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ABSTRACT: Superparamagnetic iron oxide nanoparticles w5
(SPIONS) are recognized as one of the most beneficial tools for oas i ise
biomedicine, especially in theranostic applications. Even though »i% poes
SPIONSs have excellent properties regarding their biocompatibility
and unique magnetic properties, they lack stability in biological
fluids. To stabilize and increase the specificity of the SPIONs to = i
target desirable cells or tissues, several surface coatings have been
introduced. These surface coatings can lead to different preferences
of serum protein bindings, which ultimately determine their
behaviors in vitro and in vivo. Thus, understanding the interaction
of SPIONs with biological systems is important for their
biocompatible design and clinical applications. In this study,
using proteomic analyses, we analyzed the protein corona
fingerprints on SPIONs with two different coatings, including citrate and riboflavin, that have been widely used as surface
coatings and ligands for enhancing cellular uptake in breast cancer cells. Though both citrate-coated SPIONs (C-SPIONs) and
riboflavin-coated SPIONs (Rf-SPIONs) showed similar sizes and zeta potentials, we found that Rf-SPIONs adsorbed more serum
proteins than bare SPIONs (B-SPIONs) or C-SPIONs, which was likely due to the higher hydrophobicity of the riboflavin. The
enriched proteins consisted mainly of immune-responsive and blood coagulation proteins with different fingerprint profiles. Cellular
uptake studies in MCF-7 breast cancer cells comparing the activities of preformed and in situ coronas showed different uptake
behaviors, suggesting the role of protein corona formation in promoting the interaction between the SPIONs and the cells. The
results obtained here provide the essential information for further development of the potential strategy to reduce or stimulate
immune response in vivo to increase therapeutic applications of both C-SPIONs and Rf-SPIONS.
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1. INTRODUCTION

In the past decades, superparamagnetic iron oxide nano-
particles (SPIONs) have been extensively studied and utilized
as contrasting agents in magnetic resonance imaging (MRI)
and for treatment in magnetic hyperthermia (MH) due to their
excellent biocompatibility and magnetic properties. To

environments, which is important for their safe design and
efficient biomedical applications.

With the revelation of its importance, the study of corona
compositions of different types of NPs became of interest. This
was made possible through the development of shotgun
proteomic techniques. A past study on poly(lactic-co-glycolic
acid) (PLGA) NPs showed that the corona compositions
changed in response to their surface chemistry but not to the
particle sizes.'’ Similar studies were done for coronas of iron

improve their stability in biological fluids and increase their
specificity to target sites, several surface coatings have been

introduced."” Different surface coatings can lead to different
preferences of protein binding on the surface of nanoparticles
(NPs) called “protein corona”, which ultimately determines its
behavior in vitro and in vivo.” The most evident outcome is in
the interaction of NPs with macrophages which directly affect
their circulation time.”> Furthermore, formation of protein
coronas can alter the toxicity of the NPs toward mammalian
cells in both positive®” and negative ways.”” Therefore, the
study of protein corona compositions, even though not
sufficient for full prediction, could provide us a brief context
of how the NPs would interact with their biological
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oxide nanoparticles by Sakulkhu et al,, and they found that size
and surface charges of the SPIONs influenced both the corona
compositions and their binding strength.'' Further studies by
the same group revealed that the surface chemistry of SPIONs

Received: July 14, 2022
Accepted: September 29, 2022
Published: October 12, 2022

https://doi.org/10.1021/acsomega.2c04440
ACS Omega 2022, 7, 37589—-37599


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wid+Mekseriwattana"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tipparat+Thiangtrongjit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Onrapak+Reamtong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patompon+Wongtrakoongate"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kanlaya+Prapainop+Katewongsa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kanlaya+Prapainop+Katewongsa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c04440&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04440?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04440?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04440?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04440?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04440?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/42?ref=pdf
https://pubs.acs.org/toc/acsodf/7/42?ref=pdf
https://pubs.acs.org/toc/acsodf/7/42?ref=pdf
https://pubs.acs.org/toc/acsodf/7/42?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.2c04440?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://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://acsopenscience.org/open-access/licensing-options/

ACS Omega

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

A

B-SPION

Figure 1. (A) Scheme representing the surface chemistry of B-, C-, and Rf-SPIONs. (B—D) TEM images of B-, C-, and Rf-SPIONS, respectively.

also plays a huge role in determining their interactions with
serum proteins.12

To further address this aspect, here we study the
composition of protein corona on the SPIONS in fetal bovine
serum (FBS) for three types of particles, bare SPIONs (B-
SPIONS), citrate-coated SPIONs (C-SPIONS), and riboflavin-
coated SPIONs (Rf-SPIONs) through proteomic analyses.
Citric acid is one of the most commonly used anionic surface
stabilizers for SPIONs."® In addition, riboflavin (Rf) is also a
promising ligand that has been increasingly used on several
types of particles such as PLGA, dendrimer, or SPIONs due to
its property of enhancing cellular uptake in several estrogen-
related cancer cells."”" It has been shown recently by our
group that multicore SPIONs with both surface coatings have
excellent properties as MRI contrast agents and MH agents.”
The SPIONS, having a clustered morphology, exhibit excep-
tionally high T, values, which can be considered as one of the
highest T, responses among the SPIONs synthesized from co-
precipitation methods. Their MH responses were also
considerably sufficient for tumor heating when excited with
the alternating magnetic field under biological limits. Here, to
compare their corona compositions, corona proteins were
analyzed in terms of their physical properties and biological
activities. A distinct corona binding pattern was found from the
Rf-SPIONs and could be related to their enhanced cellular
internalization in breast cancer cells.

