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Abstract: The interactions of nanoparticles with living organisms are driven by an interface called the
protein corona. This interface is formed when nanoparticles are introduced in biological milieu and
proteins are adsorbed at nanoparticles’ surfaces. Understanding the factors that are responsible for the
formation and the composition of the protein corona could reveal mechanistic insights that are involved
in the interaction of nanoparticles with biological structures. Multiple studies have qualitatively
described the protein corona, but just a few have proposed quantification methods, especially for
gold nanoparticles. Using bovine serum albumin conjugated with fluorescein-5-isothiocyanate as
a model protein, we developed a fluorescent-based quantification method for gold nanoparticles’
protein coronas. The impact of nanoparticle size and surface chemistry was studied, and our
research emphasizes that size and surface chemistry are determinant factors: Bigger nanoparticles and
amino-modified surface chemistry are responsible for higher protein adsorption compared to smaller
ones and carboxyl- or methoxy-modified surface chemistry. The proposed method can be used to
complete the full picture of the interactions of nanoparticles with biological milieu and to describe
the parameters which govern these interactions for the better development of nanomedicines.
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1. Introduction

Nanomaterials have emerged as promising agents in biomedicine, with applications of
nanoparticles ranging from photodynamic therapy to drug delivery or biological sensing [1].
Based on their dimensionality, nanomaterials have been classified as zero-dimensional nanoparticles,
one-dimensional nanomaterials such as nanorods or nanotubes, two-dimensional nanomaterials such
as nanosheets or nanofilms, and three-dimensional nanoparticles [2].

Among the broad types of nanoparticles, gold nanoparticles have drawn special attention due
to their unique properties, such as controllable size, optical and electronic characteristics, and large
surface-to-volume ratio [3,4]. Moreover, their high surface energy allows them to interact with various
biomolecules from biological fluids. The resulting nanoparticles, coated with various proteins (known
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as protein corona) gain a new biological identity, as the protein layer can significantly affect their
biodistribution and functionality [5,6].

A protein corona is actually made up of two component layers, the “hard” corona and the “soft”
corona. The “hard” corona is represented by strongly-adsorbed proteins at the nanomaterial surface
that usually remains irreversibly bounded. In contrast, the “soft” corona consists of proteins with
a weaker binding affinity, so it exhibits a dynamic exchange [7,8]. Because of these rearrangements,
the surface of a protein corona changes over time, which is reflected in the biological performance of
the nanoparticle.

The screening of the nanoparticle surface by the corona has proved applicable in active targeting
via specific ligands. However, it has been shown that their binding capacity is lost when these
functionalized particles are placed in a biological environment [9,10]. Apparently, this loss of targeting
specificity is caused by their interaction with other proteins in the medium and the formation of the
protein corona. As a result, when placed in a biological medium, nanoparticles can easily fail to
recognize and target relevant pathways. As nanoparticles continue to enter cells, the failure to target
the intended pathways may lead to the accumulation in targeted and even in the non-targeted cells [11].
Thus, it is critical to establish analytical methods for the in-depth characterization of the protein corona
and its interaction with other proteins.

Thus far, the nanoparticle-protein corona complexes have been mainly characterized qualitatively
by assessing the factors which control protein corona formation (nanoparticle size, surface
charge, morphology, pre-coating, abundance, and association/dissociation rate of proteins) or the
conformational changes of proteins. The methods used for the primary characterization of protein
corona have been UV-visible spectroscopy, Fourier transformed infrared spectroscopy, dynamic light
scattering (DLS), circular dichroism spectroscopy, and isothermal titration calorimetry [12,13]. All these
methods have provided valuable qualitative information about the protein corona, but the available
methods for the direct quantification of gold nanoparticles” (AuNPs) protein coronas are scarce, and
research on this topic is still emerging. The relative quantification of different proteins forming AuNPs’
protein coronas was achieved by Konduru et al. by using gel-based densitometry [14]. Furthermore,
DLS was employed by Cui et al. for quantification, but the method lacks sensitivity for low amounts of
protein [15]. For polymeric nanoparticles, the total quantification of proteins can be relatively easily
achieved by using spectroscopic UV-Vis assays (i.e., by Bradford) since there are no interferences.
In contrast, the quantification of AuNPs’ protein coronas can be tedious since their absorption peak is
in the same range as colorimetric protein assays [16] and no standard method has been established.

