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Introduction

Molecular interactions of graphene oxide with
human blood plasma proteins

Kenry,®P< Kian Ping Loh® and Chwee Teck Lim*®®<¢

We investigate the molecular interactions between graphene oxide (GO) and human blood plasma pro-
teins. To gain an insight into the bio-physico-chemical activity of GO in biological and biomedical appli-
cations, we performed a series of biophysical assays to quantify the molecular interactions between GO
with different lateral size distributions and the three essential human blood plasma proteins. We elucidate
the various aspects of the GO-protein interactions, particularly, the adsorption, binding kinetics and equi-
librium, and conformational stability, through determination of quantitative parameters, such as
GO-protein association constants, binding cooperativity, and the binding-driven protein structural
changes. We demonstrate that the molecular interactions between GO and plasma proteins are signifi-
cantly dependent on the lateral size distribution and mean lateral sizes of the GO nanosheets and their
subtle variations may markedly influence the GO-protein interactions. Consequently, we propose the
existence of size-dependent molecular interactions between GO nanosheets and plasma proteins, and
importantly, the presence of specific critical mean lateral sizes of GO nanosheets in achieving very high
association and fluorescence quenching efficiency of the plasma proteins. We anticipate that this work
will provide a basis for the design of graphene-based and other related nanomaterials for a plethora of
biological and biomedical applications.

As one of the fundamental elements of physiological
systems, proteins play prominent roles in many biological

Graphene oxide (GO) is a two-dimensional hydrophilic nano-
material decorated with epoxide and hydroxyl groups on its
basal plane as well as carboxylic groups at its edges."” With
unique and exceptional bio-physico-chemical properties, such
as excellent water dispersibility and superior in vitro and in
vivo biocompatibility,>* the versatile GO has been increasingly
explored for a wide array of biological and biomedical
applications.”® Some of these include biological sensing,'® >
cellular imaging,"*'* drug delivery,">'® anticancer therapy,
and antithrombotic coating.'® A significant portion of these
GO-based bioapplications is based on the molecular inter-
actions between GO and proteins.
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functions. Physiological environments typically comprise a
diverse range of proteins with different structures, compo-
sitions, functionalities, and concentrations. Upon entering a
physiological environment, nanomaterials like GO will come
into immediate contact and interact with proteins specific to
that environment. Interactions with these proteins and their
nature depend very much on the properties of nanomaterials,
such as surface energy, surface charge, and hydrophobicity,
and the eventual biological response towards nanomaterials
will hinge on the outcome of these nanomaterial-protein
interactions. One of the fundamental processes of the nano-
material-protein interactions takes the form of association or
binding of proteins onto the surface of nanomaterials. In
general, protein binding to nanomaterials in biological fluids
like serum or blood plasma will significantly affect the biologi-
cal characteristics of nanomaterials.>*>' For example, surface-
bound proteins have been demonstrated to enhance specific
cellular uptake**** and activate intracellular signaling path-
ways.>* Consequently, a deeper understanding of the physio-
logical effects of nanomaterials, in particular GO, requires the
knowledge of the binding of proteins to GO in biological
fluids. In fact, comprehensive studies on the GO-protein inter-
actions are necessary for establishing the influence of GO on
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the structure and physiological activities of these proteins.
For a majority of the GO-based in vivo biological applications,
the utilization of GO will inevitably lead to it entering the
blood circulation system and subsequently, interacting with
blood plasma proteins.

Blood plasma consists of many distinct proteins carrying
out unique and specific functionalities.”> Of all the proteins
circulating in blood plasma, three major proteins stand out,
i.e., albumin, globulin, and fibrinogen. Albumin is one of the
smallest proteins and the most abundant plasma protein in
the circulatory system. As a globular protein, albumin has a
molecular weight of 66 kDa and constitutes approximately
55% of the blood plasma proteins. Known as a transporter
molecule with multifunctionalities, an albumin molecule is
capable of binding to a whole range of endogenous and
exogenous compounds. The high conformational flexibility of
the albumin molecule coupled with its labile binding charac-
teristic endows it with diverse functionalities. As another
important globular protein responsible for the molecular
transport and body immune system, globulin forms the
second most plentiful protein in the blood plasma. It constitu-
tes about 38% of the plasma proteins. Globulin can be gener-
ally classified into four sub-categories, i.e., a;-globulin,
a,-globulin, p-globulin, and y-globulin, with a-globulin being
the lightest globulin having a molecular weight of 92 kDa
while the heaviest globulin molecule is the y-globulin having a
molecular weight of 120 kDa. Fibrinogen, on the other hand, is a
large cylindrical plasma glycoprotein which possesses a mole-
cular weight of 340 kDa and accounts for about 7% of the blood
plasma. A crucial component in the blood coagulation process,
fibrinogen is normally converted into fibrin by thrombin, leading
to the formation of blood clots essential for wound healing.

Currently, there are still limited studies on the molecular
interactions between GO and plasma proteins. Interestingly,
most of these studies are based on GO with a particular lateral
size distribution and are still focused on albumin.**?®
Currently, the effects of the lateral size distribution of GO on
the interactions between GO and plasma proteins are still not
well understood. In addition, the nature, specificity, and
mechanisms driving the GO-plasma protein interactions
remain to be elucidated. As such, we aim to investigate the
molecular interactions between GO with different lateral size
distributions and the three essential blood plasma proteins,
i.e., albumin, fibrinogen, and globulin, and the biological
effects GO induces on these proteins. By utilizing an array of
biophysical techniques, such as atomic force microscopy
(AFM), ultraviolet-visible (UV-Vis) absorption, fluorescence,
and circular dichroism (CD) spectroscopy, we characterized
the various aspects of the GO-protein interactions, notably
protein adsorption on GO, GO-protein binding kinetics and
equilibrium, and protein conformational stability. Based on
these assays, fundamental properties, such as the morphology
and size of the GO nanosheets, GO-protein association con-
stants, GO-protein binding cooperativity, and the binding-
induced protein structural changes, were determined. Further-
more, we proposed the existence of GO lateral size-dependent
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molecular interactions between GO nanosheets and the
plasma proteins, and significantly, the presence of particular
critical mean lateral sizes and size distributions of GO
nanosheets in achieving the highest intrinsic fluorescence
quenching efficiency of the plasma proteins. Significantly,
through this work, the general perspective on the bio-physico-
chemical effects of GO on the nature of plasma protein
binding as well as the degree to which these GO-induced
effects are protein-specific were established.

Results and discussion
Lateral size of GO nanosheets

To start with, we characterized the lateral size distribution of
the as-prepared GO nanosheets (Fig. 1). As all the GO
nanosheets possessed irregular shapes, here, we defined their
lateral size as the longest distance between two points across a
single nanosheet fragment, similar to that defined in ref. 29.
The GO nanosheets in aqueous suspension were first syn-
thesized based on Hummer’s method, as reported in ref. 30.
They were then subjected to ultrasonication treatment, similar
to that used in ref. 31 for different durations of 10, 30, 60, 120,
and 240 min (i.e., GO-10, GO-30, GO-60, GO-120, and GO-240,
respectively) to yield GO nanosheets of different lateral size
distributions. It is noteworthy that ultrasonication was used to
produce GO nanosheets of different lateral sizes as this
method would inflict negligible variations to the surface
chemical properties of the GO nanosheets.>" An aqueous sus-
pension of the different GO nanosheet samples was sub-
sequently deposited on a freshly cleaved mica and the
morphological features of the individual nanosheets were
characterized using an atomic force microscope (AFM) operat-
ing under the tapping mode (Fig. 1a-f). For all GO samples
from GO-0 to GO-240, we noted that the individual GO
nanosheets possessed a thickness of around 1.3 nm,
suggesting that all the as-prepared GO nanosheets were of
single layer (Fig. 1g and h).

Next, to obtain the statistical data about the lateral size of
the GO nanosheets with their size distribution, more than 400
GO nanosheets were evaluated. We observed that the lateral
size distribution ranges of the GO nanosheets in GO-0, GO-10,
GO-30, GO-60, GO-120, and GO-240 samples were 4.138, 2.199,
1.829, 1.175, 0.605, and 0.281 pm, respectively (Fig. 1i). Their
mean lateral sizes were 0.917, 0.350, 0.304, 0.236, 0.126, and
0.099 pm, correspondingly (inset of Fig. 1i). More specifically,
the lateral size distributions of the individual GO nanosheet
samples are illustrated in Fig. 1j-o. Clearly, it is evident that
the six samples possessed significantly different lateral size
distributions and mean lateral sizes. Nevertheless, it is inter-
esting to highlight that the lateral size distribution of GO-0
and GO-10 samples revealed the eminent presence of relatively
large GO sheets (>1 pm). Furthermore, the size of the largest
GO sheets of the GO-0 sample was larger by several orders of
magnitude than that of the GO-240 sample. Importantly, we
noted that with increasing ultrasonication time, the mean
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Fig. 1 Surface morphology and lateral size of the GO nanosheets. (a—f) Representative amplitude images showing the surface morphologies of the
GO nanosheets subjected to ultrasonication for different durations, as obtained using AFM: (a) 0 min (GO-0), (b) 10 min (GO-10), (c) 30 min (GO-30),
(d) 60 min (GO-60), (e) 120 min (GO-120), and (f) 240 min (GO-240). Scale bars represent 1 um. (g) Representative height image of the GO-0
samples with (h) their corresponding sectional profiles (i.e., S1 and S2 in Fig. 1g). The thickness of the GO nanosheets based on the sectional height
profiles was around 1.3 nm, indicating that the GO nanosheets were of single layer. (i) Lateral size distribution range of the six GO nanosheet
samples. Inset illustrates their mean lateral sizes. (j—o) Histograms of the lateral size distribution of the GO nanosheets undergoing ultrasonication
for (j) 0 (GO-0), (k) 10 (GO-10), (1) 30 (GO-30), (m) 60 (GO-60), (n) 120 (GO-120), and (o) 240 (GO-240) min. Insets show the enlarged version of the
size distribution of the GO nanosheet samples. More than 400 GO sheets were evaluated for each sample to obtain the lateral size distribution.
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lateral size of the GO nanosheets decreased proportionately,
suggesting that GO nanosheet samples with six distinct lateral
mean sizes and size distributions were obtained.

Adsorption of plasma proteins

To start unraveling the molecular interactions between GO and
plasma proteins, we sought to examine the adsorption of the
plasma proteins on GO nanosheets with different lateral size
distributions (Fig. 2). The loading capacity of the plasma pro-
teins on GO was evaluated from the adsorption of the proteins
pre- and post-incubation with GO nanosheets, similar to that
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reported previously.® First, we obtained the free absorbance of
albumin, fibrinogen, and globulin at different concentrations
ranging from 0.2 to 20 mg mL™" at the characteristic wave-
length of 280 nm (Fig. 2a, c and e). The free absorbance of the
plasma proteins at 280 nm against their concentration profiles
was then plotted (insets of Fig. 2a, ¢ and e), showing the linear
relationship between these two entities of the three plasma
proteins.

Next, we measured the absorbance of the free plasma pro-
teins after incubations with GO to evaluate the adsorption
capacity of the plasma proteins on the GO nanosheet samples.
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Fig. 2 Adsorption of the human blood plasma proteins on GO nanosheets. (a, ¢, and e) Free absorbance of plasma proteins: (a) albumin, (c) fibrino-
gen, and (e) globulin. Insets show the linear relationship between the absorbance and concentration of the plasma proteins. (b, d, and f) Absorbance
of the free plasma proteins: (b) albumin, (d) fibrinogen, and (f) globulin, after incubations with GO nanosheets with different lateral sizes. The ** on
double horizontal bars denotes statistically significant differences among all samples for p < 0.05. The * and ** on single horizontal bars indicate
statistically significant differences for two specific samples being compared for p < 0.1 and 0.05, respectively, while n.s denotes statistically not sig-
nificant. All statistical analyses were made based on the two-tailed Student’s t-test.
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Depending on the specific plasma proteins, we observed dis-
tinct GO lateral size-driven adsorption behaviors. For the
albumin concentration ranging from 0.5 to 10 mg mL ™", we
noted a highly consistent size-dependent adsorption behavior
(Fig. 2b). More clearly, albumin adsorption increased with an
increase in the lateral size distribution of the GO nanosheets,
with GO-0 exhibiting the lowest free albumin absorbance while
the highest absorbance was acquired from the GO-240 sample.
This suggests that the GO-0 sample with the largest mean size
and lateral size distribution facilitated the highest amount of
albumin adsorption while the lowest amount of albumin
adsorbed onto the GO-240 sample with the smallest mean
lateral size and size distribution.

Interestingly, a reverse trend in the protein adsorption
characteristic was noted from fibrinogen (Fig. 2d). At low
fibrinogen concentrations ranging from 0.5 mg mL™' to
2 mg mL™', we observed that the free fibrinogen absorbance
was not significantly different across all the GO nanosheet
samples, suggesting that most fibrinogen adsorbed well on the
GO nanosheets independent of their lateral size distribution.
At a particular concentration of 5 mg mL™", however, we noted
that the free absorbance of fibrinogen on GO-0 increased
while that on GO-10, GO-30, GO-60, GO-120, and GO-240
remained fairly unchanged. This indicates that all GO
nanosheet samples, except GO-0, still exhibited maximum
fibrinogen adsorption while that of GO-0 was significantly
lower than the rest of the GO samples. The lower fibrinogen
adsorption on GO-0 at this specific concentration could be due
to the possibility that the loading capacity of fibrinogen on
GO-0 had reached saturation. At a specific concentration of
10 mg mL~", the GO lateral size-driven fibrinogen adsorption
came into effect. Fibrinogen displayed an adsorption behavior
which was strongly influenced by the lateral size distribution
of the GO nanosheets. Particularly, fibrinogen adsorption
increased with a decrease in the lateral size of the GO
nanosheets and vice versa, with GO-0 exhibiting the highest
free fibrinogen absorbance while the lowest free fibrinogen
absorbance was observed from GO-240. This translates into
the highest fibrinogen adsorption on GO-240 and lowest fibri-
nogen adsorption on GO-0.

While albumin and fibrinogen, to a certain degree, exhibi-
ted a strongly linear GO lateral size distribution-dependent
adsorption characteristic, that of globulin was not really
evident (Fig. 2f). At low globulin concentrations ranging from
0.2 mg mL™" to 2 mg mL™', GO nanosheets, irrespective of
their lateral sizes and size distributions, displayed maximum
globulin adsorption based on the minimum free globulin
absorbance after incubations with the GO nanosheets.
However, a certain amount of free globulin absorbance was
detected on all GO nanosheet samples at higher globulin con-
centrations of 5 mg mL™" and 10 mg mL™". At these two globu-
lin concentrations, GO-0 exhibited the lowest free globulin
absorbance while the highest free absorbance was detected
from GO-60. This highlights that the highest amount of globu-
lin adsorbed on the GO-0 sample with the highest mean
lateral size and size distribution while the lowest amount of

This journal is © The Royal Society of Chemistry 2016
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globulin adsorbed on the GO-60 sample. Importantly, from all
the plasma protein adsorption data, we deduced that all GO
nanosheets readily interacted with the three plasma proteins
and the loading capacities of the plasma proteins on the GO
nanosheets were heavily dependent on the lateral sizes of the
GO nanosheets and the specific types of the plasma proteins
being adsorbed onto the GO surface.

Fluorescence quenching efficiency of plasma proteins

Proteins are polymeric complexes comprising unique and dis-
tinctive amino acids.>® The chromophore residues of proteins
typically consist of tryptophan, tyrosine, and phenylalanine
which serve as their intrinsic fluorescent probes. Intriguingly,
these aromatic amino acid residues are extremely sensitive to
the nature of their microenvironment. The emission character-
istics of the amino acid residues are known to be correlated to
changes in their microenvironment due to the binding and
conformational changes of proteins upon their association
with molecules and nanomaterials.>*?* Recent studies have
revealed the fluorescence quenching capability of GO upon its
interaction with emission-active biomolecules, such as amino
acids, peptides, and proteins.*®*> Therefore, based on the vari-
ations in the fluorescence emission intensity, the highly sensi-
tive fluorescence spectroscopy may be utilized to deduce the
state and conformation of plasma proteins upon their binding
with GO.

Here, we characterized the intrinsic fluorescence quenching
behavior of plasma proteins by GO nanosheets with different
lateral size distributions and concentrations (Fig. 3). Sub-
sequently, we derived the essential quantitative parameters
correlated to the GO-protein interactions, particularly quench-
ing efficiency, association and dissociation constants, and
binding cooperativity. On the basis of the obtained experi-
mental data, we observed that the maximum emission inten-
sity Imax Of all plasma proteins progressively decreased as
concentrations of GO increased (Fig. 3a-c and g-i). The
evident quenching effect in the presence of GO suggests the
occurrence of direct interactions between GO and the chromo-
phore residues of the three plasma proteins. In fact, decreases
in the emission intensity of the plasma proteins could be
attributed to their adsorption onto GO which resulted in the
shortening of the relative distance between the quenching
agent GO and the active fluorescence emitters of the plasma
proteins. Since the steady-state fluorescence emission of the
plasma proteins represents the total fluorescence signals from
all amino acid residues present in the different parts of the
proteins, changes in the fluorescence emission intensity
suggests variations in the local molecular environment of the
chromophore residues and possibly, a change in the tertiary
structure of the plasma proteins. At the same time, the stron-
ger fluorescence quenching could be driven by an increase in
the amount of tryptophan and tyrosine residues of the bound
proteins accessible to the GO nanosheet surface and possibly,
the protein conformational change as a result of stronger
association between GO nanosheets and these proteins.
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Fig. 3 Fluorescence quenching of plasma proteins by GO nanosheets. (a—
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c) Representative fluorescence emission spectra of (a) albumin, (b) fibri-

nogen, and (c) globulin in the absence and presence of GO-0 nanosheets with increasing concentrations. The concentration of the three plasma
proteins was fixed at 500 pug mL™* while that of GO nanosheets was varied from 0 to 150 pug mL™* for both albumin and globulin and from 0 to
250 pg mL™* for fibrinogen. (d—f) Corresponding normalized emission spectra of (d) albumin, (e) fibrinogen, and (f) globulin, in the presence of
GO-0 nanosheets with increasing concentrations, showing a red-shift in their emission peaks. (g—i) Representative fluorescence emission spectra of
(g) albumin, (h) fibrinogen, and (i) globulin in the absence and presence of GO-240 nanosheets with increasing concentrations. (j and k) Corres-
ponding normalized emission spectra of (j) albumin, (k) fibrinogen, and (l) globulin, in the presence of GO-240 nanosheets with increasing concen-
trations, showing a similar red-shift in their emission peaks, as observed in the presence of GO-0 nanosheets with increasing concentrations.

We also noted gradual shifts in the emission maximum
wavelength 1.« of the plasma proteins with variations in the
concentrations of the GO nanosheets (Fig. 3d-f and 3j-1).
More specifically, we observed that albumin exhibited the
largest emission red-shift compared to fibrinogen and glo-
bulin (Table 1) irrespective of the lateral size distribution of
the GO nanosheets. Also, the emission red-shifts of both
albumin and globulin were fairly constant regardless of the
GO size distribution. In contrast, the emission red-shift
characteristic of fibrinogen was uniquely different from those
of the other two plasma proteins. In fact, fibrinogen dis-

9430 | Nanoscale, 2016, 8, 9425-9441

played an increasing emission red-shift with a decrease in the
lateral size distribution of the GO nanosheets (Fig. 3e, k and
Table 1). In principle, a shift in the peak intensity wavelength
Amax Of the continuous fluorescence spectrum may reveal
important information regarding the layer of proteins
adsorbed on the GO nanosheets, variations in the microenvi-
ronment of the amino acid residues, and ultimately, changes
in the protein tertiary structure.”® The red-shift of the
maximum emission to higher wavelengths with the increasing
GO concentration implies an increase in the polarity and
hydrophilicity of the local molecular environment of the

This journal is © The Royal Society of Chemistry 2016
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Table 1 Summary of the GO-plasma protein binding parameters

GO nanosheets

GO-0 GO-10 GO-30 GO-60 GO-120 GO-240
Albumin
Ksy (mL ug_l) 0.081 + 0.031 0.140 + 0.044 0.196 + 0.049 0.115 + 0.029 0.144 + 0.007 0.127 + 0.022
Qmax 1.314 £ 0.212 1.088 £ 0.036 1.039 £ 0.016 1.042 £ 0.033 1.076 £ 0.021 1.075 £ 0.015
n 0.751 + 0.328 0.865 + 0.205 0.922 + 0.042 1.226 £ 0.235 0.915 + 0.093 0.994 + 0.076
Kp (ng mLﬁ) 27.887 + 16.141 8.837 £ 3.573 5.836 +1.818 11.908 £ 2.259 8.694 + 0.630 10.401 £ 2.096
K, (mL ug_l) 0.044 + 0.021 0.128 + 0.058 0.182 + 0.051 0.086 + 0.018 0.115 + 0.008 0.099 + 0.018
Al (nm) 34 +5.292 41.333 +5.033 41.333 +7.024 41.333 + 3.055 38 £ 3.464 38.667 £ 3.055
Fibrinogen
Ksy (mL ug_l) 0.086 + 0.014 0.135 + 0.007 0.134 + 0.008 0.151 + 0.048 0.171 + 0.009 0.133 £ 0.031
Qmax 0.942 = 0.049 1.027 £ 0.016 1.026 £ 0.005 1.016 £ 0.004 1.023 £ 0.004 1.027 £ 0.010
n 1.342 + 0.516 1.091 £ 0.148 1.158 £ 0.036 1.334 £ 0.083 1.187 £ 0.071 1.254 £ 0.053
Kp (ng mLﬁ) 12.337 +2.547 8.534 £ 0.952 9.476 + 0.677 9.639 + 2.855 7.777 £ 0.465 9.854 + 1.407
K, (mL ug_l) 0.084 + 0.020 0.118 + 0.013 0.106 + 0.007 0.110 + 0.030 0.129 + 0.008 0.103 + 0.014
A (nm) 5.333 £1.155 11.333 £4.163 8.667 £ 3.055 12.667 £ 2.309 14.667 £ 6.110 20.667 £ 2.309
Globulin
Ksy (mL ug_l) 0.101 + 0.043 0.156 + 0.019 0.141 + 0.026 0.112 + 0.034 0.123 £ 0.011 0.090 + 0.016
Qmax 1.043 = 0.036 1.069 £ 0.032 1.051 £ 0.021 1.046 £ 0.020 1.051 £ 0.016 1.078 £ 0.010
n 1.248 + 0.409 0.924 + 0.111 1.049 £ 0.082 1.247 £ 0.301 1.126 £ 0.103 1.062 £ 0.037
Kp (ng mLﬁ) 13.166 + 5.051 7.796 £ 1.255 9.026 + 3.023 12.114 £ 3.577 10.54 £ 0.694 13.175 £ 1.160
K, (mL ug_l) 0.087 + 0.042 0.131 + 0.023 0.122 + 0.051 0.087 + 0.023 0.095 + 0.006 0.076 + 0.007
A (nm) 6.000 = 2.000 15.333 £1.155 10.000 = 3.464 14.000 £ 2.000 12.000 £ 2.000 10.667 £ 5.033

emission-active elements of the plasma proteins. Apparently,
the microenvironment of the solution-dispersed protein was
less polarized than the local dielectric microenvironment
within the adsorbed protein layer. In addition, the red-shifted
Amax Shows that the amino acid residues were exposed to a
more hydrophilic microenvironment possibly due to a change
in the tertiary structure of the plasma proteins.

Next, we sought to determine the nature of the fluorescence
quenching of the three plasma proteins by GO nanosheets
with various lateral size distributions (Fig. 4). We observed
that the fluorescence emission intensity 1°/I ratios vs. GO con-
centration curves of the three proteins are distinctively
different (Fig. 4a-f), in which I° and I represent the maximum
emission intensity of plasma proteins in the absence and pres-
ence of GO, respectively. In the presence of GO-0 nanosheets,
the fluorescence intensity ratio of both albumin and globulin
exhibited an exponential trend while that of fibrinogen was
linear (Fig. 4a—c). This suggests that albumin and globulin
experienced both static (i.e., ground-state complex formation)
and dynamic (i.e., collisional process) fluorescence quenching
whilst the fluorescence quenching of fibrinogen was primarily
contributed by dynamic collisional quenching. Nevertheless,
the fluorescence intensity ratio of fibrinogen adopted an expo-
nential characteristic as the lateral size distribution of the GO
nanosheets decreased, indicating the additional presence of
static fluorescence quenching as the lateral size of the GO
nanosheets decreased (Fig. 4e). As fluorescence quenching is
primarily driven by diffusive transport at low nanomaterial
concentrations,” the relative kinetic efficiency of the fluo-
rescence quenching of plasma proteins at these concentrations

This journal is © The Royal Society of Chemistry 2016

can be derived based on the non-equilibrium Stern-Volmer
model, as explained in eqn (1),

11_0 =1+ Ksv[GO] (1)

where Kgy is the Stern-Volmer quenching constant signifying
the fluorescence quenching efficiency and [GO] is the concen-
tration of the GO nanosheets. In fact, the standard Stern-
Volmer model is conventionally used to estimate the fluo-
rescence quenching efficiency of the lowly concentrated addi-
tives interacting with fluorescent elements. This mathematical
model anticipated the fluorescence intensity ratio at these low
GO concentrations to be linearly proportional to the concen-
tration of the quenching agent.

Based on the mathematical fitting of the experimental data
to eqn (1) (insets of Fig. 4a-f), we derived the Stern-Volmer
quenching constants. Interestingly, we noted that the quench-
ing efficiency of the GO nanosheets towards the three plasma
proteins, as represented by Kgy, was size-dependent and dis-
tinctively unique for specific plasma proteins (Fig. 4g-i). For
all proteins, GO-0 with the largest mean lateral size exhibited
the lowest fluorescence quenching efficiency while the highest
quenching efficiency was manifested by different GO
nanosheet samples for different plasma proteins. For albumin,
GO-30 exhibited the highest quenching efficiency. GO-120,
on the other hand, quenched the intrinsic fluorescence of
fibrinogen more effectively than the rest of the GO samples.
For globulin, GO-10 and GO-30 displayed higher quenching
efficiencies compared to other GO nanosheets.

Nanoscale, 2016, 8, 9425-9441 | 9431
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Fig. 4 Fluorescence quenching efficiency of human blood plasma proteins by GO nanosheets. (a—c) Stern—Volmer plots of the fluorescence
quenching of (a) albumin, (b) fibrinogen, and (c) globulin in the presence of GO-0 nanosheets with various concentrations. (d—f) Stern—Volmer plots
of the fluorescence quenching of (d) albumin, (e) fibrinogen, and (f) globulin in the presence of GO-240 nanosheets with various concentrations.
Insets illustrate the linear regime of the Stern—Volmer plot at the low concentrations of the fluorescence quencher. Experimental data were fitted
based on the Stern—Volmer mathematical model as represented by eqn (1). (g—i) Efficiency of the fluorescence quenching of the three plasma pro-
teins of (g) albumin, (h) fibrinogen, and (i) globulin, as represented by Ksy, in the presence of GO nanosheets with low concentrations and different
lateral size distributions. The * and ** indicate statistically significant differences for p < 0.1 and 0.05, respectively. All statistical analyses were made

based on the two-tailed Student's t-test.

It is generally known that the larger the lateral size of the
quenching agent, the stronger the fluorescence quenching
observed. A larger lateral size of the fluorescence quenchers
implies a higher relative surface area of the quenchers. As
such, an increase in the surface area of the quenching agents
allows the accommodation of a larger number of proteins
around the nanosheets, resulting in a more efficient fluo-
rescence quenching. On the contrary, the smaller surface area
of the smaller quenching agents reduced the amount of
plasma proteins being adsorbed onto their surface, leading to
less efficient fluorescence quenching. However, in our study,
the linear relationship between the lateral size of the quench-
ing agent and the fluorescence quenching efficiency was not
observed. In fact, a recent study has reported that the unique
nanometer size-dependent fluorescence quenching efficiency
of GO in which GO with three different average lateral sizes of
500, 200, and 40 nm were prepared and their DNA
fluorescence quenching efficiencies were assessed.’® It was
revealed that GO with an average lateral size of about 200 nm,
instead of that of 500 nm, possessed the highest efficiency of

9432 | Nanoscale, 2016, 8, 9425-9441

fluorescence quenching while that of 40 nm demonstrated a
lower fluorescence quenching efficiency. As such, our obser-
vations on the different intrinsic fluorescence quenching
efficiencies exhibited by the various GO nanosheet samples
further suggested the possible existence of critical lateral sizes
of GO nanosheets in inducing the most effective fluorescence
quenching of specific plasma proteins.

Binding of plasma proteins

Subsequent to evaluating the fluorescence quenching
efficiency of plasma proteins by GO nanosheets at low concen-
trations, we sought to examine the effect of the lateral size dis-
tribution of the GO nanosheets on the relative strength and
cooperativity of the GO-protein interactions (Fig. 5). This
could be achieved by quantifying several key parameters
describing the association between plasma proteins and GO
nanomaterials, i.e., binding dissociation constant Ky, binding
association constant K,, and the Hill coefficient n, assuming
that the binding of the plasma proteins to GO nanosheets
occurred under equilibrium conditions. Using the non-linear

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Fluorescence quenching properties of human blood plasma proteins by GO nanosheets and the associated GO—protein complexes binding
parameters. (a—c) Hill plots of the fluorescence quenching of (a) albumin, (b) fibrinogen, and (c) globulin, in the presence of GO-0 nanosheets with
increasing concentrations. (d—f) Hill plots of the fluorescence quenching of (d) albumin, (e) fibrinogen, and (f) globulin, in the presence of GO-240
nanosheets with increasing concentrations. Experimental data were fitted based on the Hill mathematical model as represented by eqn (2) and (3).
(g—i) Dissociation constant, Kp, of (g) GO—-albumin, (h) GO-fibrinogen, and (i) GO—-globulin complexes. (j—1) Association constant, K,, of (j) GO-
albumin, (k) GO-fibrinogen, and (1) GO—-globulin complexes. (m-o) Hill coefficient, n, of (m) GO—-albumin, (n) GO—fibrinogen, and (0) GO—-globulin
complexes. The * and ** indicate statistically significant differences for p < 0.1 and 0.05, respectively. All statistical analyses were made based on the
two-tailed Student's t-test.

This journal is © The Royal Society of Chemistry 2016

Nanoscale, 2016, 8, 9425-9441 | 9433


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6nr01697a

Open Access Article. Published on 30 March 2016. Downloaded on 12/4/2025 4:49:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

curve fitting of the fluorescence quenching of albumin, fibri-
nogen, and globulin by the GO nanosheets (Fig. 5a-f), we
derived the necessary parameters based on the Hill equation,
as represented in eqn (2) and (3),

0="7" )

Q __ [co"
Qmax I<Dn + [Go]n

(3)

where Qn.ax is the saturation value of Q, Kp, is the equilibrium
binding dissociation constant which describes the relative
strength of the GO-protein interaction, and n represents the
Hill coefficient which defines the cooperativity of the GO-
protein association.

To elucidate the binding parameters between the plasma
proteins and GO nanosheets as a function of the lateral size
distribution of GO nanosheets, we first estimated the equili-
brium dissociation constant, Kp, of the various GO-plasma
protein complexes (Fig. 5g-i). For albumin, the GO-30-
albumin complex exhibited the lowest K while GO-0-albumin
displayed the highest (Fig. 5g). For fibrinogen, the dissociation
constant displayed by the GO-0-fibrinogen complex was com-
paratively higher than the rest of the GO-fibrinogen samples
while that of GO-120-fibrinogen was the lowest (Fig. 5h). For
globulin, GO-10-globulin displayed the lowest K, whereas
those of GO-0-globulin and GO-240-globulin complexes were
comparatively higher than the other GO-globulin samples
(Fig. 5i). Following the derivation of K, we quantitatively com-
puted the equilibrium binding association constant, Kj,
between the three plasma proteins and GO nanosheets
(Fig. 5j-1). As K, is defined as the reciprocal of Ky, a reverse
trend was anticipated. Indeed, for albumin, the K, displayed
by the GO-0-albumin complex was the lowest while that of the
GO-30-albumin complex was the highest (Fig. 5j), indicating
that albumin had the weakest association with GO-0 while
GO-30 possessed the strongest association with albumin. For
fibrinogen, the K, of the GO-120-fibrinogen complex was
apparently higher but similarly, that of GO-0-fibrinogen was
the lowest (Fig. 5k). This translates into the possibility that
fibrinogen possessed the highest and the lowest association
with GO-120 and GO-0, respectively. In the case of globulin,
GO-10-globulin and GO-30-globulin complexes displayed
higher K, compared to the rest of the GO-globulin complexes
while the K, of GO-0-globulin and GO-240-globulin complexes
were lower (Fig. 51).

Here, we noted that the obtained experimental results on
the GO-protein binding interactions as a function of the mean
lateral size and size distribution of GO coincided with that on
the fluorescence quenching efficiency of the plasma proteins
by GO nanosheets. In fact, the GO-protein binding interaction
data provided an insight into the observed trend of stronger
fluorescence quenching efficiency of GO nanosheets with
certain average lateral sizes and size distributions. For
example, albumin associated most strongly with the GO-30
sample. At the same time, the highest efficiency in quenching

9434 | Nanoscale, 2016, 8, 9425-9441
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the intrinsic fluorescence of albumin could be achieved with
GO-30. On the other hand, the weakest association and sub-
sequently, the weakest fluorescence quenching of albumin
were noticed with the addition of GO-0. Similar correlation
between GO-protein association and fluorescence quenching
could be noticed from both fibrinogen and globulin. All these
demonstrated that a higher rate of fluorescence quenching
(as represented by a higher Kgy) could be ascribed to the closer
proximity of the chromophore residues of the bound
protein to the adsorbing surface of a particular GO nanosheet
(as represented by a higher K,).

To gain a better understanding on the scale of the GO-
plasma protein binding interactions, we examined the multi-
functional and cooperative nature of the binding between the
GO nanosheets and plasma proteins. As it is highly likely that
the plasma proteins possess multiple binding sites®’*® on the
GO nanosheets, we anticipated the binding between the GO
nanosheets and plasma proteins to exhibit a certain level of
cooperativity. We elucidated this by examining the Hill con-
stants, n, of the different GO-protein complex formations,
which is a critical measure describing the binding cooperativ-
ity or the degree of independence of molecular interactions
between multiple binding sites (Fig. 5m-o). The Hill constants
of the GO-albumin, GO-fibrinogen, and GO-globulin com-
plexes were extracted from the fluorescence quenching data
based on eqn (2) and (3). For albumin, we observed that,
except for that of GO-60, all the other GO-albumin complexes
displayed anti-cooperative binding or negative cooperativity
(n < 1). On the contrary, for both fibrinogen and globulin,
except for the GO-10-globulin complex, all GO-fibrinogen and
GO-globulin complexes exhibited cooperative binding with
positive cooperativity (n > 1).

Generally, a Hill coefficient of n < 1 denotes a negatively
cooperative reaction. This means that as an increasing number
of proteins adsorb onto the nanomaterial surface, the binding
strength between the proteins and the surface of that nano-
material weakens progressively. Contrastingly, for a positively
cooperative reaction, as represented by a Hill coefficient of
n > 1, once a single protein molecule adsorbs onto the nano-
material surface, its affinity and association energy per protein
molecule for the nanomaterials strengthen progressively with
further protein adsorption. The anti-cooperativity exhibited by
the GO-albumin complexes could possibly point to changes in
the physicochemical properties of the GO nanosheets with pro-
gressive adsorption of albumin. Specifically, the ionic or
electrostatic binding energy between GO nanosheets and
albumin could possibly be reduced with the adsorption of
albumin onto the GO surface, resulting in a corresponding
decrease in the entropy and enthalpy of the albumin
binding.*® Therefore, the adsorption of albumin onto GO
nanosheets exhibited an anti-cooperative binding character-
istic. On the other hand, the positive cooperativity of the GO-
fibrinogen and GO-globulin interactions could be attributed
to the multiple binding sites of both proteins with GO. Fibri-
nogen and globulin might possess multiple binding sites with
the GO nanosheets and some of these binding sites could be

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Secondary structure and conformational stability of the human blood plasma proteins upon association with GO nanosheets. Far UV circular
dichroism (CD) spectra of albumin, fibrinogen, and globulin, in the absence and presence of GO nanosheets with different lateral sizes and concen-
trations. Albumin, fibrinogen, and globulin were fixed at concentrations of 200, 400, and 400 pug mL™%, respectively. The concentration ratios of the
plasma proteins to GO nanosheet samples were maintained at (a—c) 1: 0.025, (d—f) 1: 0.05, and (g—i) 1: 0.1.

buried within the protein core structures. As soon as a fibrino-
gen or globulin molecule binds to GO, the corresponding
interaction might induce protein conformational changes.
This led to the exposures of the inner binding sites of the pro-
teins and eventually, resulted in the progressively increasing
binding affinity between the two plasma proteins and GO
nanosheets and the eventual cooperative binding interactions.

Conformational stability of plasma proteins

One of the primary processes of the nanomaterial-protein
interactions involves the adsorption of proteins onto the nano-
material surface. While some proteins retain their native-like
structure upon surface binding, other proteins may experience
conformational changes or denaturation of their tertiary and/
or secondary structures. In fact, most of the nanomaterial-
protein interactions will induce a certain degree of alterations
or conformational changes to the protein structures. Further-
more, these proteins may bind to the nanomaterial surface in
a specific orientation and the extent of the alterations will be
heavily influenced by the surface chemistry of the nano-
materials. These conformational changes, in turn, are capable

This journal is © The Royal Society of Chemistry 2016

of influencing the functionality of proteins and induce their
aggregation, leading to the loss of regular biological activity
and unregulated interaction with other cellular components.
On this basis, it is vital to address in greater detail the nature
of the conformational changes experienced by the plasma pro-
teins upon their interaction with the GO nanosheets. There-
fore, we utilized CD spectroscopy to assess more specifically
the degree of denaturation of the secondary structures of the
three plasma proteins upon association with GO nanosheets
with different lateral size distributions.

CD spectroscopy is a robust analytical tool for probing the
conformation and secondary structure of proteins in solutions
or when they adsorbed onto other biomolecules or nano-
materials. In fact, the CD spectra in the far UV region from 190
to 260 nm may be utilized to quantify variations in the second-
ary structure of the proteins as a result of the molecular inter-
actions between proteins and other objects. Here, albumin,
fibrinogen, and globulin were prepared at concentrations of
200, 400, and 400 pg mL™", respectively, and the concentration
ratios of the plasma proteins to GO were fixed at 1:0.025,
1:0.05, and 1:0.1. The far UV CD spectra of the plasma

Nanoscale, 2016, 8, 9425-9441 | 9435
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proteins in the absence and presence of GO nanosheets with
different lateral sizes were then recorded (Fig. 6). The second-
ary structures of albumin and fibrinogen were predominantly
a-helical and their CD spectra exhibited two distinct negative
bands in the UV region at the specific wavelengths of 208 and
222 nm. In contrast, the secondary structure of globulin was
mainly f-sheet and an evident negative band was noticed from
its CD spectrum at approximately 216 nm.

The stability of the secondary structures of the plasma pro-
teins in the absence and presence of GO nanosheets can be
assessed by evaluating the ellipticity of the CD spectra of the
plasma proteins at the characteristic wavelengths. From the
obtained results, we observed that in the presence of increas-
ing concentrations of GO nanosheets, the ellipticity of the CD
spectra of the three plasma proteins decreased progressively.
This indicates the strong molecular interactions between the
GO nanosheets and plasma proteins.

For albumin, in the presence of 5 ug mL™" GO nanosheets
with different lateral sizes, all recorded CD spectra coincided
closely (Fig. 6a). However, as the GO concentrations were
increased to 10 and 20 pg mL™" (Fig. 6d and g), a decrease in
the ellipticity of the CD spectra in inverse proportion to the
lateral size distribution of the GO nanosheets became appar-
ent. More clearly, the CD spectrum of albumin exhibited the
highest decrease in its ellipticity in the presence of GO-0 with
the highest lateral size and size distribution while the lower
decreases in the ellipticity of the CD spectra were noted in the
presence of GO nanosheets with smaller lateral size distri-
butions. However, although the intensity of the two character-
istic bands at 208 and 222 nm reduced upon the conjugation
of albumin with GO nanosheets, importantly, these negative
bands were still evident with their a-helical structures. In other
words, albumin preserved its conformational stability by
retaining its overall secondary structure upon the interactions
with GO nanosheets.

For fibrinogen, in contrast, in the presence of GO
nanosheets with a concentration of 10 ug mL™", the two appar-
ent o-helical bands experienced a slight decreased ellipticity in
inverse proportion to the lateral size distribution of the GO
nanosheets (Fig. 6b). As the concentration of the GO
nanosheets was increased to 20 ug mL ™", a further decrease in
the ellipticity of the CD spectra of the fibrinogen was evident
(Fig. 6e). Additionally, we observed that the negative peak at
208 nm began attenuating, suggesting a probable disturbance
to the secondary structure of the fibrinogen upon its binding
with GO nanosheets at this particular concentration. This
might be ascribed to the unraveling of the a-helix domains of
fibrinogen. The attenuation of the 208 nm o-helical band of
fibrinogen was significantly enhanced as the GO concentration
was increased to 40 pg mL~" (Fig. 6h). This indicated a major
disruption to the secondary structure of fibrinogen leading to
possible denaturation of fibrinogen.

Interestingly, for globulin, we noted that the ellipticity of its
CD spectra decreased at a similar magnitude in the presence
of GO-0 irrespective of its concentration (Fig. 6¢, f and i). On
the other hand, the CD spectra of globulin in the presence of
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GO nanosheets with other lateral size distributions (i.e., GO-10
to GO-240) followed that of pure globulin closely. In fact, a
slight decrease in the spectra ellipticity could only be observed
at the specific GO concentration of 40 pg mL™". It is note-
worthy that despite a reduced ellipticity of the 216 nm negative
bands, the p-sheet and overall secondary structure of the glo-
bulin were still highly maintained in the presence of GO
nanosheets with various lateral sizes and concentrations. Even-
tually, from all the CD spectra of the three plasma proteins, we
clearly observed the lateral size and concentration-dependent
effects induced by the GO nanosheets in influencing the sec-
ondary structures and overall conformational stability of the
plasma proteins upon their interactions with GO nanosheets.

Altogether, based on the obtained molecular binding
parameters, we proposed the existence of the molecular inter-
actions between GO nanosheets and plasma proteins which
are strongly dependent on the lateral sizes of the GO
nanosheets (Scheme 1). GO-0, with its highest mean lateral
size and size distribution, displayed the lowest fluorescence
quenching efficiency (Fig. 4g-i) and association constant
(Fig. 5j-1) for the three plasma proteins albeit the highest
loading capacity of both albumin and globulin on GO-0
(Fig. 2b and f). In contrast, for fibrinogen, GO-0 displayed the
lowest adsorption capacity (Fig. 2d). Along with the lowest fluo-
rescence quenching efficiency and with increasing concen-
trations, GO-0 induced the lowest red-shift of the maximum
fluorescence emission. Contrastingly, the highest fluorescence
quenching efficiency, maximum emission red-shift, and
association constant were exhibited by different GO nanosheet
samples for different plasma proteins. Specifically, for
albumin, the GO-30 sample with a mean size of 304 nm dis-
played the highest quenching efficiency (Fig. 4g) and associ-
ation constant (Fig. 5j). For fibrinogen, the highest quenching
efficiency (Fig. 4h) and association constant (Fig. 5k) were
achieved with GO-120 with an average lateral size of 126 nm.
On the other hand, the GO-10 sample with a mean lateral size
of 350 nm quenched the intrinsic fluorescence of globulin
(Fig. 4i) and associated with it (Fig. 51) most effectively.

It is worth noting that the highest loading capacity of
albumin and globulin on GO-0 did not translate directly into
the highest association and intrinsic fluorescence quenching
efficiency. In fact, the protein association and quenching
efficiency were at their lowest with GO-0. Conversely, GO-30
and GO-10, with a lower loading capacity for albumin and glo-
bulin, respectively, exhibited higher association and fluo-
rescence quenching efficiency for the two plasma proteins. It
is important to highlight that the intrinsic fluorescence of the
plasma proteins is normally contributed by their aromatic
amino acid residues of tryptophan, tyrosine, and phenyl-
alanine.** Adsorption of proteins onto GO generally shortens
the relative distance between GO and the active intrinsic fluo-
rescence emitters and this will lead to the quenching of the
protein  fluorescence. Fluorescence quenching will be
enhanced if a particular protein possesses multiple binding
sites with GO nanosheets. Moreover, some of these chromo-
phore residues may be buried inside the hydrophobic protein

This journal is © The Royal Society of Chemistry 2016
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cores and when exposed to their hydrophilic micro-
environment post protein adsorption, further fluorescence
quenching will occur. Variations in the fluorescence emission
intensity, therefore, serve as one of the indicators of the
changes in the local molecular microenvironment of the
chromophore residues and probably, a conformational change
of the plasma proteins. As such, the lower intrinsic fluo-
rescence quenching exhibited by GO-0 could be attributed to
the adsorption of more albumin and globulin with fewer
binding sites coupled with minimal exposure of the aromatic
residues of the plasma proteins to their local hydrophilic
microenvironment.

On the contrary, GO-30 and GO-10, despite their lower
albumin and globulin adsorption, respectively, quenched the
intrinsic fluorescence of these proteins more efficiently,
suggesting that the chromophore residues of both proteins
were more exposed to the local microenvironment, and poss-
ibly a certain degree of conformational changes was experi-
enced by albumin and globulin on GO-30 and GO-10,

This journal is © The Royal Society of Chemistry 2016

correspondingly. This was actually supported by our obser-
vation on the CD spectra (Fig. 6) as well as the red-shift of the
maximum fluorescence emission of the plasma proteins
induced by GO-0, GO-10, and GO-30 (Table 1). The maximum
fluorescence emission wavelength serves as a crucial indicator
of the changes of the local microenvironment of the protein
chromophore residues.”® Specifically, the smallest red-shift of
the maximum emission of the three plasma proteins was
driven by GO-0 whilst the largest red-shift was induced by
GO-30 and GO-10 on albumin and globulin, respectively. Intri-
guingly, the conventional direct correlation between a high
adsorption and a high association and fluorescence quenching
efficiency could only be noticed from fibrinogen when it
bound to the GO-120 nanosheet sample. On the whole, based
on the obtained GO-protein binding data, we rationalized the
presence of critical mean lateral sizes of the GO nanosheets in
achieving the highest association with the plasma proteins
as well as the highest efficiency in quenching their intrinsic
fluorescence, specific to albumin, fibrinogen, and globulin.

Nanoscale, 2016, 8, 9425-9441 | 9437
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Fig. 7 Plasma protein-mediated formation of GO nanosheet aggregates. (a—f) Absorbance of GO nanosheets with different lateral size distri-
butions: (a) GO-0, (b) GO-10, (c) GO-30, (d) GO-60, (e) GO-120, and (f) GO-240, in the presence of different human plasma proteins on Day 0. (g—1)
Absorbance of GO nanosheets with different lateral size distributions: (g) GO-0, (h) GO-10, (i) GO-30, (j) GO-60, (k) GO-120, and (l) GO-240, in the

presence of different human plasma proteins on Day 3.

Plasma protein-mediated aggregation of GO nanosheets

Following the establishment of the biological effect induced by
the GO nanosheets to the plasma proteins, we sought to deter-
mine the effect induced by plasma proteins on the physical
state of the GO nanosheets. This effect was evaluated through
the measurement of the absorbance of GO nanosheets in the
absence and presence of plasma proteins (Fig. 7).

From the experimental data, we noted that the absorption
spectra of all GO nanosheet samples broadened in the pres-
ence of plasma proteins (Fig. 7a-f). This broadened spectra
effect increased progressively with a corresponding decrease in
the lateral size distribution of the GO nanosheets. More

9438 | Nanoscale, 2016, 8, 9425-9441

clearly, the absorption spectra of the GO-protein complexes of
the GO-240 samples were much broader than those of other
GO-protein complexes of other GO nanosheet samples. Never-
theless, we noticed that the broadening of the absorption
spectra was not dependent on the types of the plasma proteins
and their concentrations. In fact, a recent study has reported
that the broadening of the absorption spectra of solid-state
nanomaterials is directly correlated to the formation of nano-
material aggregates.”® As such, here, we proposed that the
broadening of the absorption spectra of the GO nanosheets
with the addition of plasma proteins might be due to the
formation of aggregates comprising either solely the GO
nanosheets or the GO-protein complexes. Moreover, the

This journal is © The Royal Society of Chemistry 2016
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broader spectra of the GO nanosheets with smaller lateral size
distributions suggest that the formation of aggregates was sig-
nificantly dependent on the lateral size of the GO nanosheets
and that aggregation of GO nanosheets in the presence of
plasma proteins might occur more easily for the small-sized
GO nanosheets.

Interestingly, the plasma protein-induced broadening effect
of the absorption spectra of all GO nanosheet samples was
much more pronounced on Day 3 (Fig. 7g-1). It is evident that
for a specific GO nanosheet sample, the absorption spectra of
the GO-protein complexes were broader on Day 3 than on Day
0. Additionally, a similar trend of increased broadening of
absorption spectra with decreased lateral size distributions of
GO samples was also observed on Day 3. This indicates that
the formation of the GO nanosheet or GO-protein complex
aggregates in the presence of plasma proteins was probably
time-dependent and could increase over time.

In short, from all the characterization data on the mole-
cular interactions between GO and plasma proteins, we
derived that as GO nanosheets induced particular biological
effects on the plasma proteins, plasma proteins concurrently
exerted certain influences on the physical state of GO
nanosheets, notably on the formation of GO nanosheets or
GO-protein aggregates.

Conclusions

In summary, we investigated the molecular interactions
between GO with different lateral size distributions and the
three essential human blood plasma proteins. On the basis of
the different qualitative and quantitative data, we have illumi-
nated the various facets of the GO-plasma protein inter-
actions. Importantly, we have demonstrated that the lateral
size distribution of the GO nanosheets plays a significant role
in controlling the biological outcomes of the GO-plasma
protein interactions. We foresee that this work will provide a
better understanding of the dynamics of the GO-plasma
protein interactions for improved design and utilization of gra-
phene-based nanomaterials for different in vivo bioapplica-
tions. For instance, with the higher adsorption of albumin and
lower adsorption of fibrinogen on GO nanosheets with large
mean lateral sizes, one can possibly utilize these GO
nanosheets with high molecular hemocompatibility for antith-
rombotic coating applications for decreasing the formation
and occurrence of undesirable blood clots. Nonetheless,
further works on the molecular interactions between plasma
proteins and GO nanosheets with narrower (<100 nm) and
non-overlapping size distributions are necessary and war-
ranted. Despite challenges in developing facile synthesis of GO
nanosheets with uniform and narrow size distributions which
do not overlap with each other, we anticipate these to be over-
come in the near future and further elucidations of the size-
dependent effects and the specific underlying mechanisms of
the GO-plasma protein interactions are expected.

This journal is © The Royal Society of Chemistry 2016
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Methods

Materials

Albumin (A9511), fibrinogen (F4883), and globulin (G4386) in
powder form were used directly without further purification
(Sigma-Aldrich, St Louis, MO) and were prepared in phos-
phate-buffered saline (PBS 1x). The GO nanosheet sample,
GO-0, was prepared according to Hummer’s method. GO
nanosheets with different lateral size distributions were then
prepared by ultrