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ABSTRACT: Polyelectrolyte microparticles (MPs) synthesized on calcium carbonate cores are considered a promising basis for
new drug delivery systems. It is known that microparticles entering a physiological environment absorb proteins on their surface,
which can change the properties of the microparticles and alter their functional activity. This study aimed to compare the
compositions of the adsorbed protein layer formed on microparticles with the core/shell and shell structures obtained by layer-by-
layer deposition. The difference in the microparticle structure was associated with changes in their surface topography and ζ-
potential. These microparticles were incubated with human serum or plasma at 37°C for 24 h. The adsorbed proteins were eluted
and analyzed by means of SDS-PAGE. The protein composition of the eluates was determined by liquid chromatography−tandem
mass spectrometry (LC-MS/MS); a total of 357 proteins were identified, and 183 of them were detected in all samples. Our results
demonstrate that the relative abundance of proteins of different functional groups (immunoglobulins, complement proteins, and
apolipoproteins) varied depending on the structure and surface characteristics of the polyelectrolyte microparticles and the
incubation medium. Our findings expand the understanding of the influence of the physicochemical properties of the microparticles
on their interaction with proteins, which can help to improve the design of microparticles for drug delivery.

1. INTRODUCTION
Core/shell and shell microparticles (MPs) obtained by layer-
by-layer deposition are considered to be versatile multifunc-
tional tools for biomedical applications, such as drug delivery
and controlled release, gene therapy, sensing, and imaging.1 In
the development of drug delivery systems, microparticles offer
several advantages, such as the capacities for retaining loaded
drugs, controlled drug release, and encapsulation of low-
molecular-weight drugs and biomolecules.2,3 Layer-by-layer
deposition of the shells allows controlling the resultant
characteristics of the MPs, including their size, charge, surface
chemistry, structure, and rigidity.4−6 A wide variety of cores,
polymers, and surface groups are used to fabricate MPs finely
tuned for specific applications.7 During the fabrication of the
MPs, different agents can be introduced into the polyelec-
trolyte shell, such as fluorescent labels,8 quantum dots,9 and
magnetic particles,10,11 and their surface can be functionalized
with capture molecules,12,13 which extends the use of the MPs
in bioimaging and smart drug delivery.
It is known that the physicochemical and functional

properties of engineered particles undergo modifications in
biological media. The particles interact with biomolecules in

blood, which leads to the formation of an additional protein
layer on their surface and modification of their biological
identity.7,14 This layer on the MP surface can interfere with
some biological processes, e.g., cellular uptake of the particles,
immune response, and complement activation.15−17 Variations
of the protein corona composition have been shown to
noticeably affect the association of particles with immune
cells.18 Specific association of polymer-coated silica particles
carrying affibodies with cancer cells is significantly decreased
after their incubation with human serum.19 However, other
studies have demonstrated the retention of the targeting
capacity and enhancement of targeting specificity of micro-
capsules coated with a layer of proteins derived from human
serum.20,21

Received: April 6, 2024
Revised: May 29, 2024
Accepted: June 18, 2024
Published: June 28, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

29739
https://doi.org/10.1021/acsomega.4c03307

ACS Omega 2024, 9, 29739−29750

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nl
oa

de
d 

vi
a 

79
.1

39
.1

28
.2

02
 o

n 
O

ct
ob

er
 6

, 2
02

4 
at

 1
2:

54
:0

6 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evgeniia+Gerasimovich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irina+Kriukova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vsevolod+V.+Shishkov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuri+M.+Efremov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+S.+Timashev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Karaulov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Karaulov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Igor+Nabiev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alyona+Sukhanova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c03307&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03307?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03307?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03307?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03307?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03307?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03307?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03307?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03307?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/27?ref=pdf
https://pubs.acs.org/toc/acsodf/9/27?ref=pdf
https://pubs.acs.org/toc/acsodf/9/27?ref=pdf
https://pubs.acs.org/toc/acsodf/9/27?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c03307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


At the same time, precoating of particle-based drug delivery
systems with specific proteins is widely used to improve their
performance in biological media.22 Polymersomes (polymeric
vesicles made from synthetic amphiphilic block copolymers)
preincubated with proteins (e.g., human IgG) display reduced
cytotoxicity.23 Microplastic particles coated with model
proteins before incubation in protein-containing media behave
differently in protein−cell interactions.24 Precoating with
human serum albumin (HSA) reduced the negative effect of
plasma protein adsorption on the adhesion of poly(lactic-co-
glycolic acid) microparticles to the endothelium.25

Overall, the understanding of factors affecting the adsorption
of proteins from biological media on the surface of MPs paves
the way to the rational design of safer and more biologically
effective particle-based biomedical tools. The size, surface
charge, chemical composition, and functionalization of the
MPs have been shown to strongly affect the composition of the
protein adsorption layer on different types of particles.5,26−28

The roles of other properties, such as structure and surface
morphology, are insufficiently understood; therefore, we
studied the adsorption of serum and plasma proteins onto
MPs with different structures and surface properties.
Here, we obtained two types of polyelectrolyte MPs based

on CaCO3 cores, with core/shell and shell structures and
various surface charges and surface topologies. Liquid
chromatography−tandem mass spectrometry (LC-MS/MS)
analysis was used to determine differences in the composition
of human serum or plasma proteins adsorbed on the surface of
these MPs. The results improve the understanding of the
relationship between the MP structure and their interaction
with proteins and can be used for the optimization of
biomedical applications of MPs.