The present study aims to present a novel approach for protein corona quantification using a
fluorescent-labeled protein model (BSA) and to evaluate the impact of gold nanoparticle size and
surface chemistry on protein corona formation. The assessment of the exact amount of coated protein
can provide essential information for understanding the intricate interactions of the protein corona
with target molecules and other proteins. These interactions are of great interest as applications of
nanoparticles in medicine, drug delivery, protein and peptide delivery are continuously expanding.

2. Materials and Methods

2.1. Gold Nanoparticles (AuNPs) Synthesis

Chloroauric acid trihydrate (HAuCly-3H,0), sodium citrate trihydrate, sodium carbonate, sodium
hydrogen carbonate, hetero-bifunctional poly(ethylene glycol)s (HS-PEG5kDa-X, X: COOH, NH; or
OCHj3; and HS-PEG20kDa-COOH), bovine serum albumin (BSA) and FITC (fluorescein-5-isothiocyanate
isomer 1) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further
purification. KCN was purchased from Chemapol. All glassware used in the syntheses were
thoroughly cleaned in aqua regia (HCl: HNOj = 3:1 v/v), rinsed in ultrapure water, and oven-dried
prior to use.
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The synthesis of spherical citrate-capped gold nanoparticles was employed, adopting a seeded
growth approach developed by Puntes et al. [17]. Briefly, 150 mL of 2.2 mM sodium citrate was heated
to boiling in a 250 mL three-neck round-bottomed flask. When the solution started to boil, 1 mL of
HAuCl, 25 mM was added under vigorous stirring. After 10 min, the color of the solution turned
soft pink, indicating the formation of AuNP seeds. For the growing steps, the temperature of the
solution was decreased to 90 °C, and 1 mL of sodium citrate 60 mM and 1 mL of HAuCl4 25 mM
were successively added. This process was repeated every 30 min for a total of 3 times, thus resulting
in a new generation of nanoparticles. When the reaction was finished, the sample was diluted by
extracting 55 mL of the sample and adding 53 mL of ultrapure water and 2 mL of 60 mM sodium
citrate. The extracted sample was characterized, and the remaining one was used as seeds for the next
generation. For this study, 2nd generation (24 nm) and 6th generation (56 nm) AuNPs were used.

The PEGylation of AuNPs was performed as described below. HS-PEG-X (X: COOH, NHy,
OCHj3) with MW = 5 kDa and HS-PEG-COOH with MW = 20 kDa were dissolved in water at a
concentration of 5 mg/mL and added to 10 mL of AuNP solution to a ratio of 10 PEG molecules per
nm?. The solutions were stirred overnight at room temperature, and the excess PEG molecules were
washed by centrifugation (three times) [18].

2.2. Characterization of AuNP

UV-Vis spectroscopy:

For all AuNP suspensions, UV-visible spectra were recorded on a Specord 200 PLUS UV-visible
spectrophotometer (Analytik Jena, Jena, Germany) by measuring in the 300-800 nm range using 1 cm
quartz cuvettes. The appreciation of the size and the concentration of the colloids as determined using
the equations developed by Haiss et al. [19].

Dynamic light scattering (DLS) and electrophoretic light scattering (ELS):

The hydrodynamic diameter of the nanoparticles was measured at 25 °C using a Malvern Zetasizer
Nano Z5-90 (Malvern, UK) operating at a light source wavelength of 532 nm and a fixed scattering angle
of 90°. AuNPs were diluted with water in a 1 cm optical path cell, and a DLS analysis was performed.

The C potential of AuNPs was measured at 25 °C by using the Malvern Zetasizer Nano ZS-90 by
electrophoretic light scattering. ¢ potential values are an average of three independent measurements.