2. EXPERIMENTAL SECTION

2.1. Materials. Ammonium bicarbonate (NH,HCO,),
dithiothreitol (DTT), a-iodoacetamide, acetonitrile, formic
acid, and trypsin were obtained from Sigma-Aldrich.
Coomassie blue G-250 was purchased from Bio-Rad, CA,
USA. MCF-7 (HTB22) cells were purchased from American
Type Culture Collection (ATCC). All cell culture materials,
including Dulbecco’s modified Eagle’s medium (DMEM), FBS
(lot number: 42A0071K), penicillin/streptomycin solution (P/
S), and trypsin—EDTA solution were obtained from Gibco,
UK.

2.2. Synthesis of SPIONs. B-SPIONs were prepared
according to the previously reported methods by a co-
precipitation synthesis of FeCl, and FeCl; under basic
conditions.” Coating of the SPIONs was further done either
by using trisodium citrate dihydrate to yield C-SPIONs, or Rf
conjugate” to yield Rf-SPIONs. The coating process involved
mixing B-SPIONs (50 mg) and the ligand (50 mg) in Milli-Q
water and heated at 90 °C under vigorous stirring for 90 min.
The resulting SPIONs were washed and separated by magnetic
decantation for C-SPIONs and by centrifugation at 10,000
rpm for Rf-SPIONSs. The scheme and the TEM images of the
bare and coated SPIONs are shown in Figure 1.

2.3. Protein Corona Formation. B-, C-, or Rf-SPIONs
were dispersed in DMEM containing 10% of FBS to the final
concentration of 0.2 mg mL™" in a low-retention microtube.
The tubes were placed upright and incubated for 1 h at 37 °C
under constant shaking at 100 rpm. After incubation, the
SPION coronas were isolated by centrifugation at 9500 g for
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10 min and washed with PBS. The processes were repeated
twice, and the coronas were stored at 4 °C for further analyses.
Here on, the coronas will be referred to as corona@B-SPION,
corona@C-SPION, and corona@Rf-SPION.

2.4. Hydrodynamic Diameter Measurement. The
hydrodynamic diameter (Dy) of the coronas was measured
by dynamic light scattering technique using a Zetasizer Ultra
(Malvern Panalytical, UK). The samples were prepared by
dispersing the isolated coronas in 1 mL of Milli-Q water or
non-supplemented DMEM to the final concentration of 0.01
mggpion ML™! immediately before the size determination.

2.5. Identification of Protein Corona by SDS-PAGE.
The corona@SPION pellets were resuspended in Laemmli
loading buffer (Sigma-Aldrich) and denatured by heating at 90
°C for 10 min. Each sample, containing 75 ug equivalent
amount of SPIONS, was loaded onto 12% SDS-polyacrylamide
gels. A constant electrical voltage of 120 V was applied to the
gels until the front dye reached the bottom of the gels. The
separated protein bands were visualized by staining with
Coomassie blue G-250. The intensity of each lane was
measured and reported as the relative intensity to the marker
lane using Fiji software."®

2.6. In-Gel Digestion. Each gel lane was excised into 12
pieces and was destained separately in a solution of 50%
acetonitrile in 25 mM NH,HCOj overnight. After destaining,
proteins were reduced using 4 mM DTT in 50 mM NH,HCO;
solution at 60 °C for 15 min. Proteins were then cysteine
alkylated with 250 mM solution of a-iodoacetamide for 30 min
in dark conditions. The reaction was quenched with 4 mM
DTT in 50 mM NH,HCO; for 5 min at room temperature.
The gel pieces were dehydrated in acetonitrile and left for 1 h
to dry. To digest the peptides, 10 ug mL™' solution of
proteomics-grade trypsin in 50 mM NH,HCO; was added and
left at room temperature for 15 min. Acetonitrile and 50 mM
NH,HCOj; were added, and the gel pieces were incubated at
37 °C overnight. Finally, the fractions of supernatant
containing the extracted peptides were collected and dried
by a centrifugal evaporator (TOMY, Japan). Each sample was
prepared in three independent replicates, and the samples were
stored at —20 °C until further use.

