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Ultrasmall silicon carbide nanoparticles (SIC USNPs) are very promising biomarkers for developing new
applications in diagnostics, cell monitoring or drug delivery, even though their interaction with biological
molecules such as different proteins has not yet been investigated in detail. In this study, the biological
behaviour of SiC USNPs in a medium modeling a living organism was investigated in detail through the
dependence of the fluorescence on interactions between bovine serum albumin (BSA) and SiC USNPs.
The interaction shows transient nanoparticle—protein associations due to the restricted diffusion behaviour
of the nanoparticles in the vicinity of a protein. The transient association manifests in a complex fluores-
cence quenching mechanism where the dynamic component was dominated by Forster resonance energy
transfer. By studying SiC nanoparticles of different sizes, it can be concluded that the transient effect is an

rsc.li/pccp ultrasmall nanoparticle behaviour.

Introduction

Nanoparticles (NPs) have many diverse applications in life- and
physical sciences, for example, NP probes have great potential
for bioimaging,'” diagnostics,® and therapeutic purposes.*”
There is tremendous interest in understanding the impact of
NP systems on living organisms. Previous studies might imply®’
that each individual collection of NPs should be investigated in
detail before its application in biology. The interaction of NPs
with proteins is the basis of NP research for biological applica-
tion. Proteins are able to adsorb onto the surface of the NPs
forming a dense protein coating known as protein corona (PC).
The interaction determines the physiological response and effect
of the NPs on living systems, including cellular uptake, circula-
tion lifetime, signalling, biodistribution, therapeutic effects, and
toxicity.® It depends on many factors including the morphology
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of the NPs that is related to their size and shape.” Compared to a
nanoparticle with a size of several tens of nanometers, even a
large protein is small, and the protein will experience a surface
almost indistinguishable from a two-dimensional one; the pro-
tein can adsorb and be denatured, depending on the surface
characteristics and the protein-surface interaction. If the sizes of
the nanoparticle and the protein are comparable, then they will
interact like two proteins or like two nanoparticles. For very
small nanoparticles and large proteins, we can predict a specific
interaction where a nanoparticle can interact with a specific
surface epitope or binding pocket of a protein.'®

Systems consisting of NPs of sizes below 3 nm are often
referred to as ultrasmall nanoparticles (USNPs)."" Considering
that most plasma proteins present a hydrodynamic diameter of
about 3-15 nm, the behaviour of NPs < 3 nm in biological
systems could be dramatically different from that of larger
particles’ described by the classical model. To name just a
few examples: dispersions of USNPs lie in between complete
molecular dispersions and colloid sols of larger-sized NPs and
consequently exhibit intermediate structural, optical, electrical,
catalytic, and magnetic properties'>® representing an addi-
tional type of system having potential use in biology. The
paramagnetic properties of iron oxide USNPs were adopted
toward the development of non-toxic MRI contrast agents.'*
The luminescent properties of metal USNPs have been applied
to biosensing materials.’>'® Moreover, it has been shown that
small quantum dots can be excreted with highly efficient renal
clearance.’® > The in vivo toxicity of nanoparticles mainly arises
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from their accumulation in the liver and spleen. Specifically,
10-200 nm nanoparticles show very high abundance in these
organs due to reticuloendothelial system absorption.> However,
being small is not a sufficient condition for clearance, as nano-
particles can still react with serum proteins and form larger
complexes. Despite many promising applications in biological
research, studies of the interaction between biomolecules and
USNPs are still rare in the literature and often controversial.”*
Recently, some studies on the interactions between proteins and
USNPs, such as Ag NPs,"” Au NPs,”**** carbon-NPs,***” quantum
dots,”® Si NPs*® and oxide NPs** have been reported. They either
assumed that the proteins and nanoparticles formed complexes
or that they generated different protein coronas, which reflected
the strength of the affinity of binding between the constituents.
Boselli et al. studied the effect of sizes between 2 and 5 nm on
differently PEGylated Au NPs in human plasma using gel
assays.*' They observed that for 5 nm and 3 nm Au NPs, protein
interactions led to significant changes in mobility. In contrast,
2 nm NPs exhibited few signs of protein interaction. In many
cases, a more complex interaction was reported, where a simple
model alone was not applicable.

Here we report the interaction of bovine serum albumin and
ultrasmall silicon carbide (SiC) NPs which has not been presented
before, in order to broaden the scope of USNP-protein interactions.
We propose that restricted diffusion behaviour of the USNPs in
the vicinity of the proteins should be considered when USNPs
interact with proteins. The transient particle-protein associa-
tions can manifest themselves in physical complex formation
that determines the characteristics of the system.

