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ABSTRACT: Nanotechnological platforms offer advantages over conventional
therapeutic and diagnostic modalities. However, the efficient biointerfacing of
nanomaterials for biomedical applications remains challenging. In recent years,
nanoparticles (NPs) with different coatings have been developed to reduce
nonspecific interactions, prolong circulation time, and improve therapeutic
outcomes. This study aims to compare various NP coatings to enhance surface
engineering for more effective nanomedicines. We prepared and characterized
polystyrene NPs with different coatings of poly(ethylene glycol), bovine serum
albumin, chitosan, and cell membranes from a human breast cancer cell line. The
coating was found to affect the colloidal stability, adhesion, and elastic modulus of
NPs. Protein corona formation and cellular uptake of NPs were also investigated,
and a 3D tumor model was employed to provide a more realistic representation
of the tumor microenvironment. The prepared NPs were found to reduce protein
adsorption, and cell-membrane-coated NPs showed significantly higher cellular uptake. The secretion of proinflammatory cytokines
in human monocytes after incubation with the prepared NPs was evaluated. Overall, the study demonstrates the importance of
coatings in affecting the behavior and interaction of nanosystems with biological entities. The findings provide insight into bionano
interactions and are important for the effective implementation of stealth surface engineering designs.
KEYWORDS: nanoparticles, coatings, cell membranes, biointerfacing, protein corona, 3D cell culture

1. INTRODUCTION
Over the past few decades, nanoparticles (NPs) have become
increasingly important in the field of nanomedicine owing to
their unique physicochemical properties and potential
applications, particularly in the treatment of tumors. Various
types of NPs have been used for biomedical purposes,
including liposomes and lipid-core NPs, polymeric NPs, and
metallic NPs.1 NPs are able to overcome biological and
physicochemical barriers in the body, allowing for the selective
release of drugs and leading to an improved pharmacokinetic
profile and reduced side effects associated with conventional
therapeutic modalities.2 Despite the remarkable properties of
NPs, efficient biointerfacing with the organism remains a major
challenge for their in vivo application.3 While numerous NPs
have been developed for cancer therapy, less than 1% of
injected NPs are able to reach the tumor region, and only a few
nanocarriers have been approved for clinical use.4

Once NPs enter the bloodstream, they face a complex
environment designed to recognize and eliminate external
entities. The first challenge is the interaction and adsorption of
plasma proteins, such as serum albumin, immunoglobulins, and
complement components, onto their surfaces, forming the

protein corona. The formation of this structure alters the
surface properties of NPs and plays a crucial role in their fate in
a physiological environment. Moreover, components of the
protein corona can activate the mononuclear phagocyte system
and complement system, leading to rapid clearance of NPs
from the bloodstream. Additionally, the biological corona can
mask targeting ligands on the surface of NPs, resulting in
reduced specificity in active-targeting strategies.5 Regardless of
the therapeutic goals of NPs, prolonged circulation in the
bloodstream is a fundamental requirement for effective in vivo
drug delivery and therapeutic efficacy.4

To produce stealth NPs with longer circulation times, the
traditional method is to coat them with nonionic surfactants
such as poly(ethylene glycol) (PEG). Ethylene glycol units
form a hydration layer by tightly associating with water
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molecules, preventing protein adsorption and subsequent
clearance, which ultimately prolongs the circulation lifetime
of the particles6 However, PEG is not able to completely
prevent protein adsorption onto NPs, and therefore, the
density and length of PEG molecules need to be adjusted to
achieve optimal antifouling performance. Similarly, zwitterionic
coatings are made up of molecules with balanced charges,
which establish a neutral surface. These coatings strategically
utilize structured layers to construct a water-based barrier that
effectively prevents protein interference.7 However, the foreign
nature of the synthetic antifouling polymers should be
considered. For instance, an acquired immune-response to
PEG moiety that compromises PEG-NPS performance has
been reported.8

To address these limitations, biomacromolecules such as
polysaccharides and proteins have also been used as coating
materials for colloids due to their biocompatibility, biodegrad-
ability, and nontoxic properties.9 Dyopsonins, which include
albumin and certain apolipoproteins, can shield NPs from
phagocytosis, leading to an increased circulation time in the
bloodstream and improved accumulation efficiency of NPs in
other organs and tissues.10 For instance, albumin has been
widely used as a protein-based coating material.11 Its excellent
cost-effectiveness, good biodegradability, biocompatibility, and
long plasma half-life have demonstrated great potential. On the
other hand, chitosan (CHI), a natural polysaccharide derived
from chitin, is a widely studied polysaccharide-coating
material.12 CHI-coating can confer several advantages to
NPs, including improved physicochemical stability, controlled
drug release, modulation of cell interactions, and promotion of
mucoadhesiveness. Both albumin and CHI are considered
nontoxic materials that offer biocompatibility and biodegrad-
ability. Consequently, they are biomacromolecules widely
employed in NPs intended for biomedical applications.

However, bottom-up fabrication strategies still struggle to
replicate the multifactorial properties of biological systems and
achieve efficient biointerfacing. In the past decade, cell
membrane (CM)-coating nanotechnology has emerged as a
top-down biotechnology to produce stealth nanosystems. First
reported in 2011 by Hu et al.,13 this method involves isolating
and transferring the CM of a cell directly onto the surface of a
particle. The resulting CM-coated NP inherits the proteins,
carbohydrates, and lipids from the source cell, resulting in
improved abilities to interface with physiological environments
such as targeting capabilities and longer circulation times.14

The emerging technology of the CM coating has become a
novel concept for the design of NPs, and it has been leveraged
to significantly improve the functionality of nanoparticulate
platforms. However, this line of research has occurred in the
absence of any complete and comparative study using well-
developed and trustworthy physicochemical characterization
techniques that allow us to understand the benefits and
drawbacks of this type of stealth coating. Moreover, in this
research field, the most effective method for membrane
extraction before coating of NPs remains unclear.

It is widely recognized that the surface of a nanosystem,
which refers to the outermost layer of the material, plays a
critical role in determining its physical, chemical, and biological
properties. Furthermore, coatings have a significant impact on
how the nanosystem interacts with its environment and will
affect the delivery journey of NPs in vivo.6 Understanding the
importance of surface and coating properties in the behavior of

NPs is crucial for the development of safe and effective
nanotechnologies.

In this work, we aim to perform a comparative study on the
behavior of NPs coated with different stealth coatings broadly
described in the literature (including PEG, proteins, and
polysaccharides) and the novel concept of the bionic CM-
coating technology literature. Specifically, we prepared differ-
ently coated NPs with a common polystyrene core, including
PEG-NPs, bovine serum albumin (BSA)-NPs, CHI-NPs, and
NPs coated with CMs extracted from the human breast
adenocarcinoma cell line MCF-7. In addition, we have
compared all of the methodologies that have been explored
for the extraction of CMs and have selected the best one to
carry out the coating of NPs.

We evaluated the colloidal behavior of the prepared NPs and
their interactions with biological systems to assess the
importance of the surface and how it affects their performance.
NPs were physicochemically characterized, and their inter-
actions with serum proteins and subsequent formation of a
protein corona were evaluated. We studied the comparative
incorporation of the prepared particles inside MCF-7 tumor
cells using flow cytometry and confocal optical microscopy
techniques. In addition, we employed heterogeneous multi-
cellular spheroids of MCF-7 tumor cells and fibroblasts (FBs)
embedded in a type-I collagen matrix to study the behavior of
the prepared NPs in a biomimetic tumor context. 3D tumor
models have proven to be a representative platform for the
study of pharmacological responses and NP uptake since they
more closely recapitulate the characteristics of native tumors.15

Specifically, extracellular matrix (ECM)-derived hydrogels
provide an aqueous environment in which different cell types
can proliferate and interact with their surrounding cells and
matrix.16 Multicellular spheroids allow complexing the models
by including stromal cells, replicating cell−cell interactions,
and providing more accurate tumor conditions.17 Additionally,
since tumors have the ability to suppress the immune system,
an inflammatory response is crucial for tumor treatment. In
this sense, we also tested the ability of the prepared NPs to
trigger an inflammatory response on the human monocyte
THP-1 cell line by studying the secretion of pro-inflammatory
cytokines.

2. MATERIALS AND METHODS
2.1. Reagents. 100 nm yellow-green FluoSpheres carboxylate

containing fluorescein isothiocyanate (FITC) was purchased from
ThermoFisher (Madrid, Spain). BSA, 1-ethyl-3-(3-(dimethylamino)-
propyl) carbodiimide (EDC), sulfo-N-hydroxysulfosuccinimide
(Sulfo-NHS), O-(2-aminoethyl)polyethylene glycol 3000 (NH2-
PEG) and CHI, low-molecular-weight (CAS: 9012-76-4), and
lipopolysaccharide (LPS) were purchased from Sigma-Aldrich
(Madrid, Spain). All aqueous solutions were prepared using ultrapure
water from a Millipore Milli-Q Academic pure-water system.
2.2. Cell Lines and Culture Conditions. MCF-7 human breast

cancer and human monocyte THP-1 cell lines were obtained from the
American Type Culture Collection (ATCC). Human dermal FB
(HDFa) cell line was purchased from ThermoFisher scientific. MCF-
7 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS) (Gibco), 1% L-glutamine, 2.7% sodium bicarbonate, 1%
HEPES buffer, and 1% penicillin/streptomycin solution (GPS,
Sigma). FBs were cultured in Human Fibroblast Expansion medium
(ThermoFisher scientific). THP-1 cells were cultured in the Roswell
Park Memorial Institute (RPMI) culture media. Cells were grown at
37 °C in an atmosphere containing 5% CO2 and 95% humidity. Cell
lines were tested routinely for mycoplasma contamination.
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2.3. CM Isolation. For CM derivation, MCF-7 cells were grown in
T-175 culture flasks to full confluency and physically detached with a
scraper in phosphate-buffered saline (PBS). Cells were collected and
washed in PBS three times by centrifugation at 500g for 5 min. Then,
cells were suspended in a hypotonic lysis buffer consisting of 10 mM
tris-HCl pH 7.4, 1 mM KCl, 25 mM sucrose, 1 mM MgCl2, 10 μg/mL
of DNase and RNase, and EDTA-free protease inhibitor. Cells were
disrupted using a Dounce homogenizer with a tight-fitting pestle
under ice-cold condition. The solution was centrifuged at 600g for 5
min. The postnuclear supernatant (PNS) was saved, while the pellet
was resuspended in hypotonic lysis buffer and subjected to further
homogenization and centrifugation. Three centrifugation protocols
were adapted and compared to isolate CMs from the collected PNS.
For the first protocol, namely, PLT17, the PNS was centrifuged at
17,000g for 30 min. The generated pellet was considered as the CM
fraction.18,19 The second method consisted in a first centrifugation of
the PNS at 17,000g for 30 min in which the pellet is discarded and the
supernatant (SN17) is further ultracentrifuged at 100,000g for 1
h.13,20,21 This final pellet is collected as CMs. For the third protocol, a
discontinuous sucrose gradient centrifugation method was fol-
lowed.22,23 Briefly, the collected PNS was placed on a sucrose
gradient (55−40−30% w/v sucrose) in polycarbonate tubes and
centrifuged at 28,000g for 45 min at 4 °C in a Beckman SW 28 rotor.
The lipid-rich fraction at the 30−40% interface was collected, washed,
and centrifuged at 28,000g. The final membrane-rich pellets obtained
after each protocol were collected and stored for subsequent
experiments. Membrane content was quantified indirectly by
measuring the protein content of the samples using a BCA kit
(Pierce) in reference to a BSA standard.
2.4. Western Blotting. CMs were further characterized by