2.7. Protein Identification by Mass Spectrometry. The
peptides were resuspended in 0.1% formic acid and injected
into UltiMate 3000 nano-liquid chromatography (nano-LC)
systems (Dionex, Surrey, UK). Peptides were separated using a
C18 column (Thermo Scientific, Waltham, MA) at a flow rate
of 300 nL min~'. Mobile phase A was 0.1% formic acid in
water and mobile phase B was 80% acetonitrile in 0.1% formic
acid. The elution was done by a 30 min gradient from 4%
mobile phase B to 50% mobile phase A. The separated
peptides were then infused to a micrOTOF-Q (Bruker
Daltonics, Bremen, Germany). The mass spectrometry and
tandem mass spectrometry covered the mass ranges of m/z
400—-2000 and m/z 50—1500, respectively. The mass
spectrometric data were processed and converted to MGF
(Mascot Generic Format) using DataAnalysis software. The
MGEF files were searched against the UniProtKB/Swiss-Prot
mammalian database [downloaded on February 2, 2019,
containing 515203 reviewed sequences using Mascot Daemon
software (version 2.3.02, Matrix Science, USA)].

2.8. Data Analysis. The protein quantities were reported
as the exponentially modified protein abundance index
(emPAI) value.'” Keratins were discarded from the identified
protein pools. The remaining proteins were screened by

selection of bovine-associated proteins. Following the screen-
ing, the proteins which were identified in only one replicate
were discarded. The remaining were then classified according
to their biological functions based on gene ontology using
UniProtKB (https://www.uniprot.org) as blood coagulation
(BC) proteins, immune response (IR) proteins, lipoproteins
(LP), regulation of insulin-like growth factor (IGF), oxygen
transport (OT) proteins, and other serum components (OC).
Other protein properties were also summarized and used for
comparison, including the isoelectric point (pI) and weight-
average molecular weight (M,,).

2.9. Cell Culture. MCF-7 breast cancer cells were cultured
in DMEM supplemented with 10% FBS and 1% P/S. Cells
were maintained at 37 °C with 5% CO, in a humidified
incubator. Subculture was done at 80% confluency using 0.25%
trypsin—EDTA, and the media were changed every 4 days.

2.10. In Vitro Cellular Uptake. Cells were seeded into a 6-
well plate (2 mL, 2 X 10° cells mL™"). After incubation for 24
h, the media were discarded and replaced with fresh serum-
supplemented DMEM containing 100 ug mL™' of the
preformed corona@SPIONs. Another set of experiments
were performed by treating the cells with SPIONs, freshly
dispersed in media, to evaluate the cellular uptake of the
coronas when they are formed in situ. After incubation (4, 12,
and 24 h), the media were discarded, and the cells were
washed once with PBS and trypsinized before fresh DMEM
were added. Then, the cells were transferred to a microtube
and collected by centrifugation (1924 g, S min). Collected cells
were rinsed with ice-cold PBS, followed by fixation with 3.6%
formaldehyde on ice. After fixation, cells were separated by
centrifugation and redispersed in PBS. Flow cytometry was
performed using Attune NxT (ThermoFisher Scientific, MA,
USA) and BD Accuri C6 plus (BD, NJ, USA) flow cytometers,
where a fixed number of 10,000 gated events were collected
and analyzed. Gating was done by following the reported
method," and the cellular uptake levels were evaluated by
measuring the mean side scattering signal (SSC-A) of each
treatment condition and normalized by the signals of the
control experiments.

3. RESULTS

3.1. Corona@SPION Formation. Protein coronas of the
SPIONs were formed by incubating the NPs in FBS-
supplemented cell culture media. Formation of the coronas
was first observed by increasing the Dy of the SPIONs. The
initial Dy of all the SPIONS, including B-, C-, and Rf-SPIONS,
were approximately 100—150 nm. Following corona formation,
the Dy increased to approximately 300 nm for B- and C-
SPIONS, and up to 400 nm in case of the corona@Rf-SPION
when dispersed in water or DMEM. Another evidence of
corona formation was observed from the change of zeta
potential as shown in B-SPIONs where the zeta potential
shifted from a positive to a negative value upon formation of
corona@B-SPION. The complete Dy; of the SPIONs and the
coronas are summarized in Table 1.

The coronas were then isolated and subjected to SDS-PAGE
where the protein patterns were observed by Coomassie blue
staining (Figure 2A). From the gel, distinct protein pattern and
amount as indicated by different band intensities of each
corona were observed. Overall, the major protein bands were
observed in the regions of 55 to over 180 kDa, with the most
intense band appearing at approximately 70 kDa. The intensity
of each lane, which corresponds to the amount of the proteins,
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Table 1. Dy and Zeta Potential of the SPIONs and Their
Protein Corona—SPION Complexes in Different Dispersion
Media

dispersion zeta potential
Sample media Dy (nm) PdI mV)
B-SPIONs water 143 +2 0.2 22 +£0.5
DMEM 1347 + 37 0.3
C-SPIONSs water 122 £ 0.3 0.2 -34+ 04
DMEM 870 + 21 0.3
Rf-SPIONS water 119+ 1 0.2 -35+1
DMEM 805 + 16 0.2
corona@B-SPION water 273 £3 0.2 -34+1
DMEM 236 + 2 0.2
corona@C-SPION water 260 + 1 0.2 —-30 + 0.3
DMEM 353 £3 0.3
corona@Rf-SPION water 346 + 2 0.4 —-34+ 03
DMEM 412 + 29 0.4

was analyzed using Fiji software and presented in Figure 2B. Of
the three samples, corona@Rf-SPION (lane 3) showed the
highest lane intensity, followed by corona@C-SPION and
corona@B-SPION, respectively (lanes 2 and 1).

