish between
pathological and healthy conditions based on densitometric
patterns, we compared the coronas formed on all six NP types
following incubation with plasma from eight different cancer
types (breast, ovarian, kidney, lung, colon, bladder, uterus,
and thyroid) vs. healthy controls. The comparison was initially
conducted by analyzing the global protein profiles within the

10–250 kDa molecular weight range (Fig. 5). To improve the
resolution and interpretability of the SDS-PAGE analysis, we
conducted a more detailed evaluation by segmenting the
protein profiles into defined molecular weight intervals:
<25 kDa (Fig. 6a and b), 25–75 kDa (Fig. 6c and d), and
>75 kDa (Fig. S4). This stratified approach enabled us to better
capture subtle, yet potentially informative, variations in
protein abundance and migration between healthy and cancer-
derived samples. In general, low molecular weight proteins

Fig. 5 Densitometric analysis of BCs of NPs in 8 human cancers vs. healthy plasma (10–250 kDa). BCs were formed on polystyrene NPs (a) and
silica NPs (b) by incubation with human plasma from cancer patients (n = 40) and healthy controls (n = 3), and profiled by 1D SDS-PAGE. The total
protein intensity of each gel lane was quantified using ImageJ. For comparative analysis, these values were normalized: the total intensity of the
molecular weight ladder on each gel was assigned a reference value of one, and each sample lane’s total intensity was expressed relative to this
reference. The y-axis depicts the averaged normalized intensities. The statistical analysis was performed by one-way ANOVA with Tukey’s test, each
cancer vs. healthy control. *p value ≤ 0.05; **p value ≤ 0.01.

Fig. 6 ROC curves and AUC analyses of polystyrene and silica NPs densitometric data (10–250 kDa) to validate the performance of the diagnostic
test. AUC observed by the analysis of the cancers and healthy proteins derived from the BCs formed on the surface of Poly-NH2 lung cancer (AUC =
0.80), Poly-NH2 kidney cancer (AUC = 0.87), Poly-NH2 ovarian cancer (AUC = 0.87), Si kidney cancer (AUC = 1.00), Si ovarian cancer (AUC = 1.00),
Si-NH2 lung cancer (AUC = 0.93), Si-NH2 kidney cancer (AUC = 1.00), and Si-COOH (AUC = 1.00).
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(<25 kDa) are signaling polypeptides, cytokines, and other
regulatory molecules that play key roles in cancer pathophy-
siology by exhibiting different adsorption patterns in tumor-
associated BC.45–48 Proteins with lower molecular weight,
owing to reduced steric hindrance, exhibit a higher propensity
to adsorb onto the NP surface via hydrophobic or electrostatic
interactions. In line with this, the most pronounced statistical
differences between healthy and cancer-derived samples were
detected in the <25 kDa molecular weight range. The inter-
mediate range (25–75 kDa) includes a wide array of high abun-
dant plasma proteins, including albumin, several enzymes,
transport proteins, and immunoglobulin fragments. This
range is particularly informative for evaluating tumor-specific
biomarkers in BCs composition, since different proteins impli-
cated in cancer biology fall within this interval.49–53 For
instance, the heavy chains of immunoglobulin A and G
(∼37 kDa) are associated with the production of autoanti-
bodies in tumorigenic patients as part of the immune
response. In our study, silica NPs consistently outperformed
polystyrene NPs in detecting proteins in this range, particularly
in thyroid and lung cancer (Fig. 2, Fig. S4). Notably, in lung
cancer plasmas, the 37 kDa band was consistently more
intense in the biocorona adsorbed onto Silica-COOH NPs. This
correlation may support the use of our approach as a prelimi-
nary cancer screening tool, providing information that can
subsequently be validated by more advanced analyses such as
mass spectrometry. High molecular weight proteins (>75 kDa),
such as full-length immunoglobulins and large structural or
adhesive proteins, might reflect systemic variation in proteins’
expression or post-translational modifications associated with
tumorigenesis.54–56 In this molecular weight range,
Immunoglobulin G (∼ 150 kDa in non-reduced form) and
complement C3 (185 kDa in non-reduced form) are often
found in BC samples. Immunoglobulin G can mediate both
antitumor cytotoxicity and tumor promotion through immune
complex formation, while C3 is involved in tumor-promoting
inflammation.57 Given that C3 indeed can bind covalently to
proteins in the corona and undergo dynamic exchange, it
would be expected to find differential high molecular weight
bands for various cancer type.58 Usually, high molecular
weight proteins are adsorbed on the NPs surface via multi-
valent binding or through complex conformational changes
induced by the NPs environment.