Western blotting. For sodium dodecyl sulfate−polyacrylamide gel
electrophoresis (SDS-PAGE), 10 μg of protein from each sample was
mixed with loading buffer [62.5 mM tris-HCl (pH 6.8 at 25 °C), 2%
(w/v) SDS, 10% glycerol, 0.01% (w/v) bromophenol blue, and 40
mM dithiothreitol]. Then, the samples were boiled for 5 min, and an
equal sample volume was loaded into each well of a 4−20%
polyacrylamide gel (Mini-PROTEAN TGX) using an electric field of
150 V and a Mini-PROTEAN Tetra electrophoresis system from
BioRad. Subsequently, the proteins were transferred to nitrocellulose
membranes (Whatman) using an XCell II Blot Module (Invitrogen)
and transfer buffer (Invitrogen), following the manufacturer’s
instructions. The membranes were probed with an antibody cocktail
(ab140365, abcam) against sodium potassium ATPase, GRP78,
ATP5A, GAPDH, and Histone H3, along with a horseradish
peroxidase-conjugated antirabbit IgG (sc-2357, Santa Cruz). The
films were developed using an ECL Western blotting substrate
(Pierce) and a Mini-Medical/90 Developer (ImageWorks).
2.5. Preparation of Coated NPs. Carboxylate-modified poly-

styrene FluoSpheres were used as the core of all the coated NPs. BSA
and PEG were immobilized onto the surface of the NPs through a
carbodiimide reaction. EDC and S-NHS were employed to achieve
covalent binding through the carboxylic acid groups present on the
NPs and the amine groups of the BSA and NH2-PEG.24 Briefly, 50 μL
of NPs (1 mg) was made to react in MES buffer (pH 5.5) with 1 mg
of EDC and 2.4 mg of Sulfo-NHS for 20 min at RT. Subsequently, the
NPs were centrifuged at 20,000g for 30 min. Furthermore, the NPs
were resuspended in borate buffer (pH 8) and incubated with 5.6 mg
of NH2-PEG or 3.4 mg of BSA for 1 h. CHI was coated onto the
surface of the NPs by electrostatic deposition under acidic conditions,
where ionic attraction occurs between the cationic ammonium groups
in the chitosan and the carboxylate groups on the NPs.25 Briefly, 50
μL (1 mg) of NPs was incubated in a 1% acetic acid aqueous solution
(pH 4) at a final CHI concentration of 0.01%. The reaction was
allowed to proceed with proper agitation for 1 h at RT. Membrane-
coated NPs were prepared at a membrane to polymer ratio of 1:1,
according to a previously described protocol.26 CM coating was
carried out by mixing 1 mg of NPs with 1 mg (protein) of membranes
and sonicating the mixture for 3 min in a bath sonicator operating at
50/60 Hz and 360 W (JP Selecta 3000513). After each coating
procedure, samples were cleaned by centrifugation to remove

noncoupled and excess molecules and resuspended in a phosphate
buffer solution (pH 7). The concentration of NPs was quantified
based on the FITC fluorescence in their core (R > 0.99) (Figure S10).
2.6. Characterization of NPs. For the physicochemical

characterization, the hydrodynamic diameter (Dh), polydispersity
index (PDI), and z-potential were determined by dynamic light
scattering (DLS). The self-optimization routine in Zetasizer software
was used for all measurements, and the z-potential was calculated
according to the Smoluchowsky theory. Samples were diluted with a
low-ionic-strength phosphate buffer (1.13 mM KH2PO4, pH 7) and
measured at 25 °C in triplicate. Results appear as the mean value ±
standard deviation (SD). To assess the pH impact, NPs were diluted
(1:100) in a low-ionic-strength (<2 mM) buffer solution with the
desired pH value and then incubated for 30 min before measuring.
Similarly, to study the ionic strength, solutions of increasing
concentrations of KNO3 were employed at a fixed pH of 7. To
determine the critical coagulation concentration (CCC) of the
colloidal solution, the Fuchs factor (W) was calculated using a
Beckman DU 7400 spectrophotometer, as previously described.27

KNO3 was employed as the salt solution.
The morphological analysis was performed by using transmission

electron microscopy (TEM) and atomic force microscopy (AFM). To
perform TEM imaging, 25 μL of each sample was incubated on
carbon-coated grids for 5 min and then washed with ultrapure water.
Negative staining was conducted using uranyl acetate. Subsequently,
grids were dried on filter paper and observed in a high-resolution
TEM (HRTEM) TITAN from FEI Company operated at 300 kV. For
AFM analysis, an NX-20 instrument (Park Systems, Suwon, Korea)
was used. Each sample was diluted in H2O Milli-Q at a concentration
of 0.1 mg/mL and deposited onto freshly cleaved muscovite mica for
10−15 min. Then, the samples were rinsed three times with Milli-Q
water (Millipore, Burlington, MA, USA) to remove salts and loosely
bound NPs and dried before imaging with a gentle stream of argon.
Details of AFM nanomechanical properties analysis can be found in
the Supporting Information.

SDS-PAGE was employed for the protein characterization of BSA-
NPs and CMs-NPs. The gels were silver stained using a 2D Silver
Stain Kit II (Cosmo Bio Co., Ltd.) and analyzed with image J (1.410
version). To assess the functionalization of PEG onto the surface of
PEG-NPs, NMR spectra were recorded on a Bruker AVANCE III
spectrometer (500 MHz for 1H) equipped with a 1.7 mm
MicroCryoprobe using external acetone referencing for the analysis
of intact PEG-NPs in H2O−D2O. The grafting density of PEG
molecules onto the NPs was determined using a colorimetric assay
described by Baleux.28 Briefly, 25 μL of an iodine−potassium iodide
solution (0.4 M I2, 0.12 M KI) was added to 1 mL of the different
samples. After 5 min of incubation, the optical density (OD) of the
solutions was measured at a wavelength of 500 nm. The samples were
previously diluted to ensure accurate measurements within an optimal
adsorption range (0.1 < AU < 1.0). A calibration curve was
established using free PEG, enabling the conversion of the measured
OD values into quantitative PEG concentration data for the samples
(Figure S1E). Similarly, the BCA method was employed to calculate
the grafting of BSA onto the surface of NPs.
2.7. Protein Corona Determination. To study the formation of

the protein corona, the NPs were dispersed in 1 mL of complete
DMEM with 10% FBS and incubated at 37 °C for 1 h. To obtain the
corona−NP complexes, the NPs were centrifuged at 20,000g for 30
min at 4 °C to remove unbound proteins. The obtained pellet was
then washed with PBS under the same conditions. To study the
change in the colloidal properties of the corona−NP complexes, the
hydrodynamic diameter (Dh), PDI, and z-potential were measured in
low-ionic-strength (<2 mM) buffer solutions of pH 4, 7, and 9. The
BCA assay was used to determine the amount of protein adhered to
the NPs after incubation. Triplicates were used.
2.8. Cellular Uptake of Coated NPs. Cellular uptake of coated

NPs by MCF-7 cells was assessed by flow cytometry and confocal
fluorescence microscopy. For the flow cytometry assay, 1 × 105 cells
were seeded into 12-well culture dishes and treated with 10 μg/mL of
each NPs for the selected time points (1.8 × 105 NPs/cell). Then,
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cells were detached, centrifuged at 500g for 5 min, washed with PBS
twice, resuspended in 300 μL of PBS, and analyzed by flow cytometry
with an FACS Canto II instrument (FACSCanto II, Becton
Dickinson, New Jersey, US) using the software FACSDiva 6.1.2
(Becton Dickinson) for data analysis. Confocal microscopy images
were taken with a Leica DMI6000 inverted laser confocal microscope.
1 × 105 MCF-7 cells were seeded in 13 mm tissue culture coverslips
purchased from Sarstedt (Newton, NC). After 24 h, the culture
medium was changed, and cells were incubated with 10 μg/mL of
NPs for 36 h. Cells were washed twice with prewarmed PBS and fixed
for 10 min with a 4% PFA solution in PBS for 10 min. Coverslips were
then treated with a 0.1% Triton X-100 solution for 5 min and,
subsequently, incubated during 30 min in 1% BSA−PBS. Fixed cells
were incubated for 30 min with Alexa Fluor 647 phalloidin for F-actin
staining and finally for 5 min with Hoestch for nucleus visualization.
Samples were washed twice with prewarmed PBS after each step. All
experiments were performed in triplicate.
2.9. Cellular Uptake on Multicellular Spheroids. Multicellular

spheroids were formed by using the hanging drop technique. Briefly,
MCF-7 cells were stained with CellTracker Deep Red (Thermo-
Fisher) as per the manufacturer’s instructions and seeded at a
concentration of 500 cells/drop in culture medium containing
methylcellulose (2.4 mg/mL, Sigma-Aldrich) on top of a Petri dish
lid, which was then cultured inverted. After 24 h, FBs were stained
with CellTracker Red (ThermoFisher) and seeded under the same
conditions at a concentration of 500 cells/drop over the MCF-7
spheroids. After another 24 h, MCF-7-FBs spheroids were collected
and centrifuged. A solution of type-I collagen (3.58 mg/mL rat tail
collagen, Corning) was neutralized with 1 M NaOH, mixed with the
cell pellet, seeded into 48-well plates, and gelled at 37 °C for 30 min.
Then, fresh media were added and replaced after 72 h. The final
volume of each hydrogel was 200 μL, and the cell density was 1 × 106

cells/mL. Hydrogels were treated with 10 μg/mL NPs. After 36 h, NP
uptake was analyzed by confocal microscopy (Leica TCS SP2).
Colocalization of NPs and cells was analyzed by using the software
ImageJ.
2.10. Multiplex Cytokine Analysis. Cell culture supernatants

from THP-1 cells treated with 10 μg/mL NPs for 24 h were used to
quantify the secretion of cytokines using a Multiplex Human Cytokine
enzyme-linked immune sorbent assay (ELISA) Kit (MBS590064,
MYBioSource) according to the manufacturer’s protocol. The cell
supernatants were collected and briefly centrifuged to remove the
cellular debris prior to cytokine analysis. LPS at a concentration of 1
μg/mL was used as a positive control. The following human cytokines
were measured: IL-1, IL-6, GM-CSF, MACF, and TNF-α. Final
concentrations were calculated from the mean fluorescence intensity
and expressed in picograms per milliliter. All incubation steps were
performed at room temperature and in the dark.
2.11. Statistical Analysis and Representation. The obtained

data were analyzed using Origin software (OriginLab Corporation,
Northampton, Massachusetts, USA). Data appears as the mean value
± standard deviation. Data pairs were analyzed with one-way analysis
of variance (ANOVA) with Tukey mean comparison method (p <
0.05).