3.2. Proteomic Analysis of the Coronas. Following
SDS-PAGE, the gels were excised, and the corona proteins
were digested into peptides. The peptides were subjected to
LC—MS/MS and interpreted on their fragmentation data to
identify the proteins in the coronas. Here, the coronas were
prepared and analyzed in three biological replicates, and the
proteins identified in at least two replicates were selected for
further analysis (full lists of identified proteins are shown in
Tables S1—S3).

From the analyses, approximately 40 different proteins were
identified from the coronas of B- and C-SPIONs, while a
higher number of over 50 proteins was found from the Rf-
SPION corona. When grouped according to the type of
coronas (Figure 3A), 22 proteins were found to be common
between the three coronas. The corona@B-SPION and
corona@R{-SPION have 17 unique proteins, while the number
was 2 for corona@C-SPION. Interestingly, C- and Rf-SPIONs
share the highest number of 35 common proteins, compared to

25 proteins shared between B- and Rf-SPIONs and 24 proteins
between B- and C-SPIONS.

The identified proteins from each corona were then
categorized according to their physical properties (Figure
3B,C). The distribution of M,, of the corona proteins was
similar between each sample. Almost 80% of proteins was
found to have a M,, lower than 72 kDa. The distribution
patterns of the pI of the corona proteins were also similar
between groups, where around 60% of the identified proteins
showed pl values between 4 and 7.

The proteins were further categorized into six groups
according to their biological functions, as shown in Figure 3D:
LP, IR proteins, OT proteins, proteins associated with the
regulation of IGF, BC proteins , and the rest as OC. Again, the
patterns of the biological functions were similar between the
coronas of different SPIONs. When considering the proteins
with specific functions (disregarding OC proteins), IR were
found to be the major group of proteins in the coronas,
especially in Rf-SPIONs. The second highest proteins found
were in the group of BC, and followed by the minimal numbers
of LP, OT, and IGF.

The affinity of each type of SPIONs toward different serum
proteins was evaluated by comparing the emPAI values. The
top 20 most abundant proteins in each corona are listed in
Tables 2, 3, 4. Interesting proteins, including serum albumin,
clusterin, complement factors, and apolipoproteins, were
picked from the protein pool and their abundances were
compared as shown in Figure 3E. Corona@B-SPION showed
the least protein abundances among the three samples. The
most abundant protein found was serum albumin, while the
affinities with complement factors and apolipoproteins were
minimal. In contrast, C- and Rf-SPIONs showed higher
affinities toward all the proteins, except for apolipoprotein A-II
which was not observed in Rf-SPION corona.

3.3. Cellular Uptake of the Corona-SPIONs in Breast
Cancer Cells. Prior to cellular uptake experiments, the
biocompatibility of the SPIONs with the cells was ensured
by performing MTT cell viability assay and the results are
shown in Figure S1. The impact of corona formation on
cellular uptake was evaluated in MCF-7 breast cancer cells
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Figure 2. (A) SDS-PAGE results for protein coronas of B-, C-, and Rf-SPIONSs (lanes 1, 2, and 3, respectively). Lane M represents the protein
markers with M,, in kDa marked. (B) Overall intensities of each sample from the SDS-PAGE gel analyzed using Fiji software. Statistical significance
was analyzed by one-way ANOVA with p < 0.05 (*) and p < 0.001 (***).
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Table 2. Top 20 Most Abundant Proteins Enriched in B-
SPION Corona