Interestingly, the analysis of the BC in the entire
10–250 kDa protein range revealed that the Si-COOH NPs, and
not the Poly-COOH, exhibited BC protein densitometric inten-
sity profiles statistically significantly different between healthy
plasma and kidney cancer plasma (Fig. 5). Notably, the BC of
NH2-functionalized NPs, both polystyrene and silica (Poly-NH2

and Si-NH2), discriminates kidney and lung, vs. control, with
the BC of Poly-NH2 showing capability of discrimination
against ovarian cancer, too. The BC of unfunctionalized NPs
lead to no discrimination power for polystyrene NPs, and the
capability of discrimination of kidney and ovarian cancer vs.
controls for silica NPs. Taken together, these results highlight
that in the case of polystyrene NPs (Fig. 5a), the surface

functionalization, particularly the amination, improved the
discrimination power between cancer and healthy individuals.
This does not apply to silica NPs for which the unfunctiona-
lized NPs per se were able to discriminate two groups of cancer
vs. control (Fig. 5b). Finally, Poly-NH2 demonstrated the best
performance in discriminating between cancerous and healthy
samples for three over eight types of cancer (Fig. 5a).

To further explore the diagnostic potential of these NPs, we
performed ROC curve analyses and calculated the related AUC
for each NP in the protein range of 10–250 kDa (Fig. 6).
Specifically, we obtained that Poly-NH2 NPs showed good
cancer discrimination performance with AUCs of 0.80 for lung
cancer, 0.87 for kidney cancer, and 0.87 for ovarian cancer.
Silica-based NPs confirmed their remarkable performance,
with Si NPs achieving an AUC of 1.00 for both kidney and
ovarian cancer, and Si-NH2 NPs yielding AUCs of 0.93 for lung
cancer and 1.00 for kidney cancer. Notably, Si-COOH NPs also
reached an AUC of 1.00 for kidney cancer (Fig. 6). These find-
ings further support the potential of the BCs profiles of NPs in
effectively discriminating between cancer and healthy
samples.

Densitometric analysis of the low molecular weight
(<25 kDa) region of the BC proteins revealed that the modified
NPs, both aminated and carboxylated, showed similar diagnos-
tic capability, due to a BC’s protein signature statistically sig-
nificant different for kidney and ovarian cancers when com-
pared to healthy plasma (Fig. 7), with that of Poly-NH2 also
able in discriminating the thyroid group. Finally, the BC
profile on plain NPs showed a distinct signature for ovarian
cancer, in the case of polystyrene (Fig. 7a), and for ovarian and
kidney in the case of silica (Fig. 7b). This result on the silica
NPs’ BC overlaps what revealed in the analysis of the
10–250 kDa molecular weight range where unmodified silica
NPs were able to differentiate two cancer types. An overlap is
also present in the number of cancers discriminated with the
Poly-NH2 NPs in the two molecular weight ranges: interest-
ingly, although a third cancer type was also identified in pre-
vious analyses, it was lung cancer rather than thyroid. In the
25–75 kDa molecular weight range, the BC profiles of both
Poly-NH2 and Poly-COOH NPs did not show statistically signifi-
cant differences across the analyzed samples (Fig. 7c). Similar
results are obtained on the Si-COOH NPs. In contrast, the BC
associated with Si-NH2 NPs exhibited statistically significant
differences for lung, kidney, ovarian, and colon cancers
(Fig. 7d). These findings for Si-NH2 are consistent with results
obtained from analyses in the 10–250 kDa and <25 kDa mole-
cular weight ranges, where Si-NH2 NPs were able to differen-
tiate lung, kidney, and ovarian cancers. Interestingly, within
this specific molecular weight range, a fourth cancer type,
colon cancer, was identified. Finally, unmodified silica NPs
showed significant discrimination for kidney and ovarian
cancers (Fig. 7d), while unmodified polystyrene NPs were able
to distinguish breast cancer (Fig. 7c). Analysis of BC proteins
in the molecular weight range above 75 kDa revealed no stat-
istically significant differences of cancer BC compared to
healthy controls (Fig. S6).
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Conclusions