3. RESULTS AND DISCUSSION
3.1. Comparison of CM Isolation Protocols. In recent

years, CM nanotechnology has emerged as an alternative to
conventional strategies for producing stealth nanosystems. In
this top-down technology, isolated CMs are employed to coat
the surfaces of NPs. However, a lack of consensus exists
regarding the method employed to extract CMs. The CM
isolation process begins with a common first step, where cells
are lysed, usually with a hypotonic lysis buffer and a Dounce
homogenizer. This lysate is then centrifuged between 400 and
1000g to obtain the PNS, which is free of nucleus and cell
debris. After this step, three different centrifugation protocols
are found in the literature to isolate CMs from the PNS. The

simplest protocol consists of differential centrifugation of the
PNS between 14,000 and 20,000g for 20−30 min, after which
the pellet is saved as the isolated CMs.18,19 However, we also
found a protocol in the literature that discards this first pellet
and further ultracentrifuges the obtained supernatant at
100,000 for 30−60 min.13,20,21 In the last methodology, the
obtained PNS is placed on a discontinuous sucrose gradient
(55−40−30% w/v sucrose) and centrifuged at 28,000g for
30−45 min. The band deposited at the 30−40 interface is
collected, washed, and further centrifuged to obtain isolated
CMs.22,23 Within this scenario, given the inconsistency
presented between the two methods of differential centrifuga-
tion, in which some authors use the first pellet as the CM
fraction, whereas others discard this pellet and further
ultracentrifuge the supernatant, we tested the three described
protocols to obtain CMs from the MCF-7 cell line (Figure
1A). The obtained CMs from the different protocols, namely,
pellet 17,000g (PLT17), pellet 100,000g (PLT100), and
gradient, were analyzed by Western blotting for a series of
membrane and intracellular protein markers: plasma mem-
brane-specific marker (Na+/K+-ATPase), endoplasmic retic-

Figure 1. (A) Schematic representation of the three different
protocols to isolate CMs: PLT17, PLT100, and gradient, created
with BioRender.com and (B) Western-blot analysis of the CMs
obtained from the three different methods.
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ulum marker (GRP78), mitochondrial maker (ATP5a), and
cytosol marker (GAPDH) (Figure 1B). As can be seen in the
figure, the discontinuous sucrose gradient protocol achieved
the greatest enrichment in the membrane marker, while
markers from the endoplasmic reticulum, mitochondria, and
cytosol were not present, indicating negligible contamination
from the subcellular organelles. PLT17 and PLT100 showed a
lower amount of the CM marker, while the other markers were
present. Based on these results, we decided to employ the
sucrose-gradient method to isolate CMs to produce CMs-NPs.

Nonetheless, although the sucrose gradient protocol achieves
the isolation of the purest CMs, the least amount of CMs is
obtained. We have observed that, starting with the same MCF-
7 cell number, the PLT100 and PLT17 protocols achieve 3×
and 1.5× higher amounts of CMs (milligrams of protein) than
the sucrose-gradient method, respectively. Furthermore, these
methods are extensively employed and should also be
considered to extract bioactive CMs.
3.2. Size, z-Potential, and Morphology of the

Prepared NPs. Different approaches were carried out to

Figure 2. (A) Table presenting the DH, PDI, and z-potential of the prepared NPs, (B) z-potential depending on the pH of the media, and TEM
micrographs obtained in bright-field mode of uncoated (C) and coated NPs (D−G), PEG-NPs, BSA-NPs, CHI-NPs, and CMs-NPs, respectively.
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prepare the coated NPs. PEG and BSA were covalently linked
onto the surface of carboxylated NPs via carbodiimide
reaction.24 CHI was deposited onto the surface of NPs by
electrostatic interaction.25 For CMs-NPs, CMs were collected
following a discontinuous sucrose gradient ultracentrifugation
protocol, and coating was performed by sonication. Bare and
coated NPs were physicochemically characterized in terms of
DH and z-potential by DLS, and their morphology was studied
by TEM. The effect produced by the different coatings of the
nanosystems was reflected in the properties studied (Figure 2).
An increase in the size of the coated NPs, especially evident in
the CMs-NPs, was observed. The DH, PDI and z-potential of
the prepared NPs are presented in Figure 2A. The analysis of

the surface potential along the range of pH demonstrates the
different behaviors of the prepared nanosystems based on their
coating. NPs coated with the polycation CHI possessed a
positive surface potential in almost the entire pH range tested,
showing their isoelectric point (IEP) around pH 8, as reported
in the literature.29 BSA-NPs and CMs-NPs change from a
positive surface potential at acidic pHs to a negative potential
at higher pH. The IEP of BSA- and CM-NPs match with the
already reported data30,31 This electrophoretic behavior is
typical of proteins. At basic pH values, amino and carboxyl
groups are protonated, which gives the system a positive net
charge, whereas at acidic pH, carboxyl groups are negatively
charged, turning the net surface potential of the system. On the

Figure 3. (A) Size of the prepared NPs for increasing concentrations of KNO3 (n = 3; mean ± SD). (B) CCC data (mM), at pH 7.4, were
obtained using KNO3 as the aggregating salt. (C) Size of NPs from pH 3 to 11 (n = 3; mean ± SD). Size of NPs in (D) PBS (E) DMEM and (F)
DMEM with 10% FBS (n = 3; mean ± SD).
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other hand, bare NPs and PEG-NPs showed a relatively
constant negative surface potential along the pH range tested.

TEM micrographs confirmed the size of the NPs and
showed their spherical shape (Figures 2C−G and S2). Visual
differences in the appearance of the NPs, mainly on their
surface, were observed. This effect is possibly due to the
different interactions of each type of coating with the negative
staining employed during sample preparation. Furthermore, to
confirm the presence of BSA and CMs on the surface of the
NPs, SDS-PAGE was employed (Figure S1A). Western
blotting was also employed to confirm the presence of
membrane markers on the prepared CMs-NPs (Figure S1B).
To confirm the cloaking of PEG, NMR was employed to study
the 1H NMR spectrum and diffusion-ordered NMR spectrum
of intact and purified PEG-NPs (Figure S1C,D), observing
signals corresponding to PEG. In addition, PEG grafted on the
surface of the NPs was measured through a colorimetry assay
(R2 > 0.99, Figure S1E). For PEG, a calculated value of 8068 ±
401 PEG molecules per NP was obtained, corresponding to
73.1 ± 3.7 μg of PEG/mg of NPs. Compared to the literature,
these values align with PEGylated NPs falling within the
medium−low range of PEG grafting density.32,45 Similarly, the
BCA method was employed to calculate BSA grafting (Figure
S1E), yielding 2036 ± 6 BSA molecules per NP (413.27 ±
1.27 μg of BSA/mg of NPs).
3.3. Colloidal Stability. Colloidal stability is a limiting

aspect in the industrial development of NPs. DLVO theory
describes the stability of colloids, with electrostatic repulsion
being the main phenomena that keeps the nanosystem
kinetically stable.33 The surface electrical state of a colloidal
system is dependent on the surface composition and
composition of the medium. The colloidal stability of bare
and coated PS-NPs was assessed under different conditions of
ionic strength and pH.

The effect of the ionic strength of the medium on the
average-DH was analyzed by varying the concentrations of
KNO3 at a stable pH of 7.4 (Figure 3A). It was observed that
coated NPs showed enhanced colloidal stability in the ionic
strength range studied compared to bare NPs. Size plots
confirmed this behavior (Figure S3). However, it should be
mentioned that a few aggregates started to appear in CHI- and
CMs-NP samples at higher ionic strength, as evidenced by the
presence of a hump in the size plots (Figure S3). This caused
the average size to increase in Figure 3A. Zeta potential of the
prepared NPs with increasing concentrations of ionic strength
is presented in Figure S4A. Furthermore, we tested the CCC of
the prepared nanosystems. By measuring the CCC, we gain
insights into the conditions under which particles initiate
coagulation and form aggregates, which is essential for
understanding the stability of colloidal systems.34 KNO3 was
employed as the aggregating salt (Figure 3B). In consonance
with the previous assay, bare-NPs are the least-stable system
and undergoes aggregation at 0.35 M KNO3 (Figure S4B).
CCC could also be determined for CHI-NPs under a higher
ionic strength condition of 0.79 M (Figure S4C). PEG- BSA-
and CMs-NPs remained stable under the tested conditions.
Therefore, coated NPs showed an enhanced colloidal stability
against ionic strength compared to bare NPs. The main
mechanisms that explain the increased stability of coated
systems when electrostatic repulsion stabilization is reduced
due to charge screening are the steric impediments and forces
provided by the different coatings. For example, it is well
described that PEG coating forms a layer on the surface of

NPs, creating a steric barrier that prevents aggregation.6 In the
case of BSA- and CMs-NPs, hydrophilic proteins also
contribute to stabilization through hydration forces. These
forces arise due to the interaction between the charged or polar
groups on the surface and the water molecules in the
surrounding medium, resulting in a hydration shell around
the NPs that creates a repulsive force between the NPs. PEG
coating provides stability to NPs through steric repulsion,
whereas hydration forces are also present in protein-based
coatings.35 Overall, the inclusion of a coating on the surface of
NPs clearly provides a higher colloidal stability.

Similarly, we checked the effect of pH on DH of the prepared
NPs (Figure 3C). All systems remained stable in the tested pH
range, except for the CHI-NPs and CMs-NPs that aggregated
at pH 8 and 4, respectively (Figure S5). As observed in Figure
2B, the IEP of CHI-NPs and CMs-NPs seems to be found near
those pH values, which could explain the observed
destabilization.

When introduced into biological environments, NPs are
exposed to a wide array of forces arising from the lipids,
electrolytes, and proteins present in the media, leading to
substantial alterations in their behavior. Furthermore, it is
important to highlight that significant variability exists in how
NPs behave in complex media, and this variability is strongly
associated with the material and surface characteristics of each
nanosystem.36 Consequently, it is necessary to thoroughly
investigate how these systems react within these complex
media. In this context, we studied the behavior of the prepared
nanosystems under various conditions including PBS, protein-
free culture media (DMEM), and complete culture media
(DMEM with 10% FBS).

In PBS (0.154 M and pH 7.4), NPs remained colloidally
stable at the time points studied, except for the CHI-NPs that
showed a tendency to aggregate (Figure 3D). This behavior is
evident in the size plots (Figure SX), where CHI-NPs exhibit
aggregation over time. Interestingly, a few aggregates are also
observed in CM-NP samples from the beginning, causing an
initial increase in the average size. However, over time, the
samples remain stable. These aggregates do not significantly
impact the overall stability of the CMs-NPs over time as the
average size of the sample and the size peak of CMs-NPs
remain constant. This phenomenon is likely related to the
ionic strength, as observed in Figure 3A, which leads to the
generation of a few aggregates in the CM-NP sample. CMs-
NPs are a relatively new area of study, and further research is
needed for a comprehensive understanding. As demonstrated
in this work, there are still discussion about the isolation of
CMs. Additionally, the coating process raises concerns as the
coverage and coating integrity of CM coatings can significantly
affect system performance.21 It is possible that not all bare NPs
in our samples are fully coated, and this incomplete coating
may contribute to aggregation at higher ionic strengths.
Nonetheless, it is essential to emphasize that despite the
formation of these few aggregates, the system remains
kinetically stable in PBS, with no significant changes in size
from the first to the last time point.