Table 3. Top 20 Most Abundant Proteins Enriched in C-
SPION Corona

protein accession

protein description

MW
(kDa) emPAI

protein accession

protein description

MW
(kDa)  emPAI

AIAT_BOVIN a-1-antiproteinase 46 3.68 HBBF_BOVIN hemoglobin fetal subunit beta 16 19.15
AMBP_BOVIN protein AMBP 39 2.33 HBA_BOVIN hemoglobin subunit alpha 1s 6.67
FETA_BOVIN a-fetoprotein 69 2.21 TETN_BOVIN tetranectin 22 4.36
ALBU_BOVIN serum albumin 69 127 APOE_BOVIN apolipoprotein E 36 3.97
BPT2_BOVIN spleen trypsin inhibitor I 11 0.77 ALBU_BOVIN serum albumin 69 3.34
ANT3_BOVIN antithrombin-III S2 0.68 APOA2_BOVIN  apolipoprotein A-II 11 2.96
GELS_BOVIN gelsolin 81 0.65 FETUA_BOVIN  a-2-HS-glycoprotein 38 2.41
CO2A1_BOVIN  collagen a-1(II) chain (fragments) 71 0.65 APOA1_BOVIN  apolipoprotein A-I 30 1.66
CHRDI1_BOVIN  cysteine and 37 0.56 CFAH_BOVIN complement factor H 140 1.29
hiSttid,inel'fiCh domain-containing ANT3_BOVIN antithrombin-III 2 097
EZRI BOVIN ezI:: e 69 0.50 CO3_BOVIN complement C3 187 0.93
ACTﬁ_BOVIN actin, y-enteric smooth muscle 42 0.40 CO4_BOVIN complefnent _C4 (fragments) 102 056
CFAB_BOVIN  complement factor B 85 038 EE%BEXIVTN ﬁ':l;zz;‘imtemase ‘1*: 8:::
CASK_BOVIN K-casein 21 0.38 - cell-derived chemotaxin-2
CP3AS_BOVIN  cytochrome P40 3A28 $8 036 TSPL_BOVIN  thrombospondin-1 129 045
COF2_BOVIN  cofilin-2 19 036 TTHY BOVIN transthyretin 16 041
DDX52_BOVIN Pr}?:]?gseAggggendem RNA 67 035 PEDF_BOVIN pigment epithelium-derived factor 46 0.37
FAI0_BOVIN  coagulation factor X s4 031 C1QA_BOVIN COSTEiﬁeXt C1q subcomponent 26 035
APOA2_BOVIN  apolipoprotein A-Il 1 028 SI0AC_BOVIN  protein S100-A12 11 0.32
APOE_BOVIN apolipoprotein E 36 0.27 COF1 BOVIN cofilin-1 19 0.29
CFAH_BOVIN complement factor H 140 0.15

when the incubation time was prolonged to 24 h. Among the
samples, corona@Rf-SPION has the highest cellular uptake
activity, with the relative uptake reaching over 2.5 at 12 h. At

(Figure 4A). The uptake levels of all samples increased and
saturated after 12 h incubation. Slight decreases were observed
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Table 4. Top 20 Most Abundant Proteins Enriched in Rf-
SPION Corona

M,
protein accession protein description (kDa)  emPAI

HBBF_BOVIN hemoglobin fetal subunit beta 16 34.32
HBA_BOVIN hemoglobin subunit alpha 15 7.77
APOE_BOVIN apolipoprotein E 36 5.35
ALBU_BOVIN serum albumin 69 3.77
PPIA_BOVIN peptidyl-prolyl cis—trans 18 3.36
isomerase A
APOA1_BOVIN  apolipoprotein A-I 30 2.65
TETN_BOVIN tetranectin 22 2.26
CO4_BOVIN complement C4 (fragments) 102 1.63
CFAH_BOVIN complement factor H 140 1.63
FETUA_BOVIN  a-2-HS-glycoprotein 38 1.32
BPT2_BOVIN spleen trypsin inhibitor I 11 1.17
GELS_BOVIN gelsolin 81 1.14
TTHY_BOVIN transthyretin 16 0.78
RNAS4_BOVIN  ribonuclease 4 14 0.69
CO3_BOVIN complement C3 187 0.61
KLKB1_BOVIN  plasma kallikrein 71 0.56
LECT2_BOVIN leukocyte 16 0.56
cell-derived chemotaxin-2
ANT3_BOVIN antithrombin-IIT 52 0.54
TSP1_BOVIN thrombospondin-1 129 0.52
AMBP_BOVIN  protein AMBP 39 0.46

this condition, the relative uptake of corona@C-SPION was
lower at approximately 1.7 and that of the corona@B-SPION
was the lowest at 1.3.

By forming the coronas in situ, the trends of the cellular
uptake were slightly altered. At 4 h, the uptake levels of all the
SPIONs were comparable with the relative uptake of 1.5
(Figure 4B). Further incubation resulted in the similar trend of
cellular uptake as observed from the preformed coronas. The
level of Rf-SPIONSs was the highest, followed by C- and B-
SPIONS, respectively. The uptake levels at 24 h remained in
the same trend to that of at 12 h but with lower overall activity.

4. DISCUSSION

The SPIONs used in this study were synthesized through a co-
precipitation method, yielding aqueous-stable NPs with a Dy
of approximately 120 nm. The coating of both citrate and Rf
ligands was confirmed through the shift of zeta potential from
the positive value in B-SPIONSs to the negative values in both
C- and Rf-SPIONs, which is due to the presence of carboxylic
functional groups in both cases.

Following the corona formation, Dy of all the SPIONs
increased to over 200 nm. This indicates the formation of the
corona on the surface of the SPIONs. However, the size
differences were larger than the normal size of the coronas
observed from a monolayer or two-layer coatings.'” This large
increase could possibly be due to two reasons. First is that the
morphologies of the starting SPIONs were not individual
particles (Figure 1B—D), as normally found in SPIONs
synthesized by co-precipitation methods where the SPIONs
tend to form agglomerates due to the rapid seeding and growth
of the NPs.”” Therefore, the corona layers were not formed
individually, and the size measured here would be the size of
the clusters of the SPIONS, interacting with the corona
proteins. Another reason could be the aggregation formed
during the centrifugation process to isolate the coronas.”' In
addition, formation of the coronas provides stability to the
SPIONs when dispersed in cell culture medium. The Dy of the
naked SPIONs were found to be close to 1 pm, indicating
severe aggregation (Table 1). While the sizes of the coronas
remained approximately between 200 and 400 nm in DMEM.

The patterns of the coronas observed from SDS-PAGE
showed that the Rf-SPIONs tended to have higher affinities to
the serum proteins when compared to the others. The most
intense band observed in all samples appeared at approx-
imately 70 kDa could be attributed to the serum albumin (M,
= 67 kDa), which is the most abundant protein found in
FBS.*” In addition to the intensities, corona@Rf-SPION also
showed a higher number of protein bands. For example, the
bands appearing between 72 and 180 kDa were not observed
in the lanes of B- and C-SPIONS. These results indicated that
coating the SPIONs with the Rf ligand tends to increase the
interaction of the SPIONs with the serum proteins. These
changes in the protein interaction have proven not to be due to
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Figure 4. Cellular uptake levels of (A) preformed coronas and (B) coronas formed in situ in MCF-7 breast cancer cells.
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the surface charges, since the protein bindings of B- and C-
SPIONs were not different, despite the shifting of the surface
charges from positive to negative (Figure 2A, lanes 1 and 2). In
fact, it is likely due to the hydrophobicity of the surface. Even
though Rf is known as a water-soluble vitamin, its aqueous
solubility is very low when compared to that of citric acid (0.08
mg mL™" for RF® and 2 g mL™" for citric acid** at room
temperature). Therefore, the surface of the Rf-SPIONSs is more
hydrophobic when compared to the citrate coating in C-
SPIONs and the hydroxyl-presenting B-SPIONSs, which could
be responsible for the significant differences in the protein
binding property of the latter. This observation agrees with the
previous research where NPs with a more hzfdrophobic surface
tend to interact more with serum proteins. 526

Next, the corona proteins were identified by injecting the
digested peptides into an LC—MS/MS to obtain the mass
spectra and the data were run against the mammalian
SwissProt database. The proteins found in at least two out of
three biological replicates were selected and the numbers of
identified proteins are summarized in Figure 3A. Among the
samples, corona@R{-SPION showed the highest number of 55
bound proteins, which agrees with the SDS-PAGE results. In
this number, 17 proteins were found to be unique.
Interestingly, corona@Rf-SPION shared a high number of
common proteins with corona@C-SPION with the number of
35 proteins. This is possibly due to the close proximity of the
chemical structure of the ligands, as the Rf conjugate contains
the citric acid moiety, providing a certain amount of similarities
in their surface chemistry.

On the other hand, corona@B-SPION showed fewer
common proteins with both corona@C-SPION and coro-
na@R{-SPION with the number of 24 common proteins each.
This is expected as the surface chemistry and also the surface
charge of B-SPIONs were different from the others. However,
despite the difference in surface coatings, the three NPs shared
22 common corona proteins as summarized in Table 5. The
majority of the proteins in this group tend to have high binding
affinities with NPs, as they have been shown to bind to NPs in
general, regardless of the core materials and surface chemistry.
For example, a-1-antiproteinase, serum albumin, apolipopro-
tein A-I, coagulation factor V, and gelsolin were reported in the
coronas of PLGA NPs."

In the particular case of SPIONs, Sakulkhu et al. showed that
this group of proteins is found in coronas of SPIONs with
different surface chemistry and charges.'” They also found that
surface charges played a more dominant role in NP—protein
interaction in SPIONs with polymeric coatings, which agrees
with our hypothesis that here the coronas were affected more
by the chemistry and hydrophobicity of the SPION surfaces.
Their later work also showed that ex situ analysis of SPION
coronas formed in rat models also have these groups of
proteins as major components,27 suggesting that the proteins
such as albumin and apolipoproteins also interact strongly with
SPIONSs in more complex biological systems.

Recently, Portella et al. also found that SPIONs with
different coatings share a large number of corona proteins.”®
They observed that most of these common proteins show
affinity with divalent metals, suggesting that the incompletion
of surface coatings allow the attachment of these proteins to
the Fe atoms on the SPION surfaces. This resulted in the
similar corona compositions between different types of
SPION. The divalent metal-binding property agrees well
with our results as the common proteins such as a-1-

Table 5. Common Proteins Found in corona@B-SPION,
corona@C-SPION, and corona@R{-SPION

protein accession

protein description

AIAT_BOVIN a-1-antiproteinase
ALBU_BOVIN serum albumin
AMBP_BOVIN protein AMBP
ANT3_BOVIN antithrombin-IIT
APOA1_BOVIN apolipoprotein A-I
APOE_BOVIN apolipoprotein E
CIQA_BOVIN complement C1q subcomponent subunit A
CAP1_BOVIN adenylyl cyclase-associated protein 1
CFAB_BOVIN complement factor B
CFAH_BOVIN complement factor H
CLUS_BOVIN clusterin

CO1A2_BOVIN collagen a-2(I) chain
CO3_BOVIN complement C3
CO4_BOVIN complement C4 (fragments)
CO7_BOVIN complement component C7
CO9_BOVIN complement component C9
COF1_BOVIN cofilin-1

FAS_BOVIN coagulation factor V
FETA_BOVIN a-fetoprotein
FETUA_BOVIN a-2-HS-glycoprotein
FINC_BOVIN fibronectin

GELS_BOVIN gelsolin

antiproteinase, albumin, gelsolin, and coagulation factor V all
share this property.

By categorizing the corona components according to their
M,, and pl, the protein patterns appeared to be similar between
each type of SPIONs (Figure 3B,C). Since the coronas were
formed in cell culture media with pH of 7.6, the proteins with
pI values of higher than 7.6 should have positive net charges
and interact more with the C- and Rf-SPIONSs, which possess
negative surface charges, due to electrostatic interaction. In
fact, the distribution patterns of pl appeared to be similar in all
samples with almost 80% of the bound proteins having pl
values between 4 and 8. These results support our hypothesis
that the protein interaction here was not highly influenced
from the surface charges of the SPIONs but rather by other
factors such as hydrophobicity.

Further categorization of the proteins by their biological
functions showed that the most abundant proteins found in all
samples were IR proteins, followed by BC proteins. The first
group consists mainly of complement proteins, which could be
regarded as opsonins with the properties of activating clearance
of the NPs by macrophages following their binding with the
NPs.” For the interaction of the SPIONs with BC proteins,
these could result in either a positive or a negative result, as
previously reported with polystyrene NPs which can either
increase or decrease the generation of thrombin in plasma with
different surface functionalization.”® Even though the effects of
binding of NPs with BC proteins are not clear, hemostasis is a
delicate balance, and a slight shift could lead to serious
pathological processes.’’ Therefore, it is best to reduce the
interaction of NPs with these groups of proteins, both IR and
BC. Several strategies have been established in order to reduce
these NP—protein interactions, including grafting of poly-
(ethylene glycol)'® or preformation of protein corona with
specific proteins.*”

Despite the presence of IR and BC proteins, dysopsonins
such as serum albumin were also found in the coronas of all
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samples. Albumin, as one of the most abundant proteins in
serum tends to have high affinity with NPs and has shown to
be useful in stabilizing the NPs and prolong their blood
circulation time in vivo.”””* Clusterin was another type of
protein found in all coronas. The protein was also reported to
have dysopsonic properties, giving stealth effects to the NPs
against phagocytosis.”>*® Therefore, the presence of the
albumin and clusterin could counter the activities from the
IR and BC proteins mentioned above.

Apolipoprotein is another interesting group of proteins.
High-density lipoproteins (HDLs) such as apolipoprotein A-I
and apolipo;)rotein E have been reported to have opsonin-like
properties.”” Despite that fact, the proteins also proved to be
enhancing the abilities of NPs to cross the blood—brain barrier
through interactions with brain endothelial cells.”®* There-
fore, enrichment of these lipoproteins could not only affect the
circulation time of the SPIONs but also be beneficial when
targeting the NPs to brain tissues.

By comparing the abundance of each discussed protein
between each type of coronas (Figure 3E), B-SPIONs have the
least affinity with the proteins, followed by the C- and Rf-
SPION:S, respectively. This is in good agreement with the prior
results observed from SDS-PAGE where the lane intensities
followed the same trend (Figure 2). Although the physical
properties and number of types of the proteins found on each
SPION were not much different (Figure 3A—D), the higher
abundance of each protein suggested the effects of the coating
materials such as citric acid and the Rf conjugate increasing the
interaction of the SPIONSs to the serum proteins. This increase
in protein corona abundances could have a high influence on
the NP behaviors when they are introduced in vivo, especially
in terms of biodistribution and circulation time. This requires
further investigation since, as discussed above that proteins
such as albumin could help prolong the circulation time, while
the high abundance of HDLs such as apolipoprotein A-I and
apolipoprotein E could promote clearance through their
opsonin-like properties.

Lastly, the uptake of the coronas in MCF-7 breast cancer
cells was investigated. The results were compared between the
uptake of preformed coronas and in situ coronas. By both
treatments, corona@Rf-SPION showed the highest uptake
activity, followed by corona@C-SPION and corona@B-
SPION at almost every incubation time. The only difference
was observed at the incubation time of 4 h, where by treating
in situ, the uptake levels of all SPIONs were comparable, as
opposed to the trend shown in preformed coronas. These
different uptake patterns could be due to the delay in corona
formation when the SPIONs were added in situ compared to
the already formed coronas which were taken up faster.
Therefore, this suggests the importance of corona proteins in
facilitating the uptake of the SPIONS into the cells in a distinct
manner between each type of SPION.

For other incubation times, Rf-SPIONs showed the highest
uptake activity, regardless of the corona formation process.
This agrees with the results that were reported earlier, where
the Rf ligand significantly enhanced the internalization of the
SPIONs in the breast cancer cell line.” The process was
hypothesized to be facilitated by the interaction of the NPs
with riboflavin carrier protein (RCP) or riboflavin transporters
(REVTs) overexpressed in breast cancer tissues.*’~** Here, the
results also showed that once the Rf-SPIONs interact with
serum proteins, neither preformation nor in situ formation of
the protein corona of Rf-SPIONs did affect the uptake

efficiency of the particles. This is an interesting result as several
works showed that formation of protein coronas could hinder
the targeting efficiencies of NPs due to the coverage of the
ligands, for example, in the transferrin-functionalized silica
NPs.*’

When comparing the uptake of each SPIONs (Figure 4A)
with the protein abundance results (Figure 2B), the two factors
tend to be correlated. The cellular uptake activity was found to
be the highest in Rf-~SPIONS, followed by C- and B-SPION;,
respectively, whose protein corona amounts followed the same
trend. The breakdown of the interesting proteins showed a
similar trend of abundance in each type of coronas (Figure
3E). As the most abundant protein in the serum, we
investigated the effects of albumin on the cellular uptake of
the SPIONs. The results, shown in Figure S2, indicate no
observable effects from the albumin coronas in the uptake of
the SPIONs in the breast cancer cells. These results are
consistent with prior studies where albumin is reported to
affect cellular uptake in negative ways as it has the property of
reducing the interaction of the NPs with the surroundings such
as other proteins or cell membranes.*”* Although not
affecting directly, it is possible that albumin acts by reducing
the non-specific interaction of the NPs with the cells, thereby
allowing the Rf ligand to promote the interaction with the cells
and resulting in the enhanced uptake of the Rf-SPIONS.

Other proteins that are possible to involve with the uptake of
the NPs are apolipoproteins, including apolipoprotein A-I and
apolipoprotein E. The proteins were reported to enhance the
uptake of NPs into brain tissues due to their specific
interaction with the receptors overexpressed in the blood—
brain barrier.””*® However, the effects were not demonstrated
in breast cancer cells beforehand.

Here, two hypotheses are suggested. One is that the
coverage of the coronas did not affect the activities of the Rf
ligand in promoting the cellular uptake activities. Another
possible explanation is that there are distinct key components
in the protein coronas of the Rf-SPIONs which help in
increasing the uptake efficiency of the NPs into the cells. This
requires further systemic analyses on the development of the
coronas in vitro which could give more information on the
proteins involved in the cell internalization processes."’

5. CONCLUSIONS

In this study, we characterized the protein corona components
of our recently reported Rf-coated SPIONS in comparison with
the bare and citrate-coated SPIONs. The results showed that
the Rf ligand significantly promoted the interaction of the
SPIONSs with the serum proteins, as their corona components
were distinct in terms of number of proteins found and overall
protein amount. The effect was believed to be through the
changes of the hydrophobicity of the SPION surface rather
than the surface charge effects, as the physical properties
including pI of the bound proteins were indifferent among the
groups. Proteomic studies revealed high abundance of
interesting proteins in the Rf-SPIONs, including serum
albumin and apolipoproteins, which could render beneficial
effects on the biodistribution of the SPIONs. However, the
most abundant proteins in the coronas belong to the groups of
IR proteins and BC factors. These results suggested that
further development of the SPIONs is needed in order to
reduce the unwanted protein binding prior to testing in vivo.
Comparison of the cellular uptake between the preformed and
in situ coronas in MCEF-7 breast cancer cells showed the
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difference in short-term incubation, which suggested the
importance of protein coronas in promoting the high cellular
uptake of C- and Rf-SPIONSs. At prolonged incubation, both
kinds of corona formation showed a similar uptake pattern
where the highest activity was observed from Rf-SPIONS,
followed by C- and B-SPIONS, respectively. The results
highlighted the properties of the Rf ligand in promoting the
cellular uptake of SPIONS in the breast cancer cells as reported
earlier.” With no reduction of uptake levels in both cellular
uptake processes, our hypotheses are that the corona proteins
do not affect the activity of the Rf ligand in enhancing the
cellular internalization or that there are key components in the
corona influencing the uptake mechanism of the NPs. This
would require further investigations in order to test the

hypotheses.
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