SiC NPs are promising candidates for in vivo medical applica-
tions due to their extremely high degree of biocompatibility, water
solubility and chemical resistance.*** Furthermore, SiC can host
magneto-optically active centres®>® similar to the nitrogen-vacancy
centres in nanodiamond.*® Room-temperature magnetically and
optically active centres in solids are the most prominent objects for
applications in new generations of biosensors, supersensitive
magnetometers and thermometers.’>* SiC NPs of sizes below
5 nm can be synthesized using electrochemical® or stain etching™*
of bulk SiC. The nanoparticle surface contains organic functional
groups such as carboxyl and hydroxyl, stabilising the nanoparticles
in polar solvents, including biologically relevant media, without the
need for surfactants or capping layers. Thus, the hydrodynamic size
of the ultrasmall SiC NPs is still below 5 nm. While many
investigations focus primarily on a particular biological application
of SiC NPs, the general knowledge of their behaviour in a complex
biological environment is still rather limited.

Serum albumins are the most abundant proteins in the
blood, and their major physiological role is to carry various
ligands to their respective target organs.*> BSA is also the most
studied protein, which has a single polypeptide chain with a
molecular weight of 66 kDa and consists of 583 amino acid
residues. BSA contains 76% sequence homology with human
serum albumin (HSA). Being one of the most abundant blood
plasma proteins, serum albumin forms the first layer of the
corona on the NPs surface. To our knowledge, no study has
been reported so far on the effect of SiC NPs on the structure
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and stability of a protein. Therefore, we studied the interaction
between SiC USNPs as well as SiC NPs, a slightly larger series of
particles, and BSA with various spectroscopic methods. By studying
covalent USNPs and the effect of particle size, our results may help
in the interpretation of the complex interactions between USNPs
and proteins.

Experimental

Pure phosphate buffered saline (PBS) solution was prepared by
dissolving PBS powder, pH = 7.4 from Sigma Aldrich, no weigh
format, in 1 liter high purity MilliQ (Millipore, Bedford MA, USA)
ion-exchanged, deionized water with a resistivity of 18.2 MQ.

BSA lyophilized powder >96% (agarose gel electrophoresis,
from Sigma-Aldrich) was dissolved in the PBS solution described
above for the measurements.

Synthesis of SiC USNPs and NPs

SiC USNPs were prepared by stain etching®* and filtered through
a 30 kDa Pall Macrosep filter to reduce the size to below 4 nm.*®
SiC NPs with a particle diameter between 4 and 15 nm were
prepared by a modified stain etching method.*® We repeatedly
etched and sonicated 10 grams of SiC powder four times. The
size distribution of the NPs widens with each etching step. SiC
NPs from the fourth etch were filtered through a 0.02 um syringe
filter (GE Whatman Anotop 10, Sigma Aldrich). This solution was
further separated by using a 30 kDa Pall Macrosep centrifuge
filter, but here, the retentate was used and is subsequently
referred to as SiC NPs.

The size and the crystallinity of SiC USNPs and SiC NPs were
determined by high-resolution transmission electron micro-
scopy (HRTEM - JEOL JEM-3010, JEOL Ltd), and atomic force
microscopy (AFM - a NeaSNOM AFM instrument, NeaSpec
GmbH). The size distribution was assessed by measuring the
altitudes of at least 300 nanoparticles with AFM for all samples.
The mean size of the SiC USNPs is 1.4 nm, the median is 1.5 nm
and the mode is 1.5 nm. The SiC NPs have a mean size of
9.1 nm, the median is 8.6 nm, and the mode is 7.8 nm. Fig. 1a
and b show the results of the AFM measurements as well as the
HRTEM images of the SiC USNPs and SiC NPs, respectively.

The concentration of SiC in the produced water dispersed
samples was determined by high-resolution continuum source
graphite furnace atomic absorption spectroscopy (HR-CS-GFAAS)
using a ContrAA-700 tandem spectrometer (Analytik Jena AG, Jena,
Germany) equipped with a transversally heated graphite tube
atomizer (THGA)."” The Si content of the Si USNPs’ stock solution
was found to be 0.85 mg ml~'. Assuming that all the Si atoms in
the sample are in the form of SiC and from the average diameter of
the SiC USNPs, the SiC concentration is 9.7 10> mol 1. The Si
content of the Si NPs’ stock solution was 1.05 mg ml . The SiC
concentration is 4.6 10°° mol I .

The surface termination of the SiC NPs was studied with
ATR-IR (attenuated total reflectance infrared) spectroscopy
(Bruker Tensor 37, Bruker Co.) with a 1 cm™" resolution and
a DTGS detector. Spectra were recorded in the 700-4000 cm™!
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Fig. 1 TEM images and size distributions of (a) SIC USNPs and (b) SiC NPs.
(c) ATR-IR spectra of the samples, (d) titration curve of SiC USNPs.

range using a ZnSe multiple reflection ATR crystal. (For measure-
ment and evaluation details, see below). The spectra show that the
surface is mostly hydroxyl terminated, with the presence of carboxyl,
carbonyl, and ether moieties. There are no differences in the surface
termination of the differently sized nanoparticles (Fig. 1c).

Different oxidation states of the surface groups can also be
observed by recording the titration curve of the pure solution of
the nanocrystal. Comparing the measured and calculated pK,
values of the different functional groups in the literature®®*°
conclude that the first inflection point at about pH = 4 corre-
sponds to the deprotonation of the SiC-COOH group, while the
second at around pH = 9 corresponds to the deprotonation of the
SiC-OH group™ (Fig. 1d).

The optimal pH value chosen for investigating the interaction
between SiC and BSA was around 7 where the BSA molecule has
the normal conformation®® and the ~-OH groups on the surface
of SiC are in the deprotonated form.

The pH measurements were performed with a Consort
C6030 electrochemical analyser.

we

ATR-IR measurements of the protein systems

ATR-IR spectra of the BSA and BSA/SiC samples were recorded
using the setup that was mentioned previously. Aqueous solu-
tions of BSA (10 uM), or a solution of 10 uM BSA and 10 uM SiC,
were prepared and 12 ml batches of the solutions were slowly
evaporated on one side of the ATR crystal under a stream of
nitrogen.”® The formed gel was measured with a 1 cm™*
resolution in the 700-400 cm™* range in a nitrogen atmosphere
at a temperature of 18 + 3 °C. The absorbance was calculated
from the obtained single-beam signals using the spectrum of
the blank ATR crystal as reported in ref. 48.

One of the main difficulties of studying proteins by infrared
spectroscopy is the strong IR absorbance of water with three
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prominent bands at around 3400 (the O-H stretching), 2125
(water association), and 1645 cm ™" (the H-O-H bending). The
amide I vibration of the proteins overlaps directly with the H,O
bending vibrational band at 1645 cm '. In order to get a
successful subtraction of absorption bands due to liquid water
and water vapor in the atmosphere, a water spectrum was
recorded with the same ATR crystal used for protein measure-
ments. Subsequently, the absorbance calculated from the ATR
spectrum of the water is subtracted from the BSA or the BSA/SiC
spectra by adjusting the subtraction factor in such a way that it
gives a straight line between 1750 and 2500 cm™*.>> When the
BSA/SiC spectra were studied, the pure SiC spectra were sub-
tracted as well to get the BSA spectra. All spectra were baseline
corrected before subtraction.

In the case of quantitative measurements, precautions were
taken to avoid known artefacts when recording ATR spectra.
These artefacts are caused because the layer adsorbed on the
surface of the ATR crystal interacts differently with the incident
electromagnetic radiation than the bulk, due to possible symmetry
changes and surface selection rules.”* In order to determine the
minimum sample quantity where the contribution of the adsorbed
layer becomes negligible, we performed the following procedure:

First, the concentration of BSA in the dropped solution was
increased from 2 pm to 10 uM; second, sample quantity was
increased from 3 ml to 12 ml while the concentration was kept
at 10 pM. These measurements were repeated 5 times. Between
6 and 10 pM, the increase of the absorption bands was propor-
tional to the increase of the concentration, showing that the
signal of the protein adsorbed onto the ATR crystal surface is
negligible compared to the concentration of proteins in the gel.>>
Over 8 ml, there were no differences in the amide I/amide II
ratios between the measurements, showing that neither surface
adsorption nor the orientation influence the measurements.

Ultraviolet-visible (UV-VIS) absorption measurement

A two-beam differential spectrophotometer (Thermo Fisher
Scientific, Evo600) was applied for the absorption measure-
ments in the UV and the VIS spectral regions. All the absorption
and fluorescence measurements were carried out in a 10 mm
quartz cuvette (Hellma 110-QS). The absorbance spectrum of
BSA shows two characteristic bands, at around 220 nm and
280 nm, due to the o-helix structure of the protein and the
aromatic amino acid residues, respectively. Usually, an altera-
tion in the 220 nm absorbance peak is associated with the
perturbation of the secondary structure of the protein, while
the changes observed in the 280 nm band indicate that the
proximity of the aromatic amino acid residues is altered.*

Fluorescence spectroscopy

A HORIBA Jobin-Yvon, NanoLog FL3-2iHR spectrofluorometer
with a 450W xenon lamp was used to observe the fluorescence
spectra. The time-correlated single photon counting (TCSPC)
method was applied to obtain the fluorescence decay curves in
the time-resolved measurements. TCSPC measurements were
performed with the same NanoLog equipment, but pulsed
excitation was achieved by a NanoLED295 laser source with
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~1.0 ns pulse duration at a wavelength of 295 nm. Lifetimes
were derived from the fluorescence decay curves by using the
least squares fitting deconvolution technique with a two-
exponential decay model. The time resolution for the fluores-
cence lifetime measurements was 55 ps. We applied a Thermo
Scientific circulating bath (AC200-A25) to keep the sample at a
constant temperature of 15 °C.