2.3. BSA-FITC Conjugation

For protein corona studies, a model protein—bovine serum albumin (BSA)—was used. The choice
of the protein model was based on the fact that serum albumin is the most abundant protein in the
serum/plasma, and multiple mass spectrometry based studies have demonstrated that, usually, for
metallic and polymeric nanoparticles, it is the protein that contributes the most to the protein corona
formation [20,21]. BSA was labeled with FITC using the protocol described by Polo et al. [22]. FITC was
dissolved in dimethyl sulfoxide (DMSO) (5 mg/mL) and was added to 1 mL of BSA 10 mg/mL dissolved
in carbonate buffer (50 mM, pH = 9.2) at a ratio of 25 dye molecules per 1 BSA molecule. The solution
was stirred for 4 h at room temperature, and the excess dye was removed using a size exclusion
column (PD-10 desalting column, molecular weight cut off (MWCO) = 5000 Da) resulting in a purified
fluorescently-labeled protein (BSA-FITC).

The concentration of the FITC-labeled protein was determined using Quick Start™ Bradford
Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA) using a calibration curve with BSA as
standard in a working range of 1-12 ug/mL. The samples absorbance was read at 595 nm using a
CLARIOstar Plus microplate reader (BMG Labtech, Ortenberg, Germany). The fluorescence emission
spectra and fluorescence emission intensity dependence of BSA-FITC vs. concentration ere determined
using a CLARIOstar Plus microplate reader.

For the calibration curve, the fluorescence intensity of 12 serial dilutions of BSA-FITC (0.125-120 ng)
in phosphate-buffered saline (pH = 7.4) mixed with KCN (final concentration 50 mM) was measured.
The effect of AuNP dissolution on the recovery was evaluated by adding three known amounts (1, 50 or
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100 ng) of BSA-FITC to a solution containing 1 x 101® AuNPs/mL. BSA-FITC % recovery was calculated
as the % of BSA-FITC recovered from the added amount after AuNP dissolution.

2.4. Colloidal Stability in Biological Media

In vitro stability was determined using the same conditions as for protein corona formation.
Briefly, a volume of AuNPs corresponding to 1 x 10'° NPs was added to BSA-FITC (ratio 1:2500) at
room temperature. As a control, ultrapure water was used. The UV-Vis spectrum of AuNPs was
monitored for 12 h.

2.5. Protein Corona Formation and Quantification

AuNPs (final concentration 1 x 10'® NP/mL) were incubated with BSA-FITC at room temperature
and protected from light for 1 h under continuous shaking (450 rpm). After 1 h, the nanoparticles
covered with protein corona were washed three times by centrifuging and re-dispersed in 1 mL
phosphate-buffered saline (pH = 7.4). In the last step, the NPs were re-dispersed in 50 pL buffer
(Figure 1).

Centrifugation

Figure 1. A general overview of the workflow employed for protein corona quantification.

The fluorescence quenching effect of AuNPs was studied by adding 50 ng of BSA-FITC to solutions
containing 1 x 10'° AuNPs.

For protein corona quantification, 10 uL of AuNP solution was mixed with 40 pL of buffer and
50 uL KCN 100 mM. After 30 min, the complete dissolution of AuNPs was achieved, and the protein
content was quantified by fluorescence intensity measurement (Aexcitation = 480 nm and Aemission
= 530 nm). As an additional method to confirm the AuNP number, a UV-Vis spectrophotometric
determination was performed by diluting 10 pL from the same sample.

3. Results and Discussion

3.1. Gold Nanoparticle Synthesis and Characterization

Citrate-stabilized AuNPs of two different sizes (24 and 56 nm) were synthesized using an efficient
seeded growth approach. Nanoparticles were characterized by the means of UV-Vis spectroscopy,
dynamic light scattering (DLS), and electrophoretic light scattering (ELS) to determine their size,
concentration, hydrodynamic diameter and zeta-potential. The UV-Vis absorbance spectra for
citrate-capped AulNPs displayed a characteristic peak at 523.5 nm for the smaller particles and a peak
at 534.5 nm for the bigger ones. The hydrodynamic diameter measurements were in accordance with
the result of UV-Vis measurements, indicating average sizes of 30.4 and 64.2 nm. The zeta potentials of
the AuNPs were also determined.