The sizes of the prepared NPs in DMEM culture media are
presented in Figures 3E and S7. Notably, bare-NPs exhibit
aggregation from the first time point, while CMs-NPs gradually
increase in size over time, eventually reaching full aggregation
at 48 h. CHI- and PEG-NPs also show an increase in size over
time, whereas BSA-NPs remain stable. Interestingly, CHI-NPs,
which were not stable in PBS, displayed a better colloidal
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stability in protein-free media. The differing behavior of the
NPs between PBS and DMEM can be attributed to the distinct
compounds and reducing environment of the culture media.37

The behavior of NPs in complete culture media is shown in
Figure 3F. Measuring the size of NPs with DLS in biological
media is challenging due to the polydispersity caused by
biological components.37 Therefore, we employed the size
corresponding to the NP population peak rather than the
average size of the sample. Interestingly, bare and CMs-NPs,
which were unstable in protein-free media, demonstrated
stability over time in complete culture media. This observation
aligns with the understanding that serum can decrease
aggregation because proteins are adsorbed onto the surface
of the particles, providing additional stability to nanosystems
39. However, this is not a general rule as cases of NPs that are
stable in protein-free media and unstable in serum-containing
media have also been reported.36 For example, CHI-NPs,
which were stable in DMEM, exhibited aggregation in
complete DMEM, as is evident in the size plots (Figure S8).
In this context, we concluded that CHI-NPs showed the lowest
colloidal stability in biological media and emphasized the
significance of conducting these types of experiments.
3.4. AFM Analysis. AFM and nanomechanical analysis are

becoming increasingly important in different fields, such as
cancer and developmental biology. The mechanical properties
of NPs have a significant impact on various biological aspects,
including blood circulation, biodistribution, tumor targeting,
and internalization by tumor cells.38 For example, stiffness
plays a crucial role in NP biodistribution. Softer NPs, which
can deform in response to macrophage-induced forces, are less
susceptible to macrophage sequestration.38 As a result, softer
NPs tend to remain in the vasculature for more extended
periods compared to their stiffer counterparts. Moreover, the
elasticity and deformability of NPs allow them to navigate
through small pores while maintaining their structural integrity,
contributing to their extended circulation time. In contrast,
NPs with limited deformability tend to accumulate in the
spleen, resulting in a shorter circulation period.39 Furthermore,
elastic and adhesive NPs exhibit enhanced cell interactions due
to their ability to deform into a flattened configuration,
facilitating stronger adhesion.40

In this work, AFM was employed to determine the
nanomechanical properties of the nanosystems. AFM was
operated in the force PinPoint mode to perform distribution
map measurements of material components and extract
information regarding the stiffness, adhesion, and Young
modulus of the NPs (Table 1). In AFM, both stiffness and
elastic modulus serve as measures of a sample’s resistance to
deformation. Stiffness, an extrinsic property of the material, is
calculated as the ratio between the applied force and the
resulting deformation of the sample. On the other hand,

Young’s modulus or modulus of elasticity is an intrinsic
property defined as the ratio of stress to strain. Adhesion
represents the attraction between the atoms of a surface and
the AFM probe. This force can be determined by measuring
the degree of distortion in a cantilever as the tip is retracted
from the surface. It should be noted that, with the AFM
approach used (as described in the Supporting Information),
absolute values cannot be obtained. Consequently, the values
presented in Table 1 are relative. However, they can still be
effectively compared among the tested NPs.

Significant differences (p < 0.05, ANOVA one-way) were
found in the adhesion force and elastic modulus. For instance,
NPs coated with BSA and PEG showed a decrease on both the
adhesion and Young modulus. No differences were observed
on the stiffness of the particles. Unlike the stiffness, which
depends mainly on the mechanical characteristics of the
biomaterial (in this case, the polystyrene from the core of the
NPs), the adhesion and Young modulus are dependent on the
surface chemical properties as the roughness and hydro-
phobicity.41 Therefore, the stiffness values of all particles
remained almost equal since they possess the same core
material. The lower elastic modulus and adhesion obtained for
PEG-NPs could indicate that the PEG coating becomes more
deformed than the core material in contact with the AFM tip,
giving a higher elasticity to the overall particle. For instance,
bare NPs have a slightly larger elastic modulus, meaning that
the NPs with no coating are more resistant to deformation.
Furthermore, adhesion decreases when particles are covered
with PEG and, to a lesser extent, BSA (Figure 4K). In this
sense, it can be concluded that PEG and BSA-NPs are softer
than the rest.

These results support the idea that adhesion and the elastic
modulus depend not only on the core material of particles but
also on their surface. We observed that BSA- and, especially,
PEG-NPs exhibited softer behavior than the other systems. As
established, softer NPs generally have longer circulation times
and can evade macrophage uptake. In this sense, coatings, such
as BSA and PEG, which provide NPs with a softer surface, can
offer these advantages. In contrast, CHI and CMs do not
significantly alter these nanomechanical properties. Therefore,
coating NPs with different shells can indeed modify the
nanomechanical properties of NPs which is crucial to
understanding the behavior of these systems in the biomedical
field.
3.5. Protein Corona. When NPs enter a complex

physiological medium, the surrounding biomolecules are
adsorbed onto their surface, forming a biomolecular corona.
This corona creates a new identity for the NPs, which
influences their properties and interactions with biological
components since it imparts new recognition motifs that may
trigger unintended biological mechanisms. To study the
protein corona, we incubated the prepared NPs with DMEM
culture media supplemented with 10% FBS. Changes in surface
potential at different pH values after incubation reflected the
presence of proteins adsorbed onto the NP surfaces, modifying
their original surface charge density (Figure 4A−E). NP−
protein complexes showed protein-type behavior, changing
their z-potential from positive at acidic pH to negative at
higher pH levels. Clear differences appeared, depending on the
nature of the NP shell. This was especially evident for CHI-
NPs, as the surface charge at pH 7 and 9 changed from positive
to negative (Figure 4D). BSA-NPs and CM-NPs remained
practically unchanged (Figure 4C,E), whereas the surface

Table 1. Table Presenting the Nanomechanical Properties
of the Prepared NPs Obtained for the Analysis of the
Measured F-D Curves (n = 30; Mean ± SD)

NP stiffness (N/m) elastic modulus (GPa) adhesion (nN)

bare-NPs 5.5 ± 0.3 8.2 ± 0.3 26.9 ± 6.7
PEG-NPs 5.3 ± 0.1 5.9 ± 0.2* 7.7 ± 1.3*
BSA-NPs 5.6 ± 0.3 7.9 ± 0.2 14.6 ± 3.4*
CHI-NPs 5.1 ± 0.5 7.9 ± 0.4 28.1 ± 5.0
CMs-NPs 5.6 ± 0.6 7.8 ± 0.2 28.6 ± 4.9
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potentials of bare-NPs and PEG-NPs reduced at pH 7 and 9
and changed to positive values under acidic conditions (Figure
4A,B). Corona−NP complexes also showed higher hydro-
dynamic sizes compared to naked NPs (Figure S9), which can
be attributed to the now present protein corona shell around
the NPs. However, CHI-NPs exhibited a particularly
noticeable increase in size, which could indicate aggregation
of the system. As mentioned previously, CHI-NPs have the
lowest colloidal stability compared to the other systems. It
should also be considered that the centrifugation process
employed to isolate the corona-CHI-NPs may have had a
negative effect in their stability. Interestingly, although naked
CMs-NPs were aggregated at pH 4, their, respective, corona-
NP complexes did not suffer this drastic destabilization,
meaning that the protein corona can have a stabilization effect
on the NPs.

Furthermore, we used the BCA method to estimate the
amount of protein adsorbed on the prepared NPs.42 Naked
barley, PEG-, BSA-, CHI-, and CMs-NPs were used as
controls. In comparison to bare NPs, all coated NPs exhibited
a significant reduction in the number of adsorbed proteins
(Figure 4F). Specifically, PEG and CHI coatings resulted in a
20% reduction in adsorbed proteins, while CM-NPs and BSA-
NPs achieved a 40 and 60% reduction, respectively, when
compared to bare NPs (p < 0.05, ANOVA one-way). This
implies that all coatings effectively prevented the adsorption of
proteins from the culture media. As observed, the number of
adsorbed proteins is highly dependent on the NP’s surface
properties. Previous studies have already highlighted the
capacity of PEG and CHI coatings to reduce protein corona
formation.43,44 It should be noted that the adsorption of
proteins on PEG-coated NPs is dependent on the PEG density,
achieving a higher reduction with a higher density of grafting.44

Protein corona reduction for BSA-coated NPs has previously
been described.45 Similarly, Rao et al. reported that erythrocyte
membrane coating on upconversion NPs (UCNPs) can

effectively prevent protein adsorption compared to noncoated
UCNPs.46

The protein corona plays a crucial role in shaping the
pharmacokinetics, biodistribution, and toxicity profiles of NPs.
A reduction in the protein corona could theoretically lead to
diminished recognition, resulting in favorable outcomes. In this
context, both BSA and CM coatings have shown particularly
promising results. However, it is not just the quantity of
proteins that matter but also their specific composition within
the corona. For instance, studies have demonstrated that
PEGylated surfaces can reduce clearance by immune cells by
selectively adsorbing certain proteins onto their corona.44

Nevertheless, it is essential to note that the complete
prevention of protein corona formation remains a challenge.
The field of protein corona research is continuously evolving,
with ongoing debates and investigations into whether specific
components within the protein corona can trigger NP
internalization.47 Therefore, a comprehensive understanding
of the protein corona remains indispensable in the design of
NPs for biomedical applications. Importantly, this study
contributes to the comprehension of reduced protein corona
formation in CM-coated NPs, shedding light on their potential
advantages in various biomedical contexts.
3.6. In Vitro 2D Cellular Uptake. Upon arriving at the

disease site, the efficient uptake of NPs is crucial for the
effective delivery of drugs into cells. Different coatings can
impact the formation of the protein corona, which in turn
affects the bionano interface that the cell encounters,
ultimately influencing the efficiency of uptake. The effect of
the coating on cellular uptake by breast adenocarcinoma MCF-
7 cells was evaluated by flow cytometry and confocal
microscopy.