The fluorescence spectra were corrected to eliminate the
decrease of excitation intensity through the sample in the cuvette
due to the inner filter effect and to the absorption of the
quencher at the excitation wavelength.”® It is well known that
the intrinsic fluorescence of BSA is mainly due to the presence of
two Trp residues at positions 134 and 212 in domains IB and IIA,
respectively. Any changes in the fluorescence quantum yield or
the peak position directly indicate changes in the polarity
surrounding these two Trp residues due to unfolding of the
native conformation. Quenching of fluorescence can occur by
non-molecular, intramolecular or intermolecular (dynamic or
static quenching) mechanisms® and many different models
already exist for describing and “visualizing” these mechanisms.

Dynamic quenching occurs when the excited fluorophore
returns to the ground state due to some quencher related reactions
without photon emission. This process appears both in the fluores-
cence intensity and lifetime. When the complex formation leads to
static quenching, the created complex is unable to fluoresce, so it
does not affect the fluorescence lifetime.

Results
Absorption measurements

Steady-state absorption measurements were carried out for
aqueous solutions of BSA in the presence of SiC USNPs. As SiC
USNPs and BSA both show absorption in the 200-300 nm region,
their interaction was verified by subtracting the USNP absorp-
tion spectrum from the BSA/USNP mixture absorption spectra at
the same nanoparticle concentration (Fig. 2a). The BSA absorp-
tion band calculated in this way did not show significant
changes with a USNP concentration of around 280 nm. Fig. 2b
presents the differential spectra of the measured and calculated
BSA bands. There are differences, but no significant change or
trend can be seen except the increasing discrepancy due to the
diffraction of the NPs, indicating that changes in the environ-
ment near the tryptophan residue were not clearly observed.

Steady-state fluorescence

The characteristic luminescence band of BSA in the samples
containing different amounts of SiC and 15 uM BSA was
recorded at around 340 nm (Fig. 2c). The characteristic peak
due to Trp residue emission at 340 nm®> can be clearly seen.
The wavelength of the peak maximum remains fundamentally
constant, but the fluorescence intensity decreases with increasing
SiC USNP content of the samples, which indicates fluorescence
quenching, i.e. USNPs-protein interactions. The lack of spectral
shift in the presence of SiC-USNPs indicates negligible changes in
the protein secondary structure.
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Fig. 2 (a) Typical UV-VIS absorption spectra of SiC USNPs solution, BSA

solution, BSA/SiC USNPs solution and the BSA spectrum calculated by
the subtraction of the SiC USNPs spectrum from the mixture spectrum.
(b) Difference between the measured and the calculated BSA spectra at
different SiC USNPs concentrations. (c) Fluorescence of BSA in the
presence of SiC USNPs with various concentrations representing the
steady state quenching process. (d) Decay time of BSA fluorescence at
different SiC USNPs concentrations showing that the lifetime is changed.
Labels below (c and d) represent the SiC USNPs concentration in the
measured SiC—BSA solution in uM for (c and d). (e) Stern—Volmer repre-
sentation of the quenching processes. (f) Temperature dependence of the
Stern—Volmer plots. Decrease in quenching by temperature is usually
connected to the presence of a protein/NP complex.

Fluorescence lifetime

Samples created for the steady-state measurements were character-
ized by time-correlated emission experiments as well. A 295 nm
excitation wavelength was chosen, and the emission was recorded
at 340 nm (Fig. 2d) in order to keep the optical density of the
measured samples as low as possible. A decrease of the decay time
can be observed with increasing concentration of SiC NPs. The
decreasing decay time indicates a dynamic quenching process.

Stern-Volmer representation of the quenching process

Both the intensity and the lifetime changes were studied in the
Stern-Volmer representation (Fig. 2e). The Stern-Volmer plot of
the luminescence quenching constructed from the lumines-
cence intensity shows complex or mixed interactions; if the
interaction is either poorly dynamic or static, the Stern-Volmer

This journal is © the Owner Societies 2018
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plot of the intensity gives linear coherence between the quencher
concentration and the intensity. However, even if a mixed inter-
action is the case for quenching, the Stern-Volmer representation
of the change in the lifetime still gives linear coherence between the
decay times and the quencher concentrations. For SiC USNPs, there
is a deviation from the linearity for the lifetime, too.

Temperature dependence of the quenching process

The luminescence spectra of the BSA samples containing different
amounts of SiC were recorded at different temperatures as well, and
the Stern-Volmer plot was constructed to monitor the temperature
dependence of the quenching process (Fig. 2f). It can be seen that
the shapes of the spectra did not change with temperature, however,
there is a decrease in the gradient which is usually explained as a
consequence of complex formation and static quenching.*®

IR measurements

The infrared spectrum of the protein exhibits 5 characteristic
bands, two of which are known as amide bands and used to
elucidate the secondary structure of a protein. These are most
commonly used in infrared protein studies. The amide I band
is found between 1600 and 1700 cm ™. It is primarily caused by
the stretching vibrations of C=0 coupled weakly with the C-N
stretching and N-H bending. The exact band position is
determined by the backbone conformation and the hydrogen
bonding pattern within the protein molecule. The amide II
band occurs at 1500-1600 cm ™' and is mainly derived from the
C-N stretching along with the N-H in-plane bending.*

The ATR-IR spectra of the BSA film and the SiC-BSA film in
the amide I and amide II regions are plotted in Fig. 3a. One can
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Fig. 3 (a) ATR-IR spectra of the amide | and amide Il regions of pure BSA

and BSA/SIC solutions. (b) ATR-IR peak intensity changes in the Try peaks
in the presence of SiC USNPs, indicating environmental changes around
the amino acid. (c) Deconvolution of the amide I/Il regions showing peak
disappearance at around 1550-1600 cm™, where Try has vibration
modes. (d) Peak positions from the deconvolutions.
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see that that there is no shift in the amide I and amide II peak
positions, while peak intensities are partially reduced in the
presence of SiC USNPs. Another recognizable difference occurs
between 1550 and 1590 cm !, where the absorption was
reduced further in the presence of SiC USNPs. This part of
the FTIR spectra can be connected to the tyrosine (Tyr) amino
acid as well as amide II. Tyr is one of the strong absorbing
amino acids recognizable in the infrared spectrum®’ with
absorption bands at around 1520 cm ™', 1450 cm ™' and a broad
band at around 1250 cm'. The latter band in the BSA/SiC
system experienced a similar decrease, and here the difference
is more visible (Fig. 3b). Trp also has a weak band at around
1550 cm ™. However, this band has not been observed for the
protein structure.’” These bands are also sensitive to environ-
mental changes. Protein compression also decreases amide II
intensity while the amide I band is basically unaltered.® The
amide I and amide II regions in the IR spectrum were fitted
with Gaussian/Lorentzian functions (Voigt) to study the differ-
ences (Fig. 3¢). Eleven peaks were needed to fit the IR spectrum
of BSA and 8 for that of BSA/SiC. These can be connected to 8
peaks from the BSA spectrum with similar peak positions but
different intensities in some cases, while there are missing
peaks between 1550-1600 cm ‘. Deconvolution should be
considered with extra care because of the previously described
manipulation of the spectra, nevertheless, the IR spectra show
slight changes in the protein structure that are either stress-
related or caused by environmental changes around the Tyr or
Trp residues.

Discussion

We found that the results of the various analyses are rather
contradictory. Neither the UV-VIS absorbance spectra nor the
luminescence measurements imply strong complex formation.
The results of IR measurements show little changes in the
amide II band, which is sensitive to the side chain vibrations.
However, the fluorescence quenching process cannot be
described by simple collision quenching. The curve of I,/I
shows higher values than 7/t (Fig. 2e) which is often explained
by both static and dynamic quenching occurring during this
process.>® Additionally, the temperature dependence of the
quenching is typical of the complexes.

To understand the interaction between BSA and SiC USNPs,
we first examined the changes in the fluorescence lifetime. The
Stern-Volmer plot of the lifetime as a function of SiC concen-
tration shows positive deviation from linearity. If Stern-Volmer
and bimolecular quenching constants were calculated from
the equation of the collisional quenching, the results would
be 0.10 uyM ™" and 1.6 10" M~ ' s, This bimolecular quenching
constant largely exceeds the limit of the diffusion-controlled
bimolecular rate constant value (10" M~ s 1),%°® which
excludes that a diffusion-mediated collisional quenching causes
our dynamic quenching. When both static and dynamic quenching
occur, a modified Stern-Volmer equation is suggested,’® and
I/I= (1 + K[Q])(1 + Kp[Q]) where K, and Ky, stand for the static
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Fig. 4 (a) The total FRET efficiency of the BSA-SiC system as a function of

the initial SiC concentration. The inset shows the overlap between BSA
emission and SiC USNP absorption. The overlapping region is hatched. (b)
The Stern—Volmer plot of the BSA/SIC USNPs system in the presence and
absence of sucrose, a hydrogen binding competitor. The increased
quenching occurring when sucrose was added eliminates the possibility
of hydrogen bonding between BSA and SiC USNPs.

and dynamic quenching constants, respectively, and [Q] is
the quencher concentration. By fitting with the second order
S-V equation, using correlation coefficients close to unity
(R* = 0.999), the calculated Ks and Kp, values are found to be
negative and the mechanism of a ground-state complex is
rejected as being responsible for the fluorescence quenching
of BSA.