2. MATERIALS AND METHODS
2.1. Materials. Calcium chloride dihydrate (CaCl2),

sodium carbonate (Na2CO3), ethylenediaminetetraacetic acid
disodium salt dihydrate (EDTA), poly(allylamine hydro-
chloride) (PAH, average Mw ≈ 65,000 Da), poly(sodium 4-
styrenesulfonate) (PSS, average Mw ≈ 70,000 Da), poly(acrylic
acid) (PAA, average Mw ≈ 100,000 Da), Trizma base, sodium
dodecyl sulfate (SDS), acrylamide/bis-acrylamide (30%
solution), ammonium persulfate ((NH4)2S2O8), sodium
phosphate dibasic (Na2HPO4), sodium phosphate monobasic
(NaH2PO4), sodium chloride (NaCl), Brilliant Blue R, Sample
buffer Laemmli 2× concentrate, N,N,N′,N′-tetramethylethyle-
nediamine (TEMED), and glycerol were purchased from
Sigma-Aldrich. Poly(vinyl alcohol) 18−88 (PVA, Emprove)
was obtained from Merck KGaA, Germany. Methylcellulose
(Metolose SM-100) was purchased from Shin-Etsu Chemical
Co., Japan. Hydrochloric acid (HCl) was obtained from
PanReac AppliChem (ITW Reagents). All solutions were
prepared using ultrapure Milli-Q water with a resistivity of no
less than 18.2 mΩ·cm obtained using a Direct-Q water
purification system (Millipore, Merck KGaA, Germany) and
were additionally filtered through sterile Millex syringe filter
units with a pore size of 0.22 μm (Millipore, Merck KGaA,
Germany) before use.

2.2. Synthesis of CaCO3 Cores. Calcium carbonate cores
were obtained using the coprecipitation reaction in a mixture
of equimolar solutions of sodium carbonate and calcium
chloride in an aqueous medium containing 1% poly(vinyl
alcohol) and 0.05% methylcellulose (PVA/MC) as a
thickening agent.29 First, 15 mL of a PVA/MC solution was

added to 7.5 mL of 0.33 M CaCl2 and mixed using an
UltraTurrax T 25 digital dispersing device (IKA-Werke GmbH
& Co. KG, Germany) at 5000 rpm until a homogeneous
medium was obtained. After that, 7.5 mL of Na2CO3 was
added, and the final mixture was vigorously agitated at 15,000
rpm for 30 s. The resulting suspension was transferred to a 50
mL test tube, Milli-Q water was added to a volume of 50 mL,
and the suspension was centrifuged. Then, a fresh portion of
Milli-Q water was added, and the suspension was centrifuged
at 4000 rpm for 5 min. This step was repeated two times. The
resulting pellet of MPs was transferred to a Petri dish and dried
in a drying oven at 90 °C overnight.

2.3. Preparation of Core/Shell and Shell Polyelec-
trolyte Microparticles. The synthesized calcium carbonate
cores were used as templates for the fabrication of
polyelectrolyte MPs via layer-by-layer deposition as described
earlier.12 PAH (Mw ≈ 65,000 Da), PSS (Mw ≈ 70,000 Da), and
PAA (Mw ≈ 100,000 Da) were applied onto CaCO3 cores layer
by layer to form a multilayer shell of the following structure:
PAH/PSS/PAH/PSS/PAH/PSS/PAH/PSS/PAH/PAA.
First, about 1 × 109 CaCO3 cores were suspended in 0.5 mL

of ultrapure water and sonicated for 10 min in an ultrasound
water bath (Elmasonic P, Elma). Next, 0.5 mL of a 2 mg/mL
PAH solution in 0.5 M NaCl was added, and the mixture was
sonicated for 60 s and incubated for 20 min at room
temperature on an orbital shaker. After the incubation, the
excess polyelectrolyte was separated by centrifugation for 3
min at 2604g. The MPs were resuspended in 0.5 mL of
ultrapure water. Then, 0.5 mL of a 2 mg/mL PSS solution in
0.5 M NaCl was added, and the mixture was sonicated for 60 s
and incubated for 20 min on an orbital shaker. After that, the
MP suspension was washed two times with 2.0 mL of ultrapure
water by centrifugation for 3 min at 2604g. These steps were
repeated to obtain nine layers of polyelectrolytes, PAH forming
the upper layer, and then the outer layer of PAA was applied.
For this purpose, 0.5 mL of a 2 mg/mL PAA solution in 1 M
NaCl was added to the suspension of the MPs. The suspension
was sonicated for 60 s and incubated for 20 min with constant
stirring on an orbital shaker. After that, the suspension was
washed three times with 2.0 mL of ultrapure water by
centrifugation and resuspended in 0.5 mL of 50 mM sodium
phosphate buffer, pH 8.0. The surface charge of the resultant
CaCO3 cores and polyelectrolyte MPs was measured by means
of Doppler microelectrophoresis using a Zetasizer Nano ZS
instrument (Malvern Instruments Ltd., Worcestershire, U.K.)
at each step during the layer-by-layer deposition. To obtain
MPs with the shell structure, MPs with the core/shell structure
were incubated in an excess of 0.5 M EDTA, pH 8.0, with
constant stirring overnight. After the incubation, the resulting
shell microparticles were collected by centrifugation for 10 min
at 16,873g and washed with ultrapure water three times. At the
final step, the MPs were resuspended in 50 mM sodium
phosphate buffer, pH 8.0.

2.4. Physicochemical Characterization of the CaCO3
Cores and Microparticles. The size and shape of the
obtained CaCO3 cores and polyelectrolyte MPs were
determined using an Axio Observer 3 optical microscope
(Zeiss, Jena, Germany). Microphotographs were taken using
Zeiss ZEN version 2.5 software (blue edition) (Zeiss, Jena,
Germany) and processed using Fiji (ImageJ) version 1.8.0
software. In addition, the MPs were examined by using
scanning electron microscopy (SEM). To obtain SEM samples,
the suspension of MPs was washed with ultrapure water 10
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times, and a drop of a diluted suspension containing 103−104
MPs per 1 μL was placed onto a preliminarily purified silicon
substrate and dried at room temperature. SEM was performed
by using a JSM-7001F scanning electron microscope (JEOL,
Japan) equipped with a Schottky cathode. To achieve better
contrast, the MPs were additionally coated with 5 nm of
tungsten during scanning by means of magnetron sputtering
(Torr MagSput-DC-RF). The resultant samples were scanned
at a beam current of 100 pA and an accelerating voltage of 15
kV.

2.5. AFM Measurements. The size and morphology of the
MPs were characterized with a Bioscope Resolve atomic force
microscope (Bruker) combined with an Axio Observer
inverted optical microscope (Carl Zeiss, Germany) both in
air and in liquid (PBS). For imaging in air, the 10 μL drop of a
diluted suspension containing 103−104 MPs per 1 μL was
dried on glass coverslips and then scanned in PeakForce
Tapping mode by using ScanAsyst Air cantilevers (Bruker)
with a nominal spring constant of 0.4 N/m and a nominal tip
radius of 2 nm. For stable imaging, the MPs were attached to
the glass coverslips via EDC (1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide hydrochloride, Thermo Scientific) cou-
pling. Briefly, 10 μL of a diluted suspension containing 103−
104 MPs per 1 μL was placed on a glass coverslip, and after 1 h
of incubation, the coverslip was immersed in a solution of EDC
(10 mg/mL) in PBS for 2 h at room temperature. Imaging was
performed in PBS in PeakForce Tapping mode using
ScanAsyst Fluid cantilevers (Bruker) with a nominal spring
constant of 0.7 N/m and a nominal tip radius of 20 nm. 3 × 3
μm2 scans with 256 × 256 points were acquired at 0.8 Hz scan
rate, 1 kHz cantilever oscillation frequency, and 100 nm
amplitude with a set point of 5 nN. The acquired topography
images were processed (flattened) with Gwyddion open
software.30 The height of at least 55 MPs of each type was
measured. The root-mean-squared (rms) surface roughness
(Rq) was calculated in 1 × 1 μm2 areas in the middle of MPs
for samples in PBS, 5 particles per sample were analyzed.
Additionally, the effective Young’s modulus of the particles was
estimated by means of Force Volume mode in PBS. Before
that, the values of cantilever spring constant and tip radius
were determined by the thermal tune method and by scanning
the titanium roughness sample (Bruker), respectively. To
calculate Young’s modulus, the extend parts of force curves
recorded over the top part of MPs were processed by the
previously developed MATLAB (the MathWorks, Natick, MA)
routine.31 Briefly, the contact point was determined automati-
cally, and the Hertz’s model for spherical indentation was fitted
to the contact region of the extend curves. The force curve
acquisition speed was 30 Hz, and maps with a resolution of 80
× 80 points and a size of 20 × 20 μm2 were obtained.

2.6. Human Serum and Plasma Preparation. Human
blood samples were obtained with informed consent from
healthy volunteers at the N.N. Blokhin National Medical
Research Center of Oncology and performed in accordance
with ethical standards. Blood was collected in Vacutest
collection tubes (Vacutest KIMA, Arzergrande, Italy) contain-
ing a clot activator for obtaining serum or lithium heparin for
obtaining plasma. After 30 min at room temperature, the
collection tubes were centrifuged at 1300g for 10 min. The
obtained serum and plasma samples were aliquoted and stored
at a temperature of −20 °C before use.

2.7. Incubation of Polyelectrolyte Core/Shell and
Shell Microparticles with Human Serum or Plasma.

Equivalent amounts of MPs with different structures (4 × 107
particles) were dispersed in 50 μL of 50 mM sodium
phosphate buffer (pH 8.0). After addition of 250 μL of
human serum, human plasma, or phosphate-buffered saline
(PBS) (control samples), the samples were incubated with
constant shaking at 300 rpm in an Eppendorf ThermoMixerC
device (Eppendorf, Germany) at 37 °C for 24 h. After the
incubation, the MPs were separated by centrifugation for 20
min at 16,873g and washed with 0.5 mL of PBS five times by
centrifugation (2 min, 16,873g). Then, 50 μL of an elution
buffer (Sample Buffer (Sigma-Aldrich) for SDS-PAGE, 62.5
mM Tris-HCl (pH 6.8), 10% glycerol, 1% SDS, and 5% 2-
mercaptoethanol for MS analysis) were added to the pellets,
which was followed by incubation for 20 min at 95 °C to elute
proteins from the surface of the MPs. Then, the MPs were
separated by centrifugation for 5 min at 16,873g, and the
supernatants were collected for further analysis.

2.8. SDS-Polyacrylamide Gel Electrophoresis. For
SDS-PAGE analysis, we used a 5% concentrating polyacryla-
mide gel and a 12% resolving polyacrylamide gel. Samples
containing eluted proteins in Sample Buffer were applied onto
the gel and separated in Tris-glycine buffer at 70 V for 15 min
and then at 150 V for 75 min. The gels were stained in a 0.25%
Coomassie Brilliant Blue R-250 solution overnight and washed
with ultrapure water by heating. Each gel contained one lane of
prestained protein molecular weight markers (PageRuler Plus
Prestained Protein Ladder, Thermo Fisher Scientific). To
quantify the amount of absorbed proteins, we performed SDS-
PAGE of the obtained samples and reference samples
containing different amounts of bovine serum albumin
(BSA) (5−0.312 μg) as described below. The images of gels
were captured using a ChemiDoc XRS+ imaging system (Bio-
Rad Laboratories Ltd., Hertfordshire, U.K.), and their
densitometric analysis was performed using Image Lab version
5.0 software (Bio-Rad Laboratories Ltd., Hertfordshire, U.K.).

2.9. Sample Preparation for Liquid Chromatogra-
phy−Tandem Mass Spectrometry. Samples for LC-MS/
MS were obtained as described above (Section 2.7). The
number of samples was increased to reach the amount of
protein required for the MS analysis, and supernatants
obtained from the same type of MPs and incubation media
were pooled. Before the analysis, the samples were
concentrated with Microcon-10, Ultracel PL-10 centrifugal
filters (Merck Millipore, Ireland). Lysis buffer containing 10%
SDS in 50 mM triethylammonium bicarbonate (TEAB), pH
7.55 (200 μL) was added to the samples. Then, the samples
were treated with an ultrasonic probe three times for 30 s at 0
°C and centrifuged for 10 min at 13,000g. For reduction and
alkylation, 5 μL of a solution containing 0.5 M Tris (2-
carboxyethyl)phosphine hydrochloride (TCEP), and 10 μL of
0.4 M chloroacetamide (CAA) in 50 mM TEAB was added to
the supernatant liquid. The resulting solutions were stirred,
incubated for 30 min at 80 °C, and cooled to room
temperature. Next, a 12% aqueous solution of phosphoric
acid was added to the samples in a volume equal to 10% of the
sample volume and mixed. Then, a 6-fold volume of binding
buffer (90% methanol solution containing 100 mM TEAB, pH
7.5) was added, and the mixture was stirred well. After that, the
samples were transferred to an S-trap filter (ProtiFi), 170 μL
per filter, and centrifuged for 3 min at 4000g. The application
was repeated until the samples were completely transferred to
the filter. Next, the samples were washed (four to six times) by
adding 150 μL of a 90% methanol solution in 100 mM TEAB
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to the filter and centrifuged for 4 min at 4000g. After the final
centrifugation, the filter was transferred to a clean 1.5 mL test
tube for further hydrolysis. For enzymatic hydrolysis, 40 μL of
hydrolysis buffer in 50 mM TEAB containing trypsin at a ratio
to protein of 1:50 was added. The samples were incubated for
2 h at 47 °C. After the incubation, 40 μL of a solution
containing 0.2% formic acid in 50 mM TEAB was added to the
filter and the samples were centrifuged for 4 min at 4000g.
Then, peptides were eluted from the filter by adding 40 μL of a
solution containing 50% acetonitrile in 0.1% formic acid and
centrifuging the mixture for 4 min at 4000g. The eluate was
transferred from the collection tube to a glass vial and dried in
a rotary evaporator at 45 °C. After complete drying, the
samples were redissolved in water for subsequent measurement
of the amounts of peptides using a Pierce Quantitative
Colorimetric Peptide Assay kit (Thermo Scientific, Waltham,
MA). The data on the mean concentrations were used to
equalize the amount of protein in all samples before analysis.
Finally, the samples were dried in a rotary evaporator and
diluted with 0.1% formic acid to 2 μg/μL for subsequent
analysis.

2.10. Liquid Chromatography−Tandem Mass Spec-
trometry. Proteomic analysis was performed using an
Ultimate 3000 RSLCnano HPLC system (Thermo Scientific)
connected to a Q-Exactive HFX mass spectrometer (Thermo
Scientific), which was equipped with a NESI ion source
(Thermo Scientific). The peptide mixture was loaded onto an
Acclaim μ-Precolumn enrichment column (0.5 mm × 3 mm;
particle size, 5 μm; Thermo Scientific) at a flow rate of 10 μL/
min for 4 min in the isographic mode using a buffer solution
containing 2% acetonitrile and 0.1% formic acid in deionized
water as a mobile phase. Next, the peptides were separated on
a Peaky Efficiency FE HPLC column (100 μm × 20 cm;
particle size, 1.9 μm; Molecta, Russia) in the gradient elution
mode. The gradient was formed with mobile phase A (0.1%
formic acid) and mobile phase B (80% acetonitrile and 0.1%
aqueous formic acid) at a flow rate of 0.3 μL/min. The column
was washed with 2% mobile phase B for 10 min, after which
the concentration of mobile phase B was linearly increased first
to 35% during 68 min and then to 99% during 2 min. After 2
min of washing with 99% buffer B, the concentration of this
buffer was linearly reduced to the original 2% during 3 min.
The total duration of the analysis was 90 min. The peptides
were analyzed in the positive ionization mode at an emitter
voltage of 2.1 kV and a capillary temperature of 240 °C.
Panoramic scanning was performed in a mass range from 300
to 1500 m/z at a resolution of 120 000. In tandem scanning,
the resolution was set to 15,000 in a mass range from 100 m/z
to the upper limit, which was determined automatically on the
basis of the precursor mass but did not exceed 2000 m/z.
Isolation of precursor ions was carried out in a window of ±1
Da. The maximum number of ions isolated in the MS2 mode
was set to 40, while the cutoff for selecting the precursor for
tandem analysis was set to 50,000 units and the normalized
collision energy (NCE) was 29. For tandem scanning, only
ions with z values from 2+ to 6+ were taken into account. The
maximum accumulation time for precursor ions was 50 ms; for
fragment ions, it was 110 ms. The automatic gain control
(AGC) values for the precursors and fragment ions were set to
1 × 106 and 2 × 105, respectively. All of the measured
precursors were dynamically excluded from the tandem MS/
MS analysis for 90 s. Each sample was analyzed in a technical
duplicate.

2.11. Analysis of Liquid Chromatography−Tandem
Mass Spectrometry Data. Proteins were identified by means
of the MaxQuant v.2.0.3.0 software using the Andromeda
search algorithm.32 The UniProt sequence database
UP000005640 (Homo sapiens proteome) was used to identify
proteins with the following search parameters: trypsin as the
cleaving enzyme, the accuracy of mass determination of
monoisotopic peptides of ±4.5 ppm, the accuracy of mass
determination in the MS/MS spectra of ±20 ppm, and the
possibility of skipping two trypsin cleavage sites. Oxidation of
methionines and acetylation of the N terminus of the protein
molecule were selected as possible modifications of the
peptide, and carbamidomethylation of cysteine was selected
as mandatory modification. For validation of comparisons
(pairing) of the Peptide-Spectrum Matches (PSMs) and
identification of peptides and proteins, the False Discovery
Rate (FDR) value was set to no more than 1.0%. Proteins were
considered to be reliably identified if at least two peptides were
found for them. Label-free quantification (LFQ) of proteins
was based on the mean LFQ intensities. Relative mean LFQ
intensities were used for a comparison of protein amounts in
the samples. A heatmap was generated by the Heatmapper
software (http://www.heatmapper.ca/) using Log 2 values of
the mean LFQ intensities calculated from analytical duplicates.
The physicochemical parameters of proteins, including
molecular weight (Mw), isoelectric point (pI), and grand
average of hydropathicity (GRAVY), were calculated from the
primary sequences using the ProtParam software (www.expasy.
org/resources/protparam).

2.12. Statistical Analysis. The MS Office Excel 2013 and
GraphPad Prism 8 software were used for statistical analysis of
the data. The results are presented as the means and standard
deviations for three independent experiments, unless otherwise
specified. The data on the surface charge were compared using
Student’s t test. The data on the protein amounts were
compared using one-way analysis of variance (ANOVA)
followed by Tukey’s test for multiple comparison between
samples by means of the GraphPad Prism 8 software. The
differences were considered significant at p < 0.05.

3. RESULTS AND DISCUSSION
3.1. Engineering of Core/Shell and Shell Micro-

particles. The common approach to controlled synthesis of
CaCO3 MPs using additives allows obtaining MPs of various
sizes. In this study, we used an aqueous solution of poly(vinyl
alcohol) and methylcellulose as a thickening agent to obtain
CaCO3 cores with a mean size of ∼2 μm (Figure S1A). SEM
images show that the cores had a spherical shape and highly
porous surface, which is typical for the vaterite crystalline form
of calcium carbonate33 (Figure S1B). Optical microscopy also
confirmed the spherical shape of the CaCO3 particles and the
absence of the calcite polymorph (data not shown). Formation
of the vaterite polymorph of calcium carbonate is critical for
further use in biomedical applications and can be provided by
controlling the synthesis conditions. In our study, the
conditions of synthesis (temperature, salt concentrations, and
presence of a thickening agent) yielded CaCO3 particles of the
vaterite polymorph with a narrow size distribution.
Using CaCO3 cores as templates, we obtained core−shell

and shell MPs via layer-by-layer deposition. The polyelec-
trolyte shell was formed by alternating polycation (PAH) and
polyanion (PSS) layers, with an outer layer of polyacrylamide
acid (PAA). Changes in the surface charge during multilayer
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shell formation were determined by means of Doppler
microelectrophoresis (Figure S1C). The initial CaCO3 MPs
had a small negative charge, which allowed us to apply PAH as
the first polyelectrolyte layer of the shell. Applying PAA in the
final step of polyelectrolyte shell formation ensured a large
negative surface charge. These results demonstrate the
successful deposition of polyelectrolyte layers accompanied
by alternation of positive and negative ζ-potentials of the MPs,
which yielded a polyelectrolyte shell consisting of the following
layers: (PAH/PSS)4/PAH/PAA. Core/shell MPs were in-

cubated with excess EDTA to remove the CaCO3 cores and
obtain shell MPs.

3.2. Characterization of the Structure and Surface
Properties of the Core/Shell and Shell Microparticles.
The morphology of the obtained core/shell and shell MPs was
estimated by SEM (Figure 1A). Analysis of SEM images
showed that the core/shell MPs had a spherical shape similar
to that of the CaCO3 cores, whereas the shell MPs were
somewhat elongated, probably due to the absence of the core
in their structure. The size and surface topographies of MPs
with different structures were analyzed by means of atomic

Figure 1. Physicochemical and structural characteristics of the microparticles (MPs) with different structures. (A) Scanning electron microscopy
images of core/shell polyelectrolyte MPs obtained by layer-by-layer deposition and shell MPs obtained after core removal. (B) Atomic force
microscopy images of core/shell and shell MPs in PBS; the size of the zoomed regions is 1.0 × 1.0 μm2. (C) Surface charges (ζ-potentials) of core/
shell polyelectrolyte MPs obtained by layer-by-layer deposition and shell MPs obtained after core removal, comparison using Studentʼs t test, N = 8
(* p < 0.05). (D) Size distribution of core/shell and shell MPs obtained by means of optical microscopy. (E) Schema of the preparation of core/
shell and shell MPs based on CaCO3 cores. PVA, poly(vinyl alcohol); MC, methylcellulose; PAH, poly(allylamine hydrochloride); PSS,
poly(sodium 4-styrenesulfonate); PAA, poly(acrylic acid).
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force microscopy both in air (Figure S2A) and in liquid (PBS)
(Figure 1B). In PBS, the core/shell and shell MPs had similar
heights of 2.2 ± 0.4 and 2.2 ± 0.7 μm, respectively, while dried
shell MPs had a substantially lower height of 1.2 ± 0.3 μm,
versus 1.9 ± 0.3 μm for core/shell MPs (Figure S2B), which
confirmed the dissolution of the core in the shell MPs. Both
core/shell and shell MPs had a rough surface with similar root-
mean-squared surface roughness of 32 ± 3 and 31 ± 11 nm,
respectively. The MPs also had similar Young’s modulus of 3.5
± 1.3 MPa for core/shell MPs and 3.3 ± 1.3 MPa for shell
MPs (nonsignificant difference, Studentʼs t test), as measured
by AFM in PBS. The close values of Young’s moduli could be
due to the large number of polyelectrolyte layers in the shell,
which provides mechanical strength in the absence of the core,
as indicated earlier.34

The ζ-potential measurements showed that both types of
MPs had a negative surface charge. However, the shell MPs
had a significantly larger negative surface charge (p < 0.05,
Studentʼs t test), which also indicated changes in the surface
characteristics caused by removal of the core (Figure 1C).
Both types of MPs were characterized by a narrow size
distribution with similar mean sizes, 2.11 ± 0.38 and 2.04 ±
0.35 μm for core/shell and shell MPs, respectively (Figure
1D). As a result, we obtained two types of MPs with similar
sizes and identical compositions of the polyelectrolyte shell but
different structures (Figure 1E). Thus, our results clearly
indicate that modification of the MP structure (removal of the
core) leads to changes in the shape, surface charge, and
morphology.

3.3. Characterization of Protein Adsorption on the
Microparticles with Different Structures by SDS-
Polyacrylamide Gel Electrophoresis. Study of protein
adsorption on the surface of engineered particles in biological
fluids is a topical subject in biomedicine. Understanding the

factors affecting the composition of absorbed proteins and
their influence on subsequent interaction of MPs with cells and
tissues is crucial for fabricating safer and more effective
particle-based biomedical tools. In this study, we analyzed the
influence of the structure of polyelectrolyte MPs on protein
adsorption in human serum and plasma. Figure 2A shows the
design of experiments for estimating the quantitative and
qualitative differences in protein adsorption on different types
of MPs.
Samples containing proteins eluted from the surface of core/

shell and shell MPs after their incubation with serum or plasma
were analyzed by using SDS-PAGE in a 12% resolving gel
(Figure 2B). Analysis of the number and location of protein
bands in each lane shows clear differences between the samples
eluted from core/shell and shell MPs. The electrophoregrams
of most samples have intense bands that are absent in those of
the control samples of diluted serum and plasma (Figure 2B,
lanes S and P, respectively), which indicates accumulation of
specific proteins on the MP surface. We also detected some
differences in the band pattern between the samples obtained
using the same types of MPs incubated with different blood
derivatives (serum and plasma).
Semiquantitative densitometric analysis of experimental

samples and reference samples containing known amounts of
BSA was used to estimate the total amount of protein adsorbed
on the surface of MPs (Figure 2C). This amount was
significantly higher for shell MPs than for core/shell MPs
incubated with serum or plasma (one-way ANOVA with
Tukey’s test, p < 0.05) (Figure 2B). This phenomenon can be
explained by differences in the surface charge and topology of
MPs with different structures. Incubation of MPs with serum
or plasma did not significantly influence the amount of
proteins bound to the same type of MPs. In addition, it has
been shown that PAH/PSS microcapsules effectively adsorb

Figure 2. (A) Schematics of the preparation of samples eluted from the surface of core/shell and shell MPs after their incubation with human
serum or plasma. Created with BioRender.com. (B) Results of the SDS-PAGE of the samples eluted from the surface of core/shell and shell MPs
after incubation at 37 °C for 24 h with human serum (S) or plasma (P). Lane m contains protein molecular weight markers (kDa). (C) Amount of
protein per particle adsorbed on the core/shell and shell MPs after their incubation with serum or plasma as estimated by means of densitometry;
comparison of samples using one-way ANOVA with Tukey’s test for multiple comparison, N = 3 (* p < 0.05).
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proteins (BSA) due to their interaction with charged groups of
the internal polyelectrolyte complex,35 which explains the high
adsorption capacity of the shell MPs.

3.4. Identification of Proteins Adsorbed on Micro-
particles with Different Structures by Means of Liquid
Chromatography−Tandem Mass Spectrometry. We used
mass spectrometry analysis of eluates from the surface of MPs
to detect qualitative and quantitative differences in the
composition of proteins adsorbed on the two types of particles.
LC-MS/MS analysis identified 357 individual proteins in
samples obtained from the surface of core/shell and shell MPs
after their incubation with serum and plasma. A complete list
of the proteins is presented in the Supporting Information
(Table S1). Among these proteins, 183 were found in all
samples. In samples of core/shell MPs incubated with serum or
plasma, five unique proteins were detected; in samples of shell
MPs incubated with serum or plasma, two unique proteins. In
samples obtained after incubation of both types of MPs with
serum, nine unique proteins were detected; in samples
obtained after incubation of both types of MPs with plasma,
eight unique proteins.
The amounts of proteins in different samples were estimated

from the mean LFQ intensities calculated from two replicates
(Figure 3A). All proteins were divided into groups according
to their physiological functions: apolipoproteins, coagulation
system proteins, complement system, immunoglobulins, and
others (Figure 3B). The Other group includes a wide range of
proteins, such as cytokines, acute phase proteins, hormones,
and cell membrane and intracellular proteins. Albumin formed

a separate group because of its high content in all samples
(5.10−8.64%). The amount of apolipoproteins was noticeably
higher in samples of core/shell MPs (17.42 and 13.77% for
samples incubated with serum and plasma, respectively) than
in samples of shell MPs (8.39 and 8.80%, respectively). On the
other hand, proteins of the complement system were more
abundant in the samples obtained from shell MPs (14.02 and
12.93%) than in samples of core/shell MPs (9.81 and 11.64%)
incubated with both serum and plasma, respectively. Similarly,
immunoglobulins were more abundant in samples of shell MPs
incubated with serum and plasma (23.12 and 21.88%,
respectively) than in those of core/shell MPs (11.16 and
17.55%, respectively). The highest relative amount of
coagulation proteins was found in the sample of core/shell
MPs incubated with plasma (17.67%), their amounts in other
samples being close to one another.
Among immunoglobulins, IGHG1, IGKC, and IGHM were

the most abundant. In the group of complement proteins, both
activators and inhibitors were present, with the largest amounts
(>1%) of complement components C1q, C3, C9, complement
factor H, and CFH-related protein 1. The group of
apolipoproteins with relative LFQ intensities in samples >1%
consisted of ApoA1, C3, E, A4, and C1 proteins. Among other
proteins, HSA, vitronectin, and platelet factor 4 were the most
abundant in all of the samples analyzed (Figure 3A). Thus, LC-
MS/MS analysis revealed differences in protein composition
between samples obtained after incubation of core/shell and
shell MPs with serum and plasma in terms of the presence/

Figure 3. (A) Heatmap of label-free quantification intensities of major proteins (>1% of the total protein content) adsorbed on core/shell and shell
microparticles after incubation with serum or plasma. Created using the Heatmapper (http://www.heatmapper.ca/). (B) Relative amounts of
proteins divided into groups according to their biological functions in samples obtained from core/shell and shell microparticles after their
incubation with serum or plasma. The Apolipoproteins group includes 15 proteins; Coagulation, 33 proteins; Complement system, 27 proteins;
Immunoglobulins, 34 proteins; Other, 244 proteins. Albumin forms a separate group because of its large amounts in all samples. The data are
presented as the mean and standard deviation calculated from two replicates.
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absence and relative amounts of individual proteins, as well as
distribution of proteins into groups.

3.5. Biological Significance of the Adsorption of
Specific Proteins on the Microparticles. It is known that
adsorption of proteins on the surface of particles may affect
their targeting, biodistribution, and elimination by the immune
system. HSA is the most abundant protein in serum and is a
common component of the protein corona of various particles.
HSA is frequently used to block nonspecific interaction of cells
with biomaterials, but, at the same time, HSA adsorption has
been shown to be associated with platelet activation.36 In our
study, albumin was the most abundant protein in the
adsorption layer of both core/shell and shell MPs. Another
protein with a high relative amount in all samples, vitronectin,
promotes monocyte adhesion.37 Interestingly, spontaneous
coating of drug delivery particles with vitronectin after their
incubation with human plasma resulted in efficient uptake of
particles by cancer cells.38 Platelet factor 4, whose content in
the adsorption layer on core/shell MPs was relatively high,
increases particle uptake by endothelial cells.39 Therefore,
differences in the adsorption of specific proteins on MPs of
different types may affect their interaction with cells and
elimination by the immune system.

3.6. Possible Effects of the Adsorption of Immuno-
globulins and Complement Proteins on the Micro-
particles. Immunoglobulins and complement proteins
enhance macrophage recognition and uptake of particles,
thus reducing their blood circulation time.40 Complement
component C3 is a key activator of the complement system
that regulates both classical and alternative pathways. Binding
of C3 to biomaterial and particle surface has been found to be
related with monocyte and B-cell adhesion.18,41 Complement
component C1q has been shown to induce complement
activation and enhance opsonization of particles with C3.42

The presence of immunoglobulins in the protein adsorption
layer on nanoparticles triggers their opsonization with
complement proteins.17 In our study, shell MPs adsorbed
higher amounts of both complement proteins (C1q and C3)
and immunoglobulins, which can be explained by the
aforementioned mechanisms. On the contrary, the presence
of complement factor H on the surface of different foreign
materials is known to significantly inhibit complement
activation via an alternative pathway.43,44 Note that the shell
MPs also adsorbed larger amounts of complement factor H
and CFH-related protein 1.

3.7. Possible Effects of the Adsorption of Apolipo-
proteins on the Microparticles. Apolipoproteins consti-
tuted another group of proteins whose content noticeably
differed between core/shell and shell MPs. Apolipoproteins are
involved in the transport of lipids and maintenance of the
structure of lipoprotein particles, as well as function as
cofactors of lipid metabolism enzymes.45 In the context of
biomedical applications of particles, apolipoproteins can affect
the blood circulation time and cell uptake. Apolipoproteins B
and E enhance the transport of drug-loaded nanoparticles
through the blood−brain barrier.46 A study of the protein
corona formed on polymeric nanoparticles has demonstrated
different effects of adsorbed proteins: apolipoproteins A4 and
C3 significantly inhibit cellular uptake, whereas apolipoprotein
H enhances it.47 The presence of apolipoprotein A-I in the
protein coronas of different nanoparticles is negatively
correlated with macrophage uptake and clearance rates.48

ApoA1 has been shown to be the key protein modulating the

blood circulation time of particles depending on their
elasticity.49 In our study, apolipoproteins modulating the in
vivo behavior of particles (ApoA1, ApoE, ApoA4, and ApoC3)
were detected in all samples, with a higher content in core/
shell MPs.

3.8. Differences in the Adsorption of Proteins Related
to Blood Coagulation. Among proteins related to blood
coagulation, fibrinogen (α, β, and γ chains) prevails in samples
incubated with plasma, which is explained by the differences
between plasma and serum compositions. However, fibrinogen
was also found in samples of MPs incubated with serum,
because some fibrinogen is known to remain in serum even
after most of it has been removed in the form of the fibrin clot
during serum preparation.50 Fibrinogen adsorption onto the
surface of biomaterials is considered to be an important
mechanism promoting cell adhesion and ensuring their
biocompatibility. However, the total amount of adsorbed
fibrinogen is poorly correlated with platelet adhesion, whereas
its conformation, associated with the availability of platelet-
binding peptides, exhibits a strong correlation with this
process.51 In contrast, prothrombin and antithrombin were
more abundant in the samples of MPs incubated with serum
than in those incubated with plasma. Prothrombin is the
inactive form of thrombin, a serine protease that catalyzes the
conversion of fibrinogen into fibrin and activation of
platelets.52 The presence of thrombin on the surface of
nanoparticles is correlated with fibrinogen activation.53

Antithrombin III is a member of the serpin superfamily,
which regulates the proteolytic activity of coagulation factors.54

Binding of antithrombin III into a complex with heparin is
used for enhancing the anticoagulation properties of
biomaterial surfaces.55 Plasminogen, the precursor of plasmin,
a protease involved in fibrin clot degradation, was present in
comparable amounts in all of the analyzed samples. Develop-
ment of affinity surfaces with affinity for plasminogen is a
useful approach to obtaining fibrinolytic surfaces.56 The
proportions of procoagulation and anticoagulation factors in
the adsorption layer of MPs seem to determine their effect on
blood clotting.
In general, protein adsorption onto particles in a biological

environment strongly modulates their subsequent biological
behavior, including the interaction with cells, distribution, and
targeting as well as the immune response to them. For
example, a study on the protein adsorption on amphiphilic
nanoparticles has shown that the presence of HSA, comple-
ment proteins, apolipoproteins, immunoglobulins, and proteins
involved in the coagulation cascade (fibrinogen and
prothrombin) weakens nanoparticle−cell interactions and
reduces the cytotoxic and hemolytic effects.57 Thus, differences
in the content of adsorbed proteins between core/shell and
shell MPs used in this study may cause differences in the
biological response to these MPs. However, prediction of the
biological response based on protein identification alone is
difficult due to the complexity of this process.58 Our study can
continue to investigate protein adsorption on MPs with
different structures and surface properties in connection with
the biological responses to these MPs.

3.9. Physicochemical Characterization of the Proteins
Adsorbed on the Microparticles with Different Struc-
tures. We compared three physicochemical characteristics of
the proteins identified in the samples, Mw, pI, and GRAVY,
which is considered a suitable parameter for assessing the
hydrophilicity/hydrophobicity of proteins.59 The proportions
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of proteins grouped according to their Mw, pI, and GRAVY
were almost identical in all samples of the MPs. Proteins with
Mw between 50 and 100 kDa constituted the major part of all
adsorbed proteins (33.03−40.02%), and proteins with Mw >
100 kDa were the least abundant (Figure 4A). The ratio
between the proteins with molecular weights of 5−25 and 25−
50 kDa varied in different samples: in core/shell MPs
incubated with serum and shell MPs incubated with either
serum or plasma, the relative amount of 5−25 kDa proteins
was higher, whereas in core/shell MPs incubated with plasma,
25−50 kDa proteins were more abundant. Regarding pI values
(Figure 4B), negatively charged proteins were prevailing in all
samples: the relative abundance of proteins with pI < 6 varied
between 47.58 and 50.03% and those with a pI of 6−7,
between 26.54 and 35.18%. The proportion of proteins with a
pI of 7−8 was the lowest in all samples (2.90−4.42%). The
amount of proteins with pI > 8 was almost the same in core/
shell MPs incubated with plasma and shell MPs incubated with
either serum or plasma (13.30−13.53%), and it was larger in
core/shell MPs incubated with serum (22.19%). Because MPs
used in this study had a negative ζ-potential, we assume that
their preferential interaction with negatively charged proteins is
determined by nonelectrostatic forces, e.g., hydrogen bonds.
We also suppose that the outer layer of the polyelectrolyte shell
consists of a mixture of PAH and PAA molecules, which can
explain the high content of negatively charged proteins
(albumin and apolipoproteins). In addition, heterogeneity of
the protein surface charge distribution can lead to the
formation of complexes of acidic proteins with negatively
charged polyelectrolytes.60 The GRAVY score distribution
(Figure 4C) demonstrated that most adsorbed proteins were
hydrophilic (GRAVY < 0), but hydrophobic proteins were also
found in all samples (4.75−10.70%). More than half of all
identified proteins had slightly negative GRAVY scores
(between −0.5 and 0), and less than 1% had GRAVY scores
lower than −1.0. Thus, most proteins in all samples had
molecular weights between 50 and 100 kDa, negative charges
in the physiological environment (pI < 6), and GRAVY scores
between −0.5 and 0 (i.e., they were hydrophilic). In general,
the physicochemical characteristics of the proteins adsorbed on
the core/shell and shell MPs did not differ noticeably from
each other.

3.10. Influence of Biological Media Used for
Incubation on the Protein Adsorption Pattern. Most
studies used only one blood derivative as a source of proteins.
In contrast, we incubated MPs with both serum and plasma as
biologically relevant media. The results showed differences in
the composition of adsorbed proteins between MPs of the
same type incubated with serum and plasma. Our results agree
with the data on protein adsorption from serum and plasma
onto methacrylic acid copolymer beads.58 These results should
be taken into account in planning studies on the interaction of
engineered particles with components of the biological
environment.

4. CONCLUSIONS
Polyelectrolyte MPs and microcapsules are promising tools
with great potential in biomedical applications. However, the
inevitable interaction of engineered particles with constituents
of biological media and their possible effects on the
functioning and safety limit their wide use. The key factors
influencing this interaction are the physicochemical parameters
of the particles, including their size and surface charge as well
as their functionalization. Here, we have compared the
interaction of human serum and plasma proteins with
polyelectrolyte MPs of two types differing in structure: core/
shell MPs and shell MPs with a dissolved core. SDS-PAGE and
LC-MS/MS have been used to identify qualitative and
quantitative differences in the protein adsorption pattern
between core/shell and shell MPs, as well as between MPs
incubated with blood serum and plasma. We have demon-
strated that some protein groups, such as lipoproteins, are
predominantly adsorbed onto core/shell MPs, and others, such
as immunoglobulins and complement proteins, are adsorbed
onto shell MPs. Adsorbed lipoproteins are known to affect the
blood circulation time and cell adhesion of particles.
Immunoglobulins and lipoproteins can also modify the
interaction of particles with cells, complement activation, and
the uptake of the particles on which they are adsorbed. Because
protein adsorption is crucial for biological response to
engineered particles and biomaterials, these differences should
be considered in the design of MPs to improve their
biomedical performance. The observed differences in the
composition of proteins adsorbed on the surface of MPs with

Figure 4. Relative label-free quantification intensities of proteins grouped according to their (A) molecular weights (Mw), (B) isoelectric points
(pI), and (C) grand average of hydropathicity (GRAVY) scores adsorbed on core/shell and shell MPs upon their incubation with serum or plasma.
The Mw, pI, and GRAVY were calculated on the basis of the primary sequences of the proteins using ProtParam software.
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different structures can be used for the selective adsorption of
various proteins. The results of our study add to the
understanding of factors affecting protein adsorption on
polyelectrolyte MPs and can be used in the development of
particle-based applications.
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