For flow cytometry, cells were incubated with 10 μg/mL of
FITC-containing NPs (1.8 × 105 NPs/cell) for 1, 5, 16, and 36
h. Flow cytometry results showed that all of the NPs entered
the cells even after short incubation periods. Different

Figure 4. Z-potential (A−F) of the prepared NPs before and after their incubation with complete DMEM and NP complex isolation measured at
pH 4, 7, and 9 (n = 3; mean ± SD). (F) Analysis of the BCA protein quantification assay. The displayed concentration is corrected to the naked
NPs (n = 3; mean ± SD). All samples were found different from each other, except for PEG- and CHI-NPs (p < 0.05, ANOVA one-way).
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performances of the prepared NPs were observed (Figure
6A,B). CM-NPs showed significantly higher uptake by cells (p
< 0.05) for all time points tested compared to the other
systems (Figure 5A). At longer incubation times (36 h),

different behaviors between the prepared NPs were observed.
For instance, PEG and BSA coating reduced the uptake of bare
NPs (p < 0.05), whereas no differences were found between
CHI- and bare NPs. BSA-, PEG-, and CHI-NPs also showed

Figure 5. Cellular uptake of the prepared NPs on MCF-7 cells, followed by flow cytometry representing (A) as the mean fluorescence intensity and
(B) as the population of cells with NPs. Statistically significant differences between cells incubated with the prepared NPs for the same time point
are highlighted with “*”. ANOVA with Tukey mean comparison test (p < 0.05) was employed. (C) Confocal fluorescence microscopy images of
MCF-7 breast cancer cells incubated with the prepared NPs. Nuclei were stained with Hoechst (blue) and F-actin with Alexa Fluor 647 phalloidin
(red). Fluorescent NPs (FITC) appear in green.
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significant differences between them (Figure 6A). In addition,
CMs-NPs were the fastest to enter cells, as evidenced by the
higher percentage of cells with internalized NPs at short times
(Figure 5B). At longer incubation times, all cells eventually

contained NPs, but there were significant differences in the
quantity of internalized NPs, as previously noted. For confocal
microscopy, cells were incubated with 10 μg/mL of each NPs
for 36 h. Confocal images showed that NPs were internalized

Figure 6. (A) Schematic image, microscopic, and confocal microscopic representative images of multicellular spheroid of MCF-7 cells stained with
CellTracker Deep Red (violet) and FBs stained with CellTracker Red (red). (B) Schematic image and microscopic representative image of
spheroids embedded with the collagen type-I hydrogel after 48 h of culture. (C) Confocal representative images of spheroids embedded with the
collagen type-I hydrogel after treatment with NPs. MCF-7 cells were stained with CellTracker Deep Red (violet) and FBs stained with CellTracker
Red (red). Fluorescent NPs (FITC) appear in green. Scale bar: 100 μm. (D) Cellular uptake of the prepared NPs on MCF-7 and FB cells followed
by confocal microscopy. Colocalization analysis was performed with Software ImageJ (n = 3). Statistically significant differences between cells
incubated with the prepared NPs are highlighted with “*” (p < 0.05).
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in the cells and distributed within the entire cytoplasm
surrounding the cell nucleus (Figure 5B). Consistent with the
flow cytometry results, differences in fluorescence intensity
were also observed.

Surface charge, hydrophobicity, and functionality play key
roles in directing the NP-cell interaction.47 Regarding the
reduction of internalization of PEG- and BSA- compared to
bare NPs, it is stated that coatings which prevent protein
adsorption and unspecific binding could also make interactions
with the CM and cell receptors more difficult, leading to a
lower internalization.48 On the other hand, although the
chitosan coating also reduces the formation of protein corona,
no differences were found between the performance of CHI-
and bare NPs. The different surface charges could explain this
different behavior. For instance, positively charged NPs
showed a more favorable interaction with CMs than negatively
charged NPs owing to the electrostatic interactions established
between the positively charged surface of the nanosystem and
the negatively charged CM, which can give rise to a membrane
wrapping phenomena49 Interestingly, although CM-NPs also
prevent protein binding, they showed a significantly higher
internalization rate (>2×). The isolated CMs are composed of

a mixture of lipids, proteins, and carbohydrates which are
responsible for providing the interfacing functionalities of the
CMs. The presence of these markers on the surface of the
CMs-NPs has shown to change NP biointerfacing and increase
their internalization.14 These results suggest that CMs-NPs are
capable both of reducing the in vitro formation of protein
corona while increasing the in vitro cellular uptake on MCF-7
breast cancer cells.
3.7. Uptake in a 3D Tumor Model. Conventional cell

monolayer culture approaches have limitations in accurately
representing the native tumor context and the behavior of cells
in the tumor microenvironment. The lack of a 3D niche and
stromal component significantly alters cell morphology,
exposed surface area, and cellular signals and interactions
with their environment. All these aspects affect in vitro
responses of different antitumor therapies, including the
transport, penetration, and uptake of drugs and NPs by
tumor cells.50 It has been extensively demonstrated how the
toxic effects of NPs are significantly reduced in cultured 3D
models, such as cell spheroids, compared to monolayer culture
data.51 Furthermore, ECM and stromal cells can alter the
accessibility of NPs to the tumor and their internalization in

Figure 7. Cytokine release was assessed by multiplex ELISA on THP-1 cells. Cells were incubated with the prepared NP nanocapsules at a dose of
10 μg/mL or left untreated. Lipopolysaccharides (LPS 1 μg/mL) were used as a positive control. After 24 h, the supernatants were collected and
analyzed. (A−F) IL-1, IL-6, IL-8, GM-CSF, MCAF, and TNF-α were analyzed.
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tumor cells as they generate a physical obstacle and trigger
biological changes in the tumor that can be a limiting factor in
the efficacy of these treatments.52 These effects can be
elucidated in vitro using three-dimensional models encapsu-
lated in hydrogels, which more closely replicate the in vivo
cellular uptake of NPs.50,52 Collagen type I was employed to
generate an ECM-derived hydrogel as it is the most abundant
structural protein in breast cancer tissues and plays a
fundamental role in tumor progression and drug resistance.53

The behavior of the prepared NPs was analyzed in multi-
cellular spheroids of MCF-7 and FBs embedded in a collagen
type-I hydrogel to study their effect in a biomimetic
environment comprising the ECM. To discern between
tumoral and nontumoral cells, MCF-7 cells were previously
stained with CellTracker Deep Red (Figure 6A, marked in
violet) and FBs with CellTracker Red (Figure 6A, marked in
red), assembled in heterogeneous spheroids. The spheroids
were cultured within the hydrogel to allow the cells to adapt to
the environment, and after 48 h, it was observed that the cells
colonized the hydrogel, and FBs adopted their characteristic
spindle-shaped morphology (Figure 6B).

Colocalization analysis of the NPs and cells showed that the
NPs with different coatings were able to penetrate through the
collagen gel and permeate almost all stromal cells with no
significant differences between coated NPs and bare NPs. In
native tumor niches, both FBs and ECM exert a chemo-
protective effect on tumor cells through different strategies,
such as providing a physical barrier around them to prevent
drug penetration.53 Therefore, it is essential that new
therapeutic candidates can bypass these mechanisms and
reach the targeted cells. In accordance with this, all NPs
reached the tumor cells, but significant differences in their
behavior were observed. PEG-, BSA-, and CMs-NPs were
significantly more internalized in the tumor population than
bare NPs (p < 0.05). No significant differences were observed
between these three nanosystems in which more than 80% of
the tumor population was affected in all cases (Figure 6D).
Interestingly, although PEG- and BSA-NPs showed lower
internalization in MCF-7 cells in the in vitro 2D uptake
compared to bare NPs, higher internalization in the 3D model
was observed. As stated, 2D culture systems lack the 3D
architecture and complexity of the in vivo microenvironment,
which can lead to inaccurate results. In contrast, 3D systems
more accurately mimic the physiological conditions of tissues
and organs, allowing for a better understanding of NPs’ uptake
and distribution within cells. The difference in the uptake of
CHI-NPs with respect to the 2D uptake assay may be
attributable to the fact that CHI can interact with type-I
collagen due to its positive surface charge,54 and that, as
previously described, CHI-NPs are the less-colloidal stable
system, decreasing their availability in the environment. From
this experiment, it can be concluded that coating NPs with
PEG, BSA, or CMs allows them to reach tumor cells even in
protective environments, whereas noncoated NPs do not
achieve to surpass this biological barrier.
3.8. Cytokine Release. To test the ability of the prepared

NPs to activate an inflammatory response, THP-1 monocyte
cells were incubated with the prepared NPs, and the secretion
of the pro-inflammatory cytokines IL-1, IL-6, IL-8, GM-CSF,
MCAF, and TNF-α was evaluated using an ELISA multiplex.
Pro-inflammatory cytokines such as IL-1, IL-6, and TNF-α are
important for the initiation of inflammation and activation of
innate and adaptive immune cells. In particular, both IL-1 and

IL-6 bind to macrophages and T cells, activating the JAKs-
STAT and NF-κB pathways. IL-6 also induces the differ-
entiation of B cells for production of antibodies.55 During the
acute inflammatory response, TNF-α possesses multiple roles,
such as the activation of inflammatory cytokines, neutrophils,
and lymphocytes and the increase in the permeability of the
vascular endothelium.56 Similar to IL-6, IL-8 is a chemotactic
factor that attracts T-cells, neutrophils, and basophils.57 GM-
CSF is an extracellular polyprotein that functions as an
immune modulator, serving as a potent immune adjuvant that
induces long-lasting antitumor immunity, and MCAF causes
the degranulation of basophils and mast cells and increases the
activity of monocytes and macrophages.58,59

The impact of the differently functionalized NPs on THP-1
cells was confirmed by testing the release of the aforemen-
tioned cytokines (Figure 7). An endotoxin assay (Thermo
Scientific Pierce Chromogenic Endotoxin Quant Kit) was
performed on the NP suspensions before they were
administered to the cells, yielding negative results. BSA- and
CMs-NPs generated a higher release of cytokines compared to
that of the rest of the nanosystems. For instance, the
incubation with these two NPs produced a higher cytokine
release than the positive control for IL-1 and TNF-α, whereas
for IL-8 and GM-CSF, the cytokine concentration was similar
to that observed in the incubation with LPS. Furthermore,
CMs-NPs produced a higher release of IL-1 and MCAF than
BSA-NPs, while the opposite was found for IL-6. For IL-1, IL-
8, and TNF-α, a similar release was found for BSA- and CMs-
NPs. Additionally, compared to cells incubated with PBS, the
concentration of IL-6, IL-8, and GM-CSF was increased after
the incubation with PEG- and CHI-NPs, whereas no
significant variations of IL-1, MCAF, and TNF-α were
observed for these nanosystems. Bare NPs produced a slight
increase in the release of IL-8 and GM-CSF compared to that
of the control.

Cytokine analysis confirmed that the prepared nanosystems
could stimulate monocytes to produce proinflammatory
cytokines, especially BSA- and CMs-NPs. The role of
inflammation in the context of nanotherapy is multifaceted
and has significant implications. Traditionally perceived as a
negative aspect, inflammation, when strategically harnessed,
can offer unique advantages, especially for tumor treatment.
For patients exhibiting a diminished immune response,
leveraging inflammation as an adjuvant becomes an intriguing
prospect. Acute inflammation contributes to cancer cell death
by inducing an antitumor immune response.60 In this sense,
CM-coated NPs are promising for tumor immunotherapy as
they retain interesting antigens on their surface, directly
enhancing the efficacy of immunotherapy.61 Deng et al. treated
macrophages with NPs coated with membranes from human
natural killer cells and observed an increase in TNF-α, IL-6,
and IL-12 production and a decrease in the M2-macrophage-
related cytokine IL-10, compared to noncoated NPs.62

Similarly, the effect of BSA-NPs on the cytokine profile of
THP-1 cells was previously established by Cochran and Finch-
Arietta, who showed that BSA-coated beads were a potent
stimulus for IL-1 production, comparable to the maximal dose
of LPS.63 Zhao et al. also observed enhanced secretion of IL-1b
and TNF-a by microglia cells when treated with BSA.64 CHI
and PEG coating has also been shown to increase the release of
pro-inflammatory cytokines.65,66 In line with our results, Prietl
et al. observed a slight increase in IL-6 and IL-8 release upon
incubation of THP-1 cells with carboxyl polystyrene particles
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for 24 h at 10, 20, and 50 μg/mL.67 Taken together, these
results indicate that coated NPs, especially BSA- and CMs-
NPs, can induce an acute inflammatory process by prompting
monocytes to secrete proinflammatory cytokines, offering
potential applications in the context of nanotherapy and
immunotherapy. However, while activating the immune system
as a coadjuvant offers intriguing possibilities, there are still
severe safety concerns due to the complex interplay of
inflammation. Furthermore, it is crucial to note that the
results from these in vitro experiments may not directly
translate to an in vivo setting. Consequently, further studies are
required to thoroughly assess the implications of these
findings.

