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A B S T R A C T

Nonspecific protein adhesion to nanoparticle (NP) has been proven to have important implications in nano-
medicine. However, there are only a few examples of careful studies relating protein binding thermodynamics to
NP physicochemical features. In particular, a systematic investigation of how NP/protein binding parameters
scale with size for sub-10 nm NPs and whether this scaling is affected by the surface feature of NPs remain
unaddressed. Previously, we have developed an analytical ultracentrifugation (AUC) based method to determine
NP/protein binding thermodynamic parameters that was shown to be particularly effective for sub-10 nm NPs.
In this work, we exclusively utilize this method to investigate the binding parameters for a well-defined set of
gold NPs with varying size and surface ligand ratios to the model protein human serum albumin. We find that
gold NPs with a homogenous distribution of hydrophilic molecules in their ligand shell have a monotonic de-
pendence of their binding constants and of the maximum number of bound proteins as a function of their surface
area. On the other hand, a more complex relation is found for particles with patchy ligand shell. The findings of
this research highlight the significance of surface morphology on the interplay between protein binding behavior
and NP size.

1. Introduction

The adsorption of proteins on nanomaterials upon contact in bio-
logical media, called protein corona, has been center of an increasing
interest in nanomedicine and nanotoxicology [1–3]. Because surface
adsorbed proteins can alter or even hinder the designated biological
functions of nanoparticles (NPs), the protein corona has been ex-
tensively studied in vitro and in vivo [4–6]. Over the last decade, phy-
sicochemical properties of NPs such as size, chemical composition,
shape, charge and hydrophobicity have been shown to influence pro-
tein – nanoparticle interactions to a varying extent [4,7–10]. Hofmann
and co-workers, for instance, carried out detailed investigations on
iron-oxide nanoparticles and the effects of their surface charge and
chemical structure on the protein corona composition with magnetic
separation method [11–14]. Another study demonstrated that the
number of proteins bound to nanoparticle surface is strictly size de-
pendent while binding affinity is influenced in a more complex way
[15]. In addition, the degree of surface hydrophobicity of PNIPAM:BAM
hybrid nanoparticles was shown to influence the binding stoichiometry
at least for human serum albumin [16]. However, these studies were
typically focused on hundreds of nanometer sized NPs where proteins

see the surface of nanoparticle almost like a flat surface. Apart from
some works with single-sized nanoparticles [17,18], there is a lack of
systematic study for the effect of size on the protein binding particularly
at sub-10 nm level. It is crucial to note that when particle size is com-
mensurate with serum proteins, the NP-protein interactions are ex-
pected to become different. First of all, only a few proteins can fit on a
single particle thus crowding effect is more emphasized. Furthermore,
when particles are smaller than 10 nm, the inhomogeneity on the sur-
face in terms of topography and ligand morphology is expected to be
small compared to the size of proteins (for simple geometrical reasons).
We have shown that the phase separation of binary ligand mixtures on
gold NPs into stripe-like domains [19,20] determines a number of in-
teresting biological properties, including protein non-specific adsorp-
tion [21,22]. The question of how the presence of binary ligand mixture
on the surface of sub-10 nm NPs affects the thermodynamic parameters
in protein binding has not been addressed so far.

One important reason why there is a lack of such study is that in-
vestigating protein interactions of small NPs (less than 10 nm) has a
number of methodological challenges. Data analysis is mostly compli-
cated because the signal (fluorescence or scattering) that comes from
NP/protein conjugates is affected by the background signals of either
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unbound/untagged proteins or inadvertent aggregates [23,24]. Re-
cently we showed that analytical ultracentrifugation (AUC) could be
one way to address these challenges as it allowed to investigate protein
interactions of as small as 2.2 nm gold NPs [23]. Because AUC relies
solely on sedimentation behavior of NPs that are gradually retarded
upon protein adsorption on the surface, this method was shown to be
effective without the need of any labelling neither NPs nor proteins.
Our mathematical model described a Langmuir-adsorption-like change
in the sedimentation coefficient of NP/protein conjugate as a function
of the number of protein bound accurately and robustly. Fitting the
experimental data to this model allowed us to calculate multitude of
thermodynamic parameters of the interaction such as binding affinity
(KD), stoichiometry (Nmax) as well as the cooperativity factor (Hill
coefficient).