Not only collisional quenching is a dynamic process, how-
ever. Quenching can be caused by different mechanisms such
as energy transfer and charge transfer.® As there is a large
spectral overlap between BSA emission and SiC NPs absorption
(inset in Fig. 4a), the possibility of Forster resonance energy
transfer (FRET) quenching should be examined. FRET occurs
when the donor fluorophore absorbs a photon, and the excita-
tion energy is transferred to an acceptor molecule close to the
donor. FRET efficiency highly depends on the distance between
the donor and acceptor molecules. From Forster’s theory, the
Forster radius (R,) can be calculated. The applied parameter
values were x* = 2/3, n = 1.34 and &y, = 0.15.°%°>%° The obtained
Forster radius was R, = 2.83 nm, which is in the interpretable
range for the FRET mechanism. However, FRET is usually
studied in a system where the donor-acceptor distance is fixed
in some way (i.e., by labelling biomolecules). The donor-
acceptor distances in an NP-protein solution are constantly
changing in time and can only be described by an average
distance®”®® which depends on the concentration of the NPs.
We assume that - in the presence of acceptors - the ratio of the
donors in the donor-acceptor pairs is x(c,) = Cpaltp,, where cpy
and cp are the concentration of the donor-acceptor pairs and
the initial concentration of the donors without any acceptors,
respectively, and c, is the acceptor concentration. We further
assume that the rest of the donors emit unaltered fluorescence.
The efficiency of energy transfer in a single donor-acceptor pair
is denoted by E. In this case, the decrease of the fluorescence
lifetime of the entire sample can be described by the following
equation:

S —1—E-x(ca) (1)
To

Using eqn (1), and the equation of the association-dissociation
constant (Kps = ¢p X Ca/cpa in this case) the variation in the
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lifetime as a function of the quencher concentration can be
described by the following equation:

T
1——
70

2
0 Ao - i 0 - 0 “Ao
(cpy + caq + Kpa) \/(CD + ¢ + Kpa) —4cp,ca

=F.
ZC])n

I

(2)

where cp =15 pM, which is constant during the measurement.
This model, with ¢, as an independent variable, results in an
excellent fit (Fig. 4). Fitting with this model provided E = 82%
for the value of FRET efficiency. From the FRET efficiency, an
average donor-acceptor distance can be calculated, since the
Forster radius is already known (R, = 2.83 nm). The derived
average donor-acceptor distance is 2.2 nm. The other parameter
of the fit (i.e., the dissociation constant of the donor-acceptor
pair) was found to be Kp, = 0.3 pM. Fig. 4 shows the total FRET
efficiency as a function of SiC concentration. It can be seen that
the relation between the total FRET efficiency and SiC concen-
tration is linear in the studied system in the investigated range of
acceptor concentration.®®

We inspected our hypothesis by studying the luminescence
intensity of the SiC USNPs as a function of BSA concentration.
SiC USNPs have a low emission efficiency at 290 nm excitation.
The addition of BSA should increase the luminescence intensity
of the SiC USNPs as a result of energy transfer. What we found
is that the emission intensity of SiC NPs does not increase with
an increase of BSA concentration in the 0.015-3.75 pM BSA
concentration range. A further increase in the BSA concen-
tration obscures the SiC peak and deconvolution is needed to
extract the emission intensity of the nanoparticles. At higher
concentrations, a small increase can be deduced from the
deconvolutions, however, the statistical analysis of five replicates
gives us only a trend instead of significant correlation, weakening
the possibility of energy transfer (not shown).

Conceding FRET, we still have to assume that other processes
affect the interaction of the BSA-SiC USNPs. Only luminescence
measurements (such as temperature-dependent quenching,
which shows a decrease in the quenching efficiency with tem-
perature) are usually connected to complex formation. Here,
values of Io/I higher than 74/t denote a static quenching process.
On the other hand, IR, UV-VIS and the peak position of the Trp
emission peak imply the possibility of complex formation. The
IR spectrum and the titration curve of the SiC USNPs show
hydroxyl moieties on the surface with high concentration.
Hydroxyl groups can lead to complex formation where hydrogen
bonds are the main interaction force.”® Therefore, we tested the
possibility of hydrogen bond-mediated complex formation by
using sucrose as a competitive quencher that can protect BSA.”*
Fig. 4b shows that the addition of sucrose further increases the
quenching which proves that SiC USNPs do not interact with BSA
via hydrogen bonds.

Because of the lack of detectable binding between BSA and
SiC USNPs, we instead consider the transient effect which is a

This journal is © the Owner Societies 2018
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pseudo-static effect in the quenching sphere of action.”
Indeed, deviations from linearity in the Stern-Volmer plots in
both the steady and transient states are mostly referred to as a
consequence of the transient effects in the Smoluchowski
formulation,”® which is usually described by the quenching
sphere of action model. Such a description of the fluorescence
quenching considers that the quenching reaction itself occurs
on a timescale shorter than the one necessary for significant
diffusion. The time resolution of the fluorescence lifetime
apparatus is not sufficient to detect what is occurring on a
certain timescale, in the sub 55 ps range, for instance; then, the
phenomena occurring within a distance smaller than the length
that results from a random walk of the interacting molecules can
be regarded as instantaneous. The whole quenching process is
dynamic, but the instrumental limitations enable a separation of
static phenomena occurring on timescales below the instrumental
resolution and dynamic ones occurring on timescales above the
instrumental resolution. Fluorescence quenching with exponential
distance dependence is reported when diffusion is hindered.*®”
The modified S-V equation can be written as follows:

B (14 Kev[Q)e 0 ®

where V is the static quenching constant. If the sphere of action
mechanism is present, the dependence of 74/t should not be a
straight line because V = (NA/1000)(4nR*(D7)"?), and raising the
temperature should enhance the value of Ksy and reduce the value
of V. In our case neither occurs.

The diffusion-limited association of suspended spherical
particles is often described at the mass-action law level, according
to Smoluchowski, where the diffusion coefficient is identified
with that predicted from the Stokes-Einstein approximation.
This expression, however, is valid only for single particles far
from interfaces. During contact between particles or with an
interface the diffusion coefficient is smaller than that calculated
from the Stokes-Einstein equation.””> Moreover, proteins are
macromolecules with numerous binding sites, cavities and
pockets with sizes as large”® as 10°-10° A®. Molecules are much
smaller, so a molecular quencher can diffuse even inside the
smallest pocket or pore of the protein and this close proximity to
the binding sites facilitates complex formation. Ultrasmall nano-
particles (USNPs) are larger than the molecules but the diffusion
of USNPs close to the protein can be influenced by these
pockets.’”””7® Within the protein structure, protein flexibility
is an essential factor concerning reactivity. The fluctuation in the
protein structure allows diffusion of small molecules or clusters
even inside the closed binding sites.””®° Such a mechanism is
able to temporarily trap the molecules and clusters. This mecha-
nism can be described as physical complex formation where the
binding force is steric hindrance.®

The energy transfer, however, is also temperature depen-
dent, as R, and E decrease with increasing temperature.®”-%%5
Sucrose increases the viscosity of the medium and the stability
of the protein, but changes its conformation making trypto-
phans more accessible. Sucrose also decreases the polarity of
the medium®® and we have to consider sucrose-SiC interactions
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Table 1 Decay times and amplitudes for a three exponential fit
3 exponential fit

[SiC] Ay T1 A, T, A T3
0 1.7 4.2 3.1 7.3 — —
0.625 0.5 1.4 3.0 5.6 1.4 8.1
1.25 0.6 1.3 2.3 5.0 2.1 7.5
1.875 0.8 1.0 2.6 5.2 1.8 7.8
2.5 0.9 1.3 2.4 5.2 1.9 7.7
3.125 1.1 1.1 2.3 4.9 2.0 7.6
3.75 1.3 1.1 2.0 4.6 2.2 7.4
5 1.7 1.0 2.1 4.6 1.9 7.4
6.25 2.1 1.0 2.0 4.2 1.9 7.3
7.5 2.5 1.0 2.1 4.2 1.6 7.3
10 3.2 0.8 2.0 3.3 1.6 6.7

as well, which makes it difficult to understand the final effect of
sucrose on SiC. Nevertheless, the increased viscosity decreases
diffusion and increases the efficiency of energy transfer.

BSA contains two Trp around its binding site. Trp134 is
outside of the pocket, surrounded by the polar environment;
Trp212 is inside the hydrophobic pocket. Even if Trp212 is
accessible for SiC USNPs, the hydrophobic pocket temporarily
traps the particles causing static-like quenching. Increasing
temperature increases the flexibility of the protein and reduces
the interaction forces resulting in faster diffusion and a shorter
detention time in the vicinity of Trp212. Table 1 presents the
lifetimes obtained from the fits of the decay times with three
exponentials, where 4, is the amplitude and 7, is the decay time
of the components (n is 1, 2, or 3). Even collisional quenching
results in non-exponential decays, changing the overall inten-
sity decay rate due to transient effects in quenching. These
effects are caused by the rapid quenching of closely spaced
donor-acceptor pairs, followed by a slower quenching rate due
to quencher diffusion. As a result, the presence of transient
effects can manifest itself in additional nanosecond decay time
components.”® The fitting procedure yields a decrease in all
lifetime components, suggesting the influence of the SiC
USNPs on either tryptophan. The shorter decay component of
the BSA increases its amplitude with the increase of SiC USNPs
concentration, while the decay time slowly decreases. The second
BSA decay component behaves in the opposite way. Its amplitude
decreases relatively faster than its lifetime. A decrease in the
amplitude means less contribution to the luminescence that is
caused by static-like quenching, while a decrease in the lifetime is
the result of a dynamic type quenching process. It can be seen
that both processes affect both components but to different extents.
The amplitudes and lifetimes of the third component, that are
the result of the transient effect, show small variations with the
addition of SiC USNPs to BSA.

Our results suggest that SiC USNPs and BSA interact in an
inhibited diffusion manner and such a mechanism results in a
complex quenching reaction, which shows second-order dynamic
and static quenching without perceptible changes in the protein
structure. This picture is in agreement with the binding kinetics
results for negatively charged ultrasmall gold nanoparticles.®
Indeed, nanoparticles between 1 and 2 nm show transient
particle-protein associations with lifetimes shorter than gel band
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Fig. 5 (a) Fluorescence of BSA in the presence of SiC NPs with various
concentrations representing the steady state quenching process. (b)
Stern—Volmer representation of the quenching processes.

resolution times in gel assays as a consequence of repetitive
binding and unbinding processes.>"

As Boselli et al. pointed out,’" this transient effect is extremly
size dependent. NPs with sizes comparable to or larger than the
protein cannot get inside the pockets and large NPs are adsorbed
by proteins on the surface forming a dense protein corona (PC).
We, therefore, measured the quenching characteristics of SiC
NPs with average size of about 9 nm. Here, the particle is
comparable but not larger than the size of the BSA. The result
is shown in Fig. 5a and b. It can be seen that SiC NPs show a
simpler interaction that can be described with a linear Stern-
Volmer plot. The slopes of the intensity and the lifetime are
almost the same suggesting pure dynamic quenching processes.

Identification of the binding site

Our experimental results were tested using theoretical calculations
in order to see if the modelled NPs-protein interaction gives a
consistent solution to the models deduced from the experimental
data. Auto Dock Vina®®*® was applied to find the optimal binding
site of the SiC nanocrystal to BSA based on the optimization of free
energy (calculated from molecular mechanics force fields). Python
Molecule Viewer®” was used for the visualization of the result. The
calculation was performed on the surface of the three dimensional
model of the BSA molecule (3v03) downloaded from the Protein
Data Bank. The model of a 1.4 nm SiC nanocrystal was constructed
from our ab initio calculations. The binding affinity provided by the

Fig. 6 The docking site of SiC in the surroundings of the tryptophan-134
residues of BSA.
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optimization process was AE = —35.7 kJ M~". From this, the
dissociation constant can be calculated as Kpjs = 0.33 uM at
288 K (since Kp;s = e*Z®D). The distance between the tryptophan
group of BSA and SiC was found to be approximately 2 nm. This
result agrees well with our results obtained from the FRET inter-
pretation. Fig. 6 depicts the constructed BSA-SiC complex.

Conclusions

We studied the interaction of 1.5 nm and 9 nm SiC particles, a
new candidate in bioimaging and nanoscale sensing, with BSA
in aqueous solution by various spectroscopic techniques. Our
results strengthen the observation of other researchers for
USNPs of a transient effect in the ultrasmall nanoparticle-
protein interaction. We explain such an interaction by a dis-
turbance in the free particle diffusion of adjacent particles
(ultrasmall nanoparticles and proteins). Otherwise, the mostly
hydroxyl terminated SiC particles show no specific interaction
with BSA regardless of the size. Only collisional quenching was
found for 9 nm SiC NPs, while the best explanation of the
1.5 nm SiC USNPs quenching action, based on our experi-
mental and theoretical results, is FRET.

The biocompatibility and stability of SiC with its interesting
magneto-optically active centres in the visible and near infrared
range make SiC a very promising host material in nanobio-
technology. The lack of evidence for BSA denaturation in the
presence of SiC, and the absence of a strong complex or protein
corona formation imply in vivo biocompatibility for SiC below
10 nm as well. A functionalized nanoparticle will keep its designed
properties in complex biological media with the additional capacity
for purposeful engineering of the particle corona and formation of
transient complex interactions that lead to a rich range of receptor
target interactions, qualitatively different from molecules or larger
particles.
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