4. CONCLUSIONS
The obtained results allowed us to study both the colloidal and
physicochemical characteristics of the prepared NPs as well as
their interaction and performance in a biological environment.
From a colloidal point of view, coatings provide steric
stabilization to NPs that keeps them stable. CHI coating
resulted in the least colloidally stable nanosystems, mainly
because the isoelectric point of chitosan is close to the pH of
biological systems. Herein, we demonstrate that AFM is a
suitable technique for studying the nanomechanical properties
of nanosystems. Furthermore, it was determined that adhesion
and elastic modulus of NPs were clearly dependent on the
surface and, therefore, the coating of the system. Efficient
biointerfacing of NPs with biological environments is crucial to
the production of effective nanosystems. Protein corona
formation is one of the first obstacles that NPs encounter
when they enter the bloodstream. A reduction of protein
adsorption in coated NPs was shown, especially evident for
BSA- and CM-coated NPs. CMs-NPs showed a 2× higher
cellular uptake rate compared to the rest of the systems. 3D
cell culture models are becoming increasingly important for
studying NP internalization and their potential applications as
drug delivery systems. In this sense, uptake of the prepared
NPs in multicellular spheroids of MCF-7 and FBs embedded
in a collagen type-I hydrogel showed that PEG, BSA, and CM
coatings allowed NPs to reach tumor cells even in protective
environments compared to bare NPs. Cancer cells have
evolved a series of mechanisms to achieve immune escaping.
NPs with the ability to activate an inflammatory response can
alleviate the tumor immunosuppressive environment, thus
achieving better antitumoral effects. The results presented here
showed that coated NPs, especially BSA-NPs and CMs-NPs,
induced THP-1 monocytes to release proinflammatory
cytokines, thereby inducing an acute inflammation process
and T cell responses. Taken together, these findings indicate
that the characteristics of the coating have a significant impact
on the behavior of nanosystems. Notably, CMs-NPs
demonstrate a substantial reduction in protein corona
formation and an increase in cellular uptake. CM coating
technology has established itself as a promising candidate that
holds significant potential for personalized medicine and
enhanced therapeutic outcomes. However, it is essential to
acknowledge the practical challenges and issues that need to be
addressed to fully harness the potential of the CM coating
technology.

Primarily, CM coating as a top-down approach entails
working with a highly complex material. Furthermore, different
extraction protocols for CM are documented in the literature,
which, as evaluated in this work, yield CMs of varying purity,

and consequently, different behaviors of the CM-NPs should
be expected. It is indeed necessary to conduct an exhaustive
exploration to optimize extraction methods, considering
different cell lines and lysis methods, among other variables.
Additionally, the coating process raises concerns. The coverage
and coating integrity of the CM coatings can also significantly
influence the performance of these systems.

In summary, our research underscores the promise of CM
coatings as a compelling approach in the field of nanomedicine,
outperforming other commonly employed coatings. While
practical challenges must be overcome, our work contributes to
a deeper understanding of these technologies and the avenues
for further exploration, making them more accessible for
clinical applications and personalized medicine.
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Khademhosseini, A.; Kopecěk, J.; Kotov, N. A.; Krug, H. F.; Lee,
D. S.; Lehr, C. M.; Leong, K. W.; Liang, X. J.; Ling Lim, M.; Liz-
Marzán, L. M.; Ma, X.; Macchiarini, P.; Meng, H.; Möhwald, H.;
Mulvaney, P.; Nel, A. E.; Nie, S.; Nordlander, P.; Okano, T.; Oliveira,
J.; Park, T. H.; Penner, R. M.; Prato, M.; Puntes, V.; Rotello, V. M.;
Samarakoon, A.; Schaak, R. E.; Shen, Y.; Sjöqvist, S.; Skirtach, A. G.;
Soliman, M. G.; Stevens, M. M.; Sung, H. W.; Tang, B. Z.; Tietze, R.;
Udugama, B. N.; VanEpps, J. S.; Weil, T.; Weiss, P. S.; Willner, I.; Wu,
Y.; Yang, L.; Yue, Z.; Zhang, Q.; Zhang, Q.; Zhang, X. E.; Zhao, Y.;
Zhou, X.; Parak, W. J. Diverse Applications of Nanomedicine. ACS
Nano 2017, 11 (3), 2313−2381.
(2) Mitchell, M. J.; Billingsley, M. M.; Haley, R. M.; Wechsler, M. E.;

Peppas, N. A.; Langer, R. Engineering Precision Nanoparticles for
Drug Delivery. Nat. Rev. Drug Discovery 2021, 20 (2), 101−124.
(3) Anselmo, A. C.; Mitragotri, S.; Samir Mitragotri, C. Nano-

particles in the Clinic. Bioeng. Transl. Med. 2016, 1 (1), 10−29.
(4) Wilhelm, S.; Tavares, A. J.; Dai, Q.; Ohta, S.; Audet, J.; Dvorak,

H. F.; Chan, W. C. W. Analysis of Nanoparticle Delivery to Tumours.
Nat. Rev. Mater. 2016, 1 (5), 16014−16112.
(5) Ilinskaya, A. N.; Dobrovolskaia, M. A. Understanding the

Immunogenicity and Antigenicity of Nanomaterials: Past, Present and
Future. Toxicol. Appl. Pharmacol. 2016, 299, 70−77.
(6) Blanco, E.; Shen, H.; Ferrari, M. Principles of Nanoparticle

Design for Overcoming Biological Barriers to Drug Delivery. Nat.
Biotechnol. 2015, 33 (9), 941−951.
(7) Schlenoff, J. B. Zwitteration: Coating Surfaces with Zwitterionic

Functionality to Reduce Nonspecific Adsorption. Langmuir 2014, 30
(32), 9625−9636.
(8) Yang, Q.; Lai, S. K. Anti-PEG Immunity: Emergence,

Characteristics, and Unaddressed Questions. Wiley Interdiscip. Rev.:
Nanomed. Nanobiotechnol. 2015, 7 (5), 655−677.
(9) Schubert, J.; Chanana, M. Coating Matters: Review on Colloidal

Stability of Nanoparticles with Biocompatible Coatings in Biological
Media, Living Cells and Organisms. Curr. Med. Chem. 2018, 25 (35),
4553−4586.
(10) Li, Z.; Li, D.; Li, Q.; Luo, C.; Li, J.; Kou, L.; Zhang, D.; Zhang,

H.; Zhao, S.; Kan, Q.; Liu, J.; Zhang, P.; Liu, X.; Sun, Y.; Wang, Y.;
He, Z.; Sun, J. In Situ Low-Immunogenic Albumin-Conjugating-
Corona Guiding Nanoparticles for Tumor-Targeting Chemotherapy.
Biomater. Sci. 2018, 6 (10), 2681−2693.
(11) Mariam, J.; Sivakami, S.; Dongre, P. M. Albumin Corona on

Nanoparticles - a Strategic Approach in Drug Delivery. Drug Delivery
2016, 23 (8), 2668−2676.
(12) Frank, L. A.; Onzi, G. R.; Morawski, A. S.; Pohlmann, A. R.;

Guterres, S. S.; Contri, R. V. Chitosan as a Coating Material for
Nanoparticles Intended for Biomedical Applications. React. Funct.
Polym. 2020, 147, 104459.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c13948
ACS Appl. Mater. Interfaces 2024, 16, 2058−2074

2072

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Grava%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesu%CC%81s+Pen%CC%83a-Marti%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5525-2657
https://orcid.org/0000-0002-5525-2657
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julia+Lo%CC%81pez+de+Andre%CC%81s"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari%CC%81a+Pedrosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marti%CC%81n+Villegas-Montoya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c13948?ref=pdf
https://doi.org/10.1021/acsnano.6b06040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1002/BTM2.10003
https://doi.org/10.1002/BTM2.10003
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1016/j.taap.2016.01.005
https://doi.org/10.1016/j.taap.2016.01.005
https://doi.org/10.1016/j.taap.2016.01.005
https://doi.org/10.1038/nbt.3330
https://doi.org/10.1038/nbt.3330
https://doi.org/10.1021/la500057j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la500057j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wnan.1339
https://doi.org/10.1002/wnan.1339
https://doi.org/10.2174/0929867325666180601101859
https://doi.org/10.2174/0929867325666180601101859
https://doi.org/10.2174/0929867325666180601101859
https://doi.org/10.1039/C8BM00692J
https://doi.org/10.1039/C8BM00692J
https://doi.org/10.3109/10717544.2015.1048488
https://doi.org/10.3109/10717544.2015.1048488
https://doi.org/10.1016/j.reactfunctpolym.2019.104459
https://doi.org/10.1016/j.reactfunctpolym.2019.104459
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c13948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(13) Fang, R. H.; Hu, C. M. J.; Luk, B. T.; Gao, W.; Copp, J. A.; Tai,
Y.; O’Connor, D. E.; Zhang, L. Cancer Cell Membrane-Coated
Nanoparticles for Anticancer Vaccination and Drug Delivery. Nano
Lett. 2014, 14 (4), 2181−2188.
(14) Fang, R. H.; Kroll, A. V.; Gao, W.; Zhang, L. Cell Membrane

Coating Nanotechnology. Adv. Mater. 2018, 30 (23), 1706759.
(15) Barbosa, M. A. G.; Xavier, C. P. R.; Pereira, R. F.; Petrikaite,̇ V.;

Vasconcelos, M. H. 3D Cell Culture Models as Recapitulators of the
Tumor Microenvironment for the Screening of Anti-Cancer Drugs.
Cancers 2021, 14 (1), 190.
(16) Chen, Y.; Xu, L.; Li, W.; Chen, W.; He, Q.; Zhang, X.; Tang, J.;

Wang, Y.; Liu, B.; Liu, J. 3D Bioprinted Tumor Model with
Extracellular Matrix Enhanced Bioinks for Nanoparticle Evaluation.
Biofabrication 2022, 14 (2), 025002.
(17) Bahcecioglu, G.; Basara, G.; Ellis, B. W.; Ren, X.; Zorlutuna, P.