After characterization, AuNPs with different surface chemistries were produced by a ligand
exchange process using different bifunctional thiolated-PEGs, resulting in four types of AuNPs for



Appl. Sci. 2019, 9, 4789 50f 10

each size taken into study. PEGylation was successfully achieved using Au-SH chemical bonding.
PEG attachments to the nanoparticles were confirmed by the slight redshift of approximately 3 nm in
the plasmon absorption bands as a result of dielectric constant change at the nanoparticles’ surface
(Figure 2) [23,24]. The characteristics of the PEGylated nanoparticles are presented in Table 1.
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Figure 2. UV-Vis spectra of gold nanoparticles (AuNPs).
Table 1. AuNPs’ characterization.
. . Hydrodynamic .
Nanoparticle Ligand Aspr (nm) Diameter (nm) Zeta Potential (mV)
citrate 523.5 30.4 -34.3
PEG-COOH 5 kDa 525 31.2 -30.4
AuNP 24 nm PEG-COOH 20 kDa 524.5 30.9 -32.3
PEG-OCHj 525 32.3 =27
PEG-NH, 526 35.8 28.2
citrate 534 64.2 -32.4
PEG-COOH 5 kDa 537 66.3 -30.4
AuNP 56 nm PEG-COOH 20 kDa 536.5 66.7 -31.2
PEG-OCHj3; 537 65.8 1.3
PEG-NH, 539 69.2 30.2

It is well established that AuNPs’ interaction with biological media is strongly conditioned by
their surface chemistry, PEGylation being one of the most common methods for improving the stability
and the biocompatibility of AuNPs [25,26].

Furthermore, we aimed to assess the impact of size, different functional groups (-COOH, OCHjs
and NHy, all with MW = 5 kDa) and the ligand molecular weight impact (-COOH 5 kDa vs. -COOH
20 kDa) on the protein corona quantity.

3.2. Stability Studies

The stability of AuNPs in biological media is crucial, since the interaction of the nanoparticles
with proteins is strongly determined by their size, shape or surface chemistry. The presence of proteins
may diminish or increase colloidal stability depending on different factors (protein concentration, ionic
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strength, etc.). Citrate capped-AuNPs are known to form aggregates in biological media, PEGylation
being one of the most successful methods to increase the colloidal stability of AuNPs.

Prior to protein corona quantification, the stability of AuNPs was tested in the same conditions
used for the quantification experiments. After 12 h, independent of surface chemistry, the dispersions
of our AuNPs in protein-rich media have not yet displayed any modifications of the UV-Vis spectra
(Figure 3), suggesting that the synthesized AuNPs were stable in the tested conditions.

AUuNPs 24nm
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Figure 3. UV-Vis spectra of 24 nm AuNPs (top) and 56 nm AuNPs (bottom) before (dotted line) and
after (full line) incubation with bovine serum albumin-fluorescein-5-isothiocyanate isomer 1 (BSA-FITC)
for 12 h.
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3.3. Protein Corona Quantification

AuNPs are known to exhibit a fluorescence quenching effect due to surface plasmon resonance
band which absorbs close to the wavelength emission band of the FITC molecule (Figure 4). For the
fluorescence intensity quantification, a complete dissolution of the gold nanoparticles was mandatory.
This was accomplished by adding CN~ in excess, which led to the formation of complex AuCN?",
a colorless non-fluorescent ion. The addition of 50 mM KCN had no impact on the fluorescence
of the FITC-BSA, as Figure 4 shows; however, as a precautionary measure, KCN was also added

to the dilutions used for the calibration curve in order to elude any effect of the cyanide ions on
the fluorescence.

Emission spectra of BSA-FITC
1.0

— BSA-FITC in H,0
BSA-FITC in 50mM KCN

— BSA-FITC with AuNPs

0.5

Normalized intensity

0-0|lllllllll|llll_i||||

1
500 550 600
Wavelenght (nm)

Figure 4. Normalized fluorescence emission spectra of BSA-FITC.