Much evidence of the last decade suggests that the BC can
enrich specific biomolecules and/or reveal distinct bio-
molecular patterns within biological fluids, enabling the
exploitation of the BC for diagnostic purposes. Here, we
hypothesized that a dataset of BC protein signatures can be
generated by utilizing a panel of NPs with diverse physico-
chemical properties (polystyrene and silica, with plain, amino-
, and carboxyl-functionalization). These signatures, even when
analyzed by a relatively cost-friendly and straightforward
SDS-PAGE followed by semi-quantitative analysis, showed an
ability to discriminate between healthy individuals and
patients with cancer. The selected cancers (e.g., breast,
ovarian, kidney, lung, colon, bladder, uterine, and thyroid) rep-
resent common and clinically significant solid tumors that
vary in tissue origin and biological behavior. Studying these
diverse types allows evaluation of whether the BC can capture
tumor-specific signatures across a broad spectrum of cancer
types.

Notably, we found that the most effective discrimination
between healthy plasma and cancer plasma was achieved

when analyzing proteins in the lower (<25 kDa) and intermedi-
ate (25–75 kDa) molecular weights ranges. In general, the
amination was the surface functionalization that better
enabled the formation of distinct BC profiles allowing for the
discrimination of up to four cancer types from healthy con-
trols. Two types of cancer were discriminated more frequently,
and those are ovarian and kidney. Among the NPs employed,
the silica NPs in general have demonstrated to perform better.
The observed differences between polystyrene and silica NPs
likely arise from their distinct physicochemical properties,
such as surface chemistry, hydrophilicity, and charge. Silica
NPs are more hydrophilic and possess surface silanol groups,
which may favor the selective adsorption of certain plasma
proteins that are more reflective of disease states. This differ-
ence in surface protein interactions could enhance their capa-
bility to capture subtle variations in the plasma proteome
associated with cancer, resulting in a more distinct and infor-
mative BC pattern. In contrast, polystyrene NPs, being more
hydrophobic, may form coronas dominated by high-abun-
dance plasma proteins, which could mask cancer-specific sig-
natures. While this hypothesis aligns with literature on BC for-
mation, we acknowledge that a deeper mechanistic investi-

Fig. 7 Densitometric analysis of BCs of NPs in 8 human cancers vs. healthy plasma (≤ 25 kDa and 25–75 kDa). Densitometric analysis was per-
formed using ImageJ to quantify the band intensity of 1D SDS-PAGE gels after incubation of the six NPs with human plasma from each type of
cancer patients and healthy subjects. The y-axis represents band intensity normalized against the ladder. The intensity of protein bands into the gel
at the molecular weight minor than 25 kDa (a and b) and included into the range of 25–75 kDa (c and d) were considered and averaged (cancer
patients n = 5 for each cancer vs. healthy controls n = 3) for the densitometric analysis. The statistical analysis was performed by one-way ANOVA
with Tukey’s test, each cancer vs. healthy control. *p value ≤ 0.05; **p value ≤ 0.01; ***p value ≤ 0.001.
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gation is necessary. Future work will aim to systematically
compare the BC profiles on different nanomaterials and corre-
late them with NP surface properties and diagnostic perform-
ance. In this context, it will also be important to explore the
role of positively charged NPs. Although excluded from the
present study due to their tendency to adsorb abundant
plasma proteins non-specifically, cationic NPs can neverthe-
less capture proteins with atypical charge distributions or that
interact via non-electrostatic mechanisms. Their inclusion
could therefore expand the diversity of detectable BC patterns,
offering complementary diagnostic insights. Despite on a
limited number of plasmas, our findings are relevant to the
field of cancer nanotechnology and suggest that this method
of analysis could allow minimally invasive diagnosis of cancer
through a specific cancer-associated BC signature. Such
approach could represent a cheaper alternative to the mass
spectrometry-based methods for BC patterns identification.
With larger sample sizes on selected cancer types in the
future, we aim to reinforce this data by validating the diagnos-
tic performance also on an independent validation test to
further use this approach in the identification of potential BC
‘fingerprints’ to be associated with specific diseases.
Additionally, machine learning can be used to develop more
robust and sophisticated classification tools.
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