Here, we utilize this method to carry out a systematic study of small
NP-protein interactions as a function of NP size and discuss how surface
morphology influence this function. First, we report the design and
synthesis of highly monodisperse gold NPs with 4 different sizes and
surface coatings (fully charged hydrophilic, mixture of hydrophilic and
hydrophobic and purely ethylene glycol). Then, we calculate binding
parameters of these NPs against our model protein human serum al-
bumin (HSA) and investigate their scaling with the size of NPs. Our
results suggest a linearity between the surface area of hydrophilic gold
NPs and their interaction with HSA, indicated with KD and Nmax values.
The presence of binary ligands on the NPs surface, on the other hand,
slightly distorts this linearity for binding affinity while radically re-
moving for Nmax values. This nonmonotonic behavior of binding stoi-
chiometry as a function of size implies that surface morphology either
affects the binding geometry or simply decreasing the binding regions
on NP surface. Finally, we also have shown that size effect could be
insignificant for other surface chemistries such as ethylene glycol units
as they are resistant to HSA attachment at least for sub-10 nm gold NPs
even at the physiological concentration of HSA.

2. Materials and methods

2.1. Materials

Chloro(triphenylphosphine)gold(I) (> 99.9% trace metals basis
purity), 1-octanethiol (> 98.5% purity), borane tert-butylamine com-
plex (powder, 97% purity) were purchased from Sigma Aldrich and
used without further purification. HS-EG5-OH (EG5) ligand was pur-
chased from PurePEG® and purged Argon after each use. 11-mercap-
toundecane sulfonate, sodium salt (MUS) ligand was synthesized in-
house according to previously reported protocol [25]. Human serum
albumin (lyophilized powder, 97% purity) was obtained from Sigma
Aldrich and used as is. All solvents were used ACS grade, straight out of
the bottle without further purification. Analytical ultracentrifugation
(AUC) experiments were carried out in Beckman Coulter ProteomeLab
XLA/XLI ultracentrifuge with AnTi 50 and AnTi 60 rotors. Cell com-
partments such as aluminum cell covers, Epon® centerpieces and sap-
phire windows were purchased from SpinAnalytical.

2.2. 1-octanethiol (OT) gold nanoparticle synthesis

164 mg Chloro(triphenylphosphine)gold(I) and 20 μL 1-octanethiol
were dissolved in solvent mixture (32 mL) at room temperature. In a
separate vial, 200 mg borane tert-butylamine complex was dissolved in
the same solvent mixture (32 mL) and put into the previous solution at
room temperature. Solvent conditions and reaction temperature were
varied in each synthesis to obtain different size for NPs which were
summarized in Table 1. Right after mixing the reducing agent, the so-
lution was immersed into heating bath of certain temperature and al-
lowed to stir for 1.5 h. The reaction was then slowly cooled down to
room temperature again followed by addition of methanol (around
50 mL). This resulted in precipitation of nanoparticles from the reaction

solution. In order to collect nanoparticles, the solution was transferred
to 50 mL centrifuge tubes and spun at 5000 g for 15 min. The centrifuge
tube was refilled with methanol and mixed thoroughly before pre-
cipitating through centrifugation at 5000 g for 15 min. This refilling
protocol was repeated at least 4 times to make sure all the starting
materials were washed out of the solution. Finally, the pelleted nano-
particles were put under vacuum overnight to obtain dry powder OT
coated gold nanoparticles.

2.3. Synthesis of water soluble nanoparticles

5 mg powder of OT coated gold NPs were dissolved in 10 mL CHCl3.
10 mg of MUS ligand was dissolved in 10 mL methanol and added to the
NP solution. The ligand exchange reaction was stirred overnight to
obtain approximately 2:1 MUS:OT ratio. The resulting NPs were col-
lected with centrifugation under 5000 g and 15 min followed by dis-
solving in 15 mL water. Then, water soluble NPs were thoroughly wa-
shed with Amicon® centrifugal filters (30 kDa MWCO) and concentrated
into final 0.5 mL solution which was used as stock solution for the
protein incubation experiments.

In order to obtain MUS:OT 8:1 NPs, the starting MUS ligand for the
exchange was increased to 40 mg while keeping the OT NPs amount
constant. Also, the reaction was heated to 50 °C for at least 1 h to in-
crease the kinetics and favor ligand exchange to higher ratios. As the
solvent evaporated from the reaction flask, methanol was added to
prevent drying the reaction solution. Finally, the NPs were cooled down
to room temperature and methanol was added to initiate precipitation.
NPs were collected via centrifugation (5000 g for 15 min) and dissolved
again in water. The NP solution was then washed repeatedly with
Amicon® centrifugal filters (30 kDa MWCO) and concentrated down to
0.5 mL which was stored as stock solution.