The calibration curve used for protein corona quantification is presented in Figure 5. A linear plot
was obtained over the range 0.125-120 ng, with a correlation coefficient of R? = 0.9996. An amount of 1,

50 and 100 ng of FITC-labeled protein was used to estimate the BSA-FITC % recovery. The experimental
data are presented in Table 2.

250,000

200,000
150,000
100,000

50,000

Flourescence in RFU

0 50 100
Quantity of BSA-FITC (ng)

Figure 5. The calibration curve obtained after plotting the fluorescent intensities against the amount
of BSA-FITC.
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Table 2. BSA-FITC recovery data.

0,
Nanoparticle PEG Ligand % Recovery
Ing 50 ng 100 ng

PEG-COOH 5 kDa 98.1 98.1 101.1
PEG-COOH 20 kDa 98.2 98.2 99.2
AuNP 24 nm PEG-OCH; 995 99.5 98,5
PEG-NH, 97.1 97.1 98.4
PEG-COOH 5 kDa 97.2 99.7 98.2
PEG-COOH 20 kDa 98.4 102.4 99.4
AuNP 56 nm PEG-OCHj, 99.7 99.8 98.2
PEG-NH, 96.4 98.6 100.3

Figure 6 shows the total amount of proteins adsorbed on each type of nanoparticles. As expected,
the amount of protein adsorbed on the 56 nm AuNPs was higher compared to smaller particles
due to a higher surface area (9850 nm?/NP vs. 1820 nm?/NP) for all types of surface chemistries.
As described by Piella et al., particle size plays a crucial role into formation of protein corona, with
bigger particles forming a thicker layer of proteins due to different forming kinetics compared to
the smaller ones [27]. Another main factor that controls protein affinity for nanoparticles’ surfaces
is represented by surface chemistry. Several studies have clearly established that surface chemistry
quantitatively and qualitatively influences the protein corona (by modulating the type of proteins that
are adsorbed on the surface of the nanoparticles from a mixture of proteins) [10,28,29].

AuNP 24nm AuNPs 56nm

8- 40-
;E' 6 T g 30 Il
&3 4 g'? 20
= =
L [T
D 2- > 10

0- 1 0- I
= COOH _5kDa E= COOH_20kDa OCH; E3 NH,

Figure 6. The amount of fluorescently-labeled BSA adsorbed onto the AuNPs (24 and 56 nm).
(concentration of AuNPs: 1 X 1010 NP/mL). Results are given as mean +/— standard deviation of three
independent replicates.

Our results indicate that the highest amount of proteins was adsorbed by the positively charged,
PEG-NH; coated AuNPs. In contrast, the neutrally charged PEG-OCHj3 AulNPs absorbed the least,
while the negative charged PEG-COOH-coated AuNPs adsorbed an intermediate amount of proteins.
The results can be explained by considering the intrinsic properties of BSA, which has an isoelectric
point of 4.7 [30] and a surface charge of the nanoparticles. At pH = 7.4, the protein was slightly
negatively charged, which was translated into a higher affinity for the positively charged NH; modified
surface, as the zeta-potential measurements indicated.

We also examined the influence of the molecular weight of the PEG ligand bearing the same
functional group on the protein corona. Our results indicated that the PEG chain length had no
influence on the quantity of protein attached to the surface of AuNPs. No significant differences were
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observed between PEG-COOH 5 kDa and PEG-COOH 20 kDa. The results are in agreement with
previous studies, which established that above the molecular weight of 5 kDa, no significant decrease
in protein corona content can be noticed [31].

4. Conclusions

A novel approach for the total quantification of the protein corona of AuNPs was developed using
a model protein (BSA) labeled with FITC. The impact of size and the surface chemistry of AuNPs
on the amount of adsorbed protein was studied. Our research confirmed that the PEGylation of the
nanoparticles does not completely inhibit protein adsorption, and the major factors that impact protein
adsorption are the size of the nanoparticles and the surface chemistry. The developed method could
be useful in studying gold nanoparticle-protein interactions to decipher the subtle mechanism that
governs those interactions.
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