Breast Cancer Models: Engineering the Tumor Microenvironment.
Acta Biomater. 2020, 106, 1−21.
(18) Profeta, M.; Di Natale, C.; Lagreca, E.; Mollo, V.; Netti, P. A.;

Vecchione, R. Cell Membrane-Coated Oil in Water Nano-Emulsions
as Biomimetic Nanocarriers for Lipophilic Compounds Conveyance.
Pharmaceutics 2021, 13 (7), 1069.
(19) Zhang, N.; Li, M.; Sun, X.; Jia, H.; Liu, W. NIR-Responsive

Cancer Cytomembrane-Cloaked Carrier-Free Nanosystems for
Highly Efficient and Self-Targeted Tumor Drug Delivery. Biomaterials
2018, 159, 25−36.
(20) Zhang, Q.; Dehaini, D.; Zhang, Y.; Zhou, J.; Chen, X.; Zhang,

L.; Fang, R. H.; Gao, W.; Zhang, L. Neutrophil Membrane-Coated
Nanoparticles Inhibit Synovial Inflammation and Alleviate Joint
Damage in Inflammatory Arthritis. Nat. Nanotechnol. 2018, 13 (12),
1182−1190.
(21) Liu, L.; Bai, X.; Martikainen, M. V.; Kar̊lund, A.; Roponen, M.;

Xu, W.; Hu, G.; Tasciotti, E.; Lehto, V. P. Cell Membrane Coating
Integrity Affects the Internalization Mechanism of Biomimetic
Nanoparticles. Nat. Commun. 2021, 12 (1), 5726−5812.
(22) Palomba, R.; Parodi, A.; Evangelopoulos, M.; Acciardo, S.;

Corbo, C.; De Rosa, E.; Yazdi, I. K.; Scaria, S.; Molinaro, R.; Furman,
N. E. T.; You, J.; Ferrari, M.; Salvatore, F.; Tasciotti, E. Biomimetic
Carriers Mimicking Leukocyte Plasma Membrane to Increase Tumor
Vasculature Permeability. Sci. Rep. 2016, 6 (1), 34422−34511.
(23) Yang, F.; Cabe, M. H.; Ogle, S. D.; Sanchez, V.; Langert, K. A.

Optimization of Critical Parameters for Coating of Polymeric
Nanoparticles with Plasma Membrane Vesicles by Sonication. Sci.
Rep. 2021, 11 (1), 23996−24013.
(24) Sánchez-Moreno, P.; Ortega-Vinuesa, J. L.; Boulaiz, H.;

Marchal, J. A.; Peula-García, J. M. Synthesis and Characterization of
Lipid Immuno-Nanocapsules for Directed Drug Delivery: Selective
Antitumor Activity against HER2 Positive Breast-Cancer Cells.
Biomacromolecules 2013, 14 (12), 4248−4259.
(25) Frank, L. A.; Onzi, G. R.; Morawski, A. S.; Pohlmann, A. R.;

Guterres, S. S.; Contri, R. V. Chitosan as a Coating Material for
Nanoparticles Intended for Biomedical Applications. React. Funct.
Polym. 2020, 147, 104459.
(26) Jiang, Y.; Krishnan, N.; Zhou, J.; Chekuri, S.; Wei, X.; Kroll, A.

V.; Yu, C. L.; Duan, Y.; Gao, W.; Fang, R. H.; Zhang, L.; Jiang, Y.;
Krishnan, N.; Zhou, J.; Chekuri, S.; Wei, X.; Kroll, A. V.; Yu, C. L.;
Duan, Y.; Gao, W.; Fang, R. H.; Zhang, L. Engineered Cell-
Membrane-Coated Nanoparticles Directly Present Tumor Antigens to
Promote Anticancer Immunity. Adv. Mater. 2020, 32 (30), 2001808.
(27) Peula-García, J. M.; Ortega-Vinuesa, J. L.; Bastos-González, D.

Inversion of Hofmeister Series by Changing the Surface of Colloidal
Particles from Hydrophobic to Hydrophilic. J. Phys. Chem. C 2010,
114 (25), 11133−11139.
(28) Baleux, B. Colorimetric Determination of Nonionic, Poly-

(Oxyethylene) Surface-Active Agents Using an Iodine-Iodide
Solution. C. R. Acad. Sci. Hebd. Seances Acad. Sci. 1972, 274 (19),
1617−1620.
(29) Swain, S. K.; Dey, R. K.; Islam, M.; Patel, R. K.; Jha, U.;

Patnaik, T.; Airoldi, C. Removal of Fluoride from Aqueous Solution

Using Aluminum-Impregnated Chitosan Biopolymer. Sep. Sci.
Technol. 2009, 44 (9), 2096−2116.
(30) Raghuwanshi, V. S.; Yu, B.; Browne, C.; Garnier, G. Reversible

PH Responsive Bovine Serum Albumin Hydrogel Sponge Nanolayer.
Front. Bioeng. Biotechnol. 2020, 8, 521797.
(31) Jamieson, G. A.; Groh, N. Isoelectric Focusing of Human Blood

Cell Membranes. Anal. Biochem. 1971, 43 (1), 259−268.
(32) Xia, X.; Yang, M.; Wang, Y.; Zheng, Y.; Li, Q.; Chen, J.; Xia, Y.

Quantifying the Coverage Density of Poly(Ethylene Glycol) Chains
on the Surface of Gold Nanostructures. ACS Nano 2012, 6 (1), 512−
522.
(33) Verwey, E. J. W. Theory of the Stability of Lyophobic Colloids.

J. Phys. Colloid Chem. 1947, 51 (3), 631−636.
(34) Sánchez-Moreno, P.; Ortega-Vinuesa, J. L.; Martín-Rodríguez,

A.; Boulaiz, H.; Marchal-Corrales, J. A.; Peula-García, J. M.
Characterization of Different Functionalized Lipidic Nanocapsules
as Potential Drug Carriers. Int. J. Mol. Sci. 2012, 13 (2), 2405−2424.
(35) Molina-Bolívar, J. A.; Ortega-Vinuesa, J. L. How Proteins

Stabilize Colloidal Particles by Means of Hydration Forces. Langmuir
1999, 15 (8), 2644−2653.
(36) Moore, T. L.; Rodriguez-Lorenzo, L.; Hirsch, V.; Balog, S.;

Urban, D.; Jud, C.; Rothen-Rutishauser, B.; Lattuada, M.; Petri-Fink,
A. Nanoparticle Colloidal Stability in Cell Culture Media and Impact
on Cellular Interactions †. Chem. Soc. Rev. 2015, 44, 6287−6305.
(37) Marucco, A.; Aldieri, E.; Leinardi, R.; Bergamaschi, E.; Riganti,

C.; Fenoglio, I. Applicability and Limitations in the Characterization
of Poly-Dispersed Engineered Nanomaterials in Cell Media by
Dynamic Light Scattering (DLS). Materials 2019, 12 (23), 3833.
(38) Hui, Y.; Yi, X.; Hou, F.; Wibowo, D.; Zhang, F.; Zhao, D.; Gao,

H.; Zhao, C. X. Role of Nanoparticle Mechanical Properties in Cancer
Drug Delivery. ACS Nano 2019, 13 (7), 7410−7424.
(39) Zhang, L.; Cao, Z.; Li, Y.; Ella-Menye, J. R.; Bai, T.; Jiang, S.

Softer Zwitterionic Nanogels for Longer Circulation and Lower
Splenic Accumulation. ACS Nano 2012, 6 (8), 6681−6686.
(40) Shen, Z.; Ye, H.; Li, Y. Understanding Receptor-Mediated

Endocytosis of Elastic Nanoparticles through Coarse Grained
Molecular Dynamic Simulation. Phys. Chem. Chem. Phys. 2018, 20
(24), 16372−16385.
(41) Jin, X.; Kasal, B. Adhesion Force Mapping on Wood by Atomic

Force Microscopy: Influence of Surface Roughness and Tip
Geometry. R. Soc. Open Sci. 2016, 3 (10), 160248.
(42) Naidu, P. S. R.; Denham, E.; Bartlett, C. A.; McGonigle, T.;

Taylor, N. L.; Norret, M.; Smith, N. M.; Dunlop, S. A.; Iyer, K. S.;
Fitzgerald, M. Protein Corona Formation Moderates the Release
Kinetics of Ion Channel Antagonists from Transferrin-Functionalized
Polymeric Nanoparticles. RSC Adv. 2020, 10 (5), 2856−2869.
(43) Caprifico, A. E.; Foot, P. J. S.; Polycarpou, E.; Calabrese, G.

Overcoming the Protein Corona in Chitosan-Based Nanoparticles.
Drug Discovery Today 2021, 26 (8), 1825−1840.
(44) Walkey, C. D.; Olsen, J. B.; Guo, H.; Emili, A.; Chan, W. C. W.

Nanoparticle Size and Surface Chemistry Determine Serum Protein
Adsorption and Macrophage Uptake. J. Am. Chem. Soc. 2012, 134 (4),
2139−2147.
(45) Peng, Q.; Zhang, S.; Yang, Q.; Zhang, T.; Wei, X. Q.; Jiang, L.;

Zhang, C. L.; Chen, Q. M.; Zhang, Z. R.; Lin, Y. F. Preformed
Albumin Corona, a Protective Coating for Nanoparticles Based Drug
Delivery System. Biomaterials 2013, 34 (33), 8521−8530.
(46) Rao, L.; Meng, Q. F.; Bu, L. L.; Cai, B.; Huang, Q.; Sun, Z. J.;

Zhang, W. F.; Li, A.; Guo, S. S.; Liu, W.; Wang, T. H.; Zhao, X. Z.
Erythrocyte Membrane-Coated Upconversion Nanoparticles with
Minimal Protein Adsorption for Enhanced Tumor Imaging. ACS
Appl. Mater. Interfaces 2017, 9 (3), 2159−2168.
(47) Aliyandi, A.; Reker-Smit, C.; Bron, R.; Zuhorn, I. S.; Salvati, A.

Correlating Corona Composition and Cell Uptake to Identify
Proteins Affecting Nanoparticle Entry into Endothelial Cells. ACS
Biomater. Sci. Eng. 2021, 7 (12), 5573−5584.
(48) Sánchez-Moreno, P.; Buzón, P.; Boulaiz, H.; Peula-García, J.;

Ortega-Vinuesa, J. L.; Luque, I.; Salvati, A.; Marchal, J. A. Balancing

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c13948
ACS Appl. Mater. Interfaces 2024, 16, 2058−2074

2073

https://doi.org/10.1021/nl500618u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl500618u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201706759
https://doi.org/10.1002/adma.201706759
https://doi.org/10.3390/cancers14010190
https://doi.org/10.3390/cancers14010190
https://doi.org/10.1088/1758-5090/ac48e4
https://doi.org/10.1088/1758-5090/ac48e4
https://doi.org/10.1016/j.actbio.2020.02.006
https://doi.org/10.3390/pharmaceutics13071069
https://doi.org/10.3390/pharmaceutics13071069
https://doi.org/10.1016/j.biomaterials.2018.01.007
https://doi.org/10.1016/j.biomaterials.2018.01.007
https://doi.org/10.1016/j.biomaterials.2018.01.007
https://doi.org/10.1038/s41565-018-0254-4
https://doi.org/10.1038/s41565-018-0254-4
https://doi.org/10.1038/s41565-018-0254-4
https://doi.org/10.1038/s41467-021-26052-x
https://doi.org/10.1038/s41467-021-26052-x
https://doi.org/10.1038/s41467-021-26052-x
https://doi.org/10.1038/srep34422
https://doi.org/10.1038/srep34422
https://doi.org/10.1038/srep34422
https://doi.org/10.1038/s41598-021-03422-5
https://doi.org/10.1038/s41598-021-03422-5
https://doi.org/10.1021/bm401103t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm401103t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm401103t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ADMA.202001808
https://doi.org/10.1002/ADMA.202001808
https://doi.org/10.1002/ADMA.202001808
https://doi.org/10.1021/jp912035v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp912035v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/01496390902881212
https://doi.org/10.1080/01496390902881212
https://doi.org/10.3389/fbioe.2020.00573
https://doi.org/10.3389/fbioe.2020.00573
https://doi.org/10.1016/0003-2697(71)90132-1
https://doi.org/10.1016/0003-2697(71)90132-1
https://doi.org/10.1021/nn2038516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn2038516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150453a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/IJMS13022405
https://doi.org/10.3390/IJMS13022405
https://doi.org/10.1021/la981445s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la981445s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CS00487F
https://doi.org/10.1039/C4CS00487F
https://doi.org/10.3390/ma12233833
https://doi.org/10.3390/ma12233833
https://doi.org/10.3390/ma12233833
https://doi.org/10.1021/acsnano.9b03924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b03924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn301159a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn301159a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CP08644J
https://doi.org/10.1039/C7CP08644J
https://doi.org/10.1039/C7CP08644J
https://doi.org/10.1098/rsos.160248
https://doi.org/10.1098/rsos.160248
https://doi.org/10.1098/rsos.160248
https://doi.org/10.1039/C9RA09523C
https://doi.org/10.1039/C9RA09523C
https://doi.org/10.1039/C9RA09523C
https://doi.org/10.1016/j.drudis.2021.04.014
https://doi.org/10.1021/ja2084338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2084338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biomaterials.2013.07.102
https://doi.org/10.1016/j.biomaterials.2013.07.102
https://doi.org/10.1016/j.biomaterials.2013.07.102
https://doi.org/10.1021/acsami.6b14450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b14450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.1c00804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.1c00804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biomaterials.2015.04.049
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c13948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the Effect of Corona on Therapeutic Efficacy and Macrophage Uptake
of Lipid Nanocapsules. Biomaterials 2015, 61, 266−278.
(49) Forest, V.; Pourchez, J. Preferential Binding of Positive

Nanoparticles on Cell Membranes Is Due to Electrostatic
Interactions: A Too Simplistic Explanation That Does Not Take
into Account the Nanoparticle Protein Corona. Mater. Sci. Eng., C
2017, 70, 889−896.
(50) Van Zundert, I.; Fortuni, B.; Rocha, S. From 2D to 3D Cancer

Cell Models�The Enigmas of Drug Delivery Research. Nanomateri-
als 2020, 10 (11), 2236.
(51) Tchoryk, A.; Taresco, V.; Argent, R. H.; Ashford, M.; Gellert, P.

R.; Stolnik, S.; Grabowska, A.; Garnett, M. C. Penetration and Uptake
of Nanoparticles in 3D Tumor Spheroids. Bioconjugate Chem. 2019,
30 (5), 1371−1384.
(52) Choi, J. W.; Bae, S.-H.; Kim, I. Y.; Kwak, M.; Lee, T. G.; Heo,

M. B. Testing in Vitro Toxicity of Nanoparticles in 3D Cell Culture
with Various Extracellular Matrix Scaffold. bioRxiv 2021,
2021.03.18.436024.
(53) Tamayo-Angorrilla, M.; López de Andrés, J.; Jiménez, G.;

Marchal, J. A. The Biomimetic Extracellular Matrix: A Therapeutic
Tool for Breast Cancer Research. Transl. Res. 2022, 247, 117.
(54) Sionkowska, A.; Wisniewski, M.; Skopinska, J.; Kennedy, C. J.;

Wess, T. J. Molecular Interactions in Collagen and Chitosan Blends.
Biomaterials 2004, 25 (5), 795−801.
(55) Jordan, S. C.; Choi, J.; Kim, I.; Wu, G.; Toyoda, M.; Shin, B.;

Vo, A. Interleukin-6, A Cytokine Critical to Mediation of
Inflammation, Autoimmunity and Allograft Rejection: Therapeutic
Implications of IL-6 Receptor Blockade. Transplantation 2017, 101
(1), 32−44.
(56) Szlosarek, P. W.; Balkwill, F. R. Tumour Necrosis Factor α: A

Potential Target for the Therapy of Solid Tumours. Lancet Oncol.
2003, 4 (9), 565−573.
(57) Ohls, R. K. Hematology, Immunology and Infectious Disease:

Neonatology Questions and Controversies; Elsevier Health Sciences,
2012; pp 1−345.
(58) Dranoff, G.; Jaffee, E.; Lazenby, A.; Golumbek, P.; Levitsky, H.;

Brose, K.; Jackson, V.; Hamada, H.; Pardoll, D.; Mulligan, R. C.
Vaccination with Irradiated Tumor Cells Engineered to Secrete
Murine Granulocyte-Macrophage Colony-Stimulating Factor Stim-
ulates Potent, Specific, and Long-Lasting Anti-Tumor Immunity. Proc.
Natl. Acad. Sci. U.S.A. 1993, 90 (8), 3539−3543.
(59) Vestergaard, C.; Gesser, B.; Lohse, N.; Jensen, S. L.; Sindet-

Pedersen, S.; Thestrup-Pedersen, K.; Matsushima, K.; Larsen, C. G.
Monocyte Chemotactic and Activating Factor (MCAFMCP-1) Has
an Autoinductive Effect in Monocytes, a Process Regulated by IL-10.
J. Dermatol. Sci. 1997, 15 (1), 14−22.
(60) Kroll, A. V.; Fang, R. H.; Jiang, Y.; Zhou, J.; Wei, X.; Yu, C. L.;

Gao, J.; Luk, B. T.; Dehaini, D.; Gao, W.; Zhang, L.; Kroll, A. V.;
Fang, R. H.; Jiang, Y.; Zhou, J.; Wei, X.; Yu, C. L.; Gao, J.; Luk, B. T.;
Dehaini, D.; Gao, W.; Zhang, L. Nanoparticulate Delivery of Cancer
Cell Membrane Elicits Multiantigenic Antitumor Immunity. Adv.
Mater. 2017, 29 (47), 1703969.
(61) Zhang, Y.; Zhang, X.; Li, H.; Liu, J.; Wei, W.; Gao, J.

Membrane-Coated Biomimetic Nanoparticles: A State-of-the-Art
Multifunctional Weapon for Tumor Immunotherapy. Membranes
2022, 12 (8), 738.
(62) Deng, G.; Sun, Z.; Li, S.; Peng, X.; Li, W.; Zhou, L.; Ma, Y.;

Gong, P.; Cai, L. Cell-Membrane Immunotherapy Based on Natural
Killer Cell Membrane Coated Nanoparticles for the Effective
Inhibition of Primary and Abscopal Tumor Growth. ACS Nano
2018, 12 (12), 12096−12108.
(63) Cochran, F. R.; Finch-Arietta, M. B. Regulation of interleukin-

1β and tumor necrosis factor secretion by the human monocytic
leukemia cell line, THP-1. Agents Actions 1989, 27 (3−4), 271−273.
(64) Zhao, T. Z.; Xia, Y. Z.; Li, L.; Li, J.; Zhu, G.; Chen, S.; Feng, H.;

Lin, J. K. Bovine serum albumin promotes IL-1β and TNF-α secretion
by N9 microglial cells. Neurol. Sci. 2009, 30 (5), 379−383.
(65) Farace, C.; Sánchez-Moreno, P.; Orecchioni, M.; Manetti, R.;

Sgarrella, F.; Asara, Y.; Peula-García, J. M.; Marchal, J. A.; Madeddu,

R.; Delogu, L. G. Immune Cell Impact of Three Differently Coated
Lipid Nanocapsules: Pluronic, Chitosan and Polyethylene Glycol. Sci.
Rep. 2016, 6 (1), 18423.
(66) Escamilla-Rivera, V.; Uribe-Ramírez, M.; González-Pozos, S.;

Lozano, O.; Lucas, S.; De Vizcaya-Ruiz, A. Protein Corona Acts as a
Protective Shield against Fe3O4-PEG Inflammation and ROS-
Induced Toxicity in Human Macrophages. Toxicol. Lett. 2016, 240
(1), 172−184.
(67) Prietl, B.; Meindl, C.; Roblegg, E.; Pieber, T. R.; Lanzer, G.;

Fröhlich, E. Nano-Sized and Micro-Sized Polystyrene Particles Affect
Phagocyte Function. Cell Biol. Toxicol. 2014, 30 (1), 1−16.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c13948
ACS Appl. Mater. Interfaces 2024, 16, 2058−2074

2074

https://doi.org/10.1016/j.biomaterials.2015.04.049
https://doi.org/10.1016/j.biomaterials.2015.04.049
https://doi.org/10.1016/j.msec.2016.09.016
https://doi.org/10.1016/j.msec.2016.09.016
https://doi.org/10.1016/j.msec.2016.09.016
https://doi.org/10.1016/j.msec.2016.09.016
https://doi.org/10.3390/nano10112236
https://doi.org/10.3390/nano10112236
https://doi.org/10.1021/acs.bioconjchem.9b00136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.9b00136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1101/2021.03.18.436024
https://doi.org/10.1101/2021.03.18.436024
https://doi.org/10.1016/j.trsl.2021.11.008
https://doi.org/10.1016/j.trsl.2021.11.008
https://doi.org/10.1016/S0142-9612(03)00595-7
https://doi.org/10.1097/TP.0000000000001452
https://doi.org/10.1097/TP.0000000000001452
https://doi.org/10.1097/TP.0000000000001452
https://doi.org/10.1016/S1470-2045(03)01196-3
https://doi.org/10.1016/S1470-2045(03)01196-3
https://doi.org/10.1073/pnas.90.8.3539
https://doi.org/10.1073/pnas.90.8.3539
https://doi.org/10.1073/pnas.90.8.3539
https://doi.org/10.1016/S0923-1811(96)00589-0
https://doi.org/10.1016/S0923-1811(96)00589-0
https://doi.org/10.1002/ADMA.201703969
https://doi.org/10.1002/ADMA.201703969
https://doi.org/10.3390/membranes12080738
https://doi.org/10.3390/membranes12080738
https://doi.org/10.1021/acsnano.8b05292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b05292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b05292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/bf01972794
https://doi.org/10.1007/bf01972794
https://doi.org/10.1007/bf01972794
https://doi.org/10.1007/s10072-009-0123-x
https://doi.org/10.1007/s10072-009-0123-x
https://doi.org/10.1038/srep18423
https://doi.org/10.1038/srep18423
https://doi.org/10.1016/j.toxlet.2015.10.018
https://doi.org/10.1016/j.toxlet.2015.10.018
https://doi.org/10.1016/j.toxlet.2015.10.018
https://doi.org/10.1007/s10565-013-9265-y
https://doi.org/10.1007/s10565-013-9265-y
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c13948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