2.4. Protein – NP titration experiments

Approximately 5–6 mg of human serum albumin (HSA) was dis-
solved in 1 mL 10 mM phosphate buffer (pH 7.4). This protein solution
was diluted to half concentration sequentially for at least 15 times in
order to reach 10−7 to 10−8 M range in 0.5 mL. Then, gold NPs were
added to each of these solutions separately and incubated for at least
24 h at 4 °C.

2.5. AUC experiments

All AUC experiments were carried out in aluminum coated AUC cell
holder with Epon® centerpiece and sapphire windows. The AUC rotor
was pre-chilled to 20 °C for at least 1 h prior to centrifugation.
Sedimentation velocity AUC experiments were carried out in absor-
bance mode at 520 nm with 0.006 cm scan rate to keep track of only
gold NPs sedimentation. All of the sedimentation data was analyzed
with free software SEDFIT which was obtained from www.
analyticalultracentrifugation.com. Hydrodynamic diameter (dhyd) and
hydrodynamic density (ρNP) of gold NPs were calculated using pre-
viously reported protocol employing a custom made Matlab script [26].
Sedimentation (s) and diffusion coefficients (D) were primarily used to

Table 1
Experimental parameters for monodisperse OT coated gold NPs synthesis.
Variation of solvent polarity and/or reaction temperature result different size of
NPs without changing the core nature of the reaction (e.g. reactants, reducing
agents, etc.).

OT(1) OT(2) OT(3) OT(4)

CHCl3 (mL) 64 32 32 16
Toluene (mL) 0 32 32 48
Temperature (ºC) 55 55 85 85
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calculate dhyd and ρNP, however, unlike the reference, frictional ratio
was not assumed to be 1 for all NPs. In order to make AUC analysis for
protein – NP interactions, NP density was calculated via hard-sphere
model where hydration layer is removed for the sake of physical re-
levance of the binding event [23].

3. Results and discussion

3.1. Design and synthesis of gold nanoparticles

We synthesized 4 different size of gold NPs via controlled reduction
of organic soluble gold triphenylphosphine salts with borane containing
mild reducing agents (Fig. 1A) [27]. The advantage of this method lies

in the ability to control efficiently the size of resulting gold NPs by
changing solely the reaction temperature and solvent polarity. For ex-
ample, using chloroform as the only solvent at 55 °C resulted in nano-
particles of approximately 3–4 nm core diameter, when the temperature
was increased to 85 °C and a mixture of 1:1 chloroform:toluene was
used, the reaction product were gold NPs approximately 5–6 nm in core
diameter (Table 1). Keeping all the other reaction parameters constant,
this method allowed us to produce gold NPs with different sizes in a
consistent and reliable way. It is worth stressing the importance of not
changing synthetic parameters such as starting gold salt material or
type of reducing agent because these factors can influence the quality of
the NPs or introduce possible contaminants. For the same reasons, we
used only 1-octanethiol (OT) as the starting ligand on the surface of

Fig. 1. A) Schematic representation of the synthetic protocol followed for all NPs used in this work. B) Representative electron microscopy images for each size of OT
coated gold NPs. Scale bar is 100 nm in each images. C) Size histograms obtained from multiple TEM images (> 2000 NPs). D) Sedimentation coefficient distribution
of each size of NPs with 2:1 and 8:1 MUS:OT ratio. Note that while size (3) and (4) have similar distribution for both type of NPs, (1) and (2) are different as the effect
of hydrophobic OT becomes more significant on the colloidal stability of the NPs and their size becomes smaller due to the smaller number of water-stabilizing
hydrophilic ligands present on the smaller NPs.

A. Bekdemir et al. Colloids and Surfaces B: Biointerfaces 174 (2019) 367–373

369



gold NPs during synthesis and produced all of the water-soluble NPs
directly from OT coated gold NPs. As a secondary step, we introduced
11-mercaptoundecane sulfonate (MUS) through ligand exchange reac-
tions with stoichiometric ratios of either 2:1 MUS:OT or 8:1 MUS:OT.
We chose these two compositions as the 2:1 has been shown to have a
ligand shell with stripe-like domains [20,28], while the 8:1 being
mostly a homoligand NPs should present a homogeneous distribution of
ligands [29,30]. We were not able to produce truly homoligand parti-
cles through this synthetic route as MUS is a highly charged molecule,
and this limits the progress of ligand exchange particularly at higher
MUS:OT ratios possibly due to increasing effect of repulsion upon MUS
crowding. Nonetheless, given the low amount of OT in MUS:OT 8:1
NPs, we expect the influence of OT on protein binding would be
minimum and the NPs would behave similar to fully MUS coated NPs
(Figure S1 and S2). Similarly, a third type of NPs was synthesized via
ligand exchange of HS-EG5-OH (EG5) from OT coated NPs. Although
they also have a slight amount of OT residuals on the surface, they are
low enough to consider these NPs almost fully coated with EG5.

After synthesis, all of the NPs in this work were thoroughly character-
ized with TEM and AUC for determination of the core (dcore) and the hy-
drodynamic diameter (dhyd) respectively (Fig. 1B and 1C). NPs that had
similar core size were denoted with the same numbering in the
parenthesis from 1 to 4 with 1 being the smallest to 4 being the
largest (i.e. dcore{MUSOT(1)} < dcore{MUSOT(2)}, dcore{MUSOT(3)}
< dcore{MUSOT(4)},). According to the AUC method described previously
[26], we were able to calculate dhyd of NPs as well as hydrodynamic density
(ρNP) based on their sedimentation coefficients (s) and diffusion coefficients
(D). Interestingly, MUSOT(1) and MUSOT(2) NPs showed disparity in
average sedimentation coefficient values between 2:1 and 8:1 ligand mix-
ture whereas MUSOT(3) and MUSOT(4) had almost identical sedimentation
coefficient distributions (Fig. 1D). This suggests that binary ligand mixture
might not be distributed homogeneously over the NP surface for all sizes
particularly when dcore becomes smaller than 5 nm. Subsequently, with the
help of the diffusion coefficient obtained from AUC, we were able to cal-
culate ρNP for all the NPs (Table 2). According to the results, ρNP of MUSOT
8:1 was found smaller than MUSOT 2:1 NPs for size (3) and (4) NPs. This, in
fact, was expected considering the lower amount of sulfonate ligands on 2:1
NPs compared to the 8:1NPs, resulting in a decreased hydration layer and
thus an increased ρNP. However, the same behavior was not observed for
size (1) and (2) NPs. That is, for example, ρNP of MUSOT(1) 2:1 was con-
siderably smaller than that of MUSOT(1) 8:1. These findings highlight that
MUSOT(1) 2:1 and MUSOT(2) 2:1 could potentially have inhomogeneous
hydration layers around the surface due to locally concentrated sulfonate
ligands. In fact, these NPs previously were shown to exhibit surface struc-
tures that affected their colloidal stability through non-conventional hy-
dration [31].

3.2. Protein – nanoparticle interaction thermodynamics

After the synthesis of these monodisperse NPs, we titrated each NPs
with varying concentrations of human serum albumin (HSA) in 10 mM
phosphate buffer pH 7.4 while keeping the NP concentration constant.

Each titration mixture was then centrifuged in AUC to determine
average s-value distribution of the corresponding NP – HSA complex.
Upon protein adsorption, sedimentation of gold NPs is observed to slow
down due to ‘the parachute effect’ (Fig. 2A). Subsequently, we modelled
the gradual decrease of the sedimentation by incorporating the Hill
formulation into the Svedberg equation which resulted the following
description [23]:
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where NP, P and VNP, VP are density of NP and protein, and volume of
NP and protein respectively. These fixed parameters were calculated for
each NP and protein mixture separately by following the hard sphere
model [23]. For all NPs, three separate titration sets were performed
with identical conditions (incubation temperature, buffer solutions,
etc.) and resulting s-values were averaged across the three values to-
gether with the calculation of standard deviations as error bars
(Fig. 2B). The combination of s-values of each NP – HSA complexes (scx)
forms a Langmuir-type of adsorption isotherm which was then fitted to
the equation 1 with root mean square deviation protocol (Fig. 2B). The
result of the fit allowed us to calculate binding affinity (KD), stoichio-
metry (Nmax) as well as cooperativity (Hill coefficient (n). The variance
of the values is defined as the root mean square error and regarded as
the error bars in the following plots (Figure S3 and S4).

Following this method, we calculated the KD and Nmax values for all
MUSOT 2:1 and 8:1 NPs (Fig. 3). According to these results, for MUSOT
8:1 NPs, there is a linear trend on KD values with respect to surface area
(hence, a quadratic relation with the NP size) which was calculated by
radius of gold core plus the size of ligands in full extension (Fig. 3). The
increase of KD as the size decreases indicate weaker binding of small
NPs to HSA. Similarly, previously published reports on ultrasmall gold
nanoparticles demonstrated that the protein interactions can diminish
as the size gets smaller which could eventually evade forming protein
corona [17]. For HSA binding to MUSOT 2:1 NPs, such linearity slightly
decreased but was found to be statistically significant (R2 = 0.91) in-
dicating that the presence of binary ligands does not dramatically
change the monotonic relation of size and binding affinity. Ad-
ditionally, most of the 2:1 mixed-ligand NPs exhibit slightly lower KD

values than their 8:1 equivalents, therefore, have higher affinity to HSA
binding. This can be explained by the preferential binding of albumins
to hydrophobic molecules which is their one of the primary functions in
blood [32]. In short, our results show that binding affinity is clearly a
function of size where a monotonic decrease is observed as the size of
NPs get smaller.

The number of proteins bound to MUSOT 8:1 and 2:1 exhibited a
higher disparity according to the AUC analysis (Fig. 3). In parallel to KD

values, MUSOT 8:1 NPs showed a linear trend with NP surface area
such that small NPs accommodate fewer proteins on the surface

Table 2
Hydrodynamic analysis of NPs as a result of combined TEM and AUC measurements. Standard deviations are measured as one σ value of the sedimentation and
diffusion distribution obtained from AUC and TEM size histogram.

s (10−13 s) D (10−11 m2s-1) ρNP (gcm−3) dhyd (nm) dcore (nm)

MUSOT(1) 8:1 68 ± 16 6.5 ± 0.9 4.6 ± 0.9 6.5 ± 0.8 3.2 ± 0.5
MUSOT(2) 8:1 123 ± 22 6.1 ± 0.8 5.7 ± 0.7 7.6 ± 0.9 4.5 ± 0.7
MUSOT(3) 8:1 214 ± 35 5.3 ± 0.7 7.0 ± 0.8 8.8 ± 0.7 5.6 ± 0.6
MUSOT(4) 8:1 296 ± 43 4.9 ± 0.8 8.2 ± 1.1 10.4 ± 0.7 6.6 ± 0.6
MUSOT(1) 2:1 95 ± 21 5.6 ± 0.8 3.9 ± 0.6 7.6 ± 0.6 3.2 ± 0.5
MUSOT(2) 2:1 155 ± 27 5.3 ± 0.7 5.3 ± 0.4 8.1 ± 0.7 4.5 ± 0.7
MUSOT(3) 2:1 213 ± 33 5.8 ± 0.7 8.0 ± 0.6 8.2 ± 0.7 5.6 ± 0.6
MUSOT(4) 2:1 294 ± 47 5.3 ± 0.6 9.2 ± 0.7 9.5 ± 0.8 6.6 ± 0.6
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compared to larger NPs. Considering the available surface area in-
creases for protein binding across homogeneous surface coatings in
these NPs, the monotonic behavior was somewhat anticipated. In fact,
similar behavior has also been observed for much larger NPs
(> 100 nm) [33]. On the other hand, MUSOT 2:1 NPs do not fit into
this model with a non-monotonic behavior for Nmax values of HSA
binding. In addition, MUSOT 2:1 (1) and MUSOT 2:1 (2) NPs seemingly
interact with slightly more HSA molecules when compared to same size
of 8:1 NPs. As seen in the binding affinity case, the presence of hy-
drophobic residues on mixed ligand NPs might have resulted in such
discrepancy. However, larger MUSOT NPs show a dramatic decrease in
Nmax values suggesting that other factors such as the surface mor-
phology could be taking part as well. The decreased number of bound
protein for these NPs could also be the result of disparate binding or-
ientation of HSA on the structured amphiphilic ligand shell of gold NPs
[18]. In essence, these findings recapitulate how surface heterogeneity
at the nano-level could impact the NPs behavior and demonstrate that
thermodynamics of NP/protein interactions are not exceptions as well.

3.3. Ethylene glycol NPs

The third set of NPs we prepared was ethylene glycol (EG5) coated
gold NPs with similar core diameters. AUC analysis with our model
protein HSA was carried out for different sized EG5 NPs with the aim of
obtaining KD and Nmax values similar to MUSOT NPs (Fig. 4A). How-
ever, even with an increased range of protein concentration up to 1 mM,
we did not find any decrease in the average sedimentation coefficient
upon protein attachment (Fig. 4B). This implies that dissociation con-
stant (KD) of HSA from EG5 NPs is immeasurably high (more than
1 mM) and thus the interaction between EG5 NPs and HSA is extremely

weak. All of the sizes we tested in this work demonstrated the same
behavior and therefore we could not make any distinction on their size
dependency and binding affinity. However, with these studies we
confirmed that incorporation of ethylene glycol units to NP ligand shell
inferred protein resistance to NPs and therefore they can evade from
attaching proteins in parallel to previous works by others [34]. For the
context of the protein corona, on the other hand, complex media such
as human serum should be used to reach to more general conclusions.

4. Conclusions and outlook

NPs have important physicochemical parameters that can poten-
tially affect the protein binding behavior and as a result the final pro-
tein corona. Several studies tried to investigate the effect of these
parameters but almost exclusively for very large NPs that have several
hundred nanometers in core diameters. Here, we have reported a sys-
tematic study of sub-10 nm gold NPs and their binding behavior to-
wards our model protein human serum albumin. Our study exclusively
utilized recently developed AUC based method for high quality de-
termination of binding affinity and stoichiometry for these small NPs.
For both 8:1 and 2:1 gold NPs, we found that binding affinity of HSA
tend to follow a linear trend, albeit in a slightly different manner, with
respect to NP surface area. However, in terms of maximum protein
coverage on NP surface, we found that a linear trend was present solely
for the 8:1 NPs whereas no discernible trend could be found for the 2:1
NPs. This irregular protein binding behavior for 2:1 NPs was attributed
to the patchy character of surface ligands which potentially influences
NP/protein binding configuration.

Finally, we have investigated the effect of small ethylene glycol
units incorporated to gold NPs which resulted in almost complete

Fig. 2. A) Schematic drawing of the AUC experiments performed to determine NP/protein binding thermodynamics. NPs were put in varying concentrations of HSA
solution, incubated overnight and centrifuged down in the Epon centerpiece of AUC. B) A gradual shift of sedimentation distribution of NP upon increasing HSA
concentration was clearly observed for example in the MUSOT(1) 2:1 NPs. When average s-values were plotted against protein amount, a sigmoidal decrease could be
fitted to Eq. (1) and the binding parameters, KD and Nmax, were calculated. Error bars represent the standard deviation over the average of three replicate mea-
surements of NPs/HSA mixtures in separate vials.
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resistance to HSA attachment. These results confirmed the effect of
PEGylation on protein binding but shown for the first time for sub-
10 nm NPs. Overall, this study sheds light on the size and surface
structure effect on protein binding thermodynamics for sub-10 nm gold
NPs.

Characterization of thermodynamic aspects of protein interactions
with NPs is a key factor to fully understanding protein corona and
designing more efficient nanomaterials for therapy as well as diag-
nostics. The physicochemical studies such as we report here not only
contribute to this aim but also serve as crucial steps toward building

more sophisticated NP/protein systems that recapitulate more relevant
in vivo conditions. The next big challenge will be to build models that
are able to take in multi-protein/multi-nanoparticle systems at least at
equilibrium. We believe that AUC based interaction methods could be
reformulated by taking into account multiple proteins’ sedimentation
coefficients and calculating the bound/unbound protein numbers via
estimating the area under the sedimentation distributions. This could,
in principle, also be extrapolated towards using multiple NP sizes in one
batch and investigating their protein interactions.

As one of the most promising features of nanomedicine is the ability

Fig. 3. NPs/HSA binding parameters plotted with respect to average surface area of NPs. The linear relationship was observed for 8:1 NPs whereas 2:1 NPs tend to
behave irregularly particularly for Nmax values. The error bars represent the root-mean-square deviation calculated by sigmoidal curve fit of Eq. (1).

Fig. 4. A) The overlay of s-value distributions of EG5/HSA mixtures and B) average s-values for each mixing points. Even after mixing with 1 mM of HSA, EG5 NPs do
not change in sedimentation behavior, implying that the interaction with the protein is lacking. Error bars represent the average of three replicate measurements of
EG5/HSA mixture in separate vials.
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to tune NP properties to design smart medical tools, such systematic
studies would reveal which NP formulations would result in structural
perturbations in protein structure as well as how dense protein corona
would occur on NP surface for certain NP/protein mixtures. These, in
fact, have been shown to significantly influence the targeting efficiency
of NPs as well as their stability in blood and as a result, clearance rate
by the reticuloendothelial system [35,36]. In addition, these studies
would enable to ‘manually’ design protein corona systems to improve
the impact and availability of nanomaterials in vivo [37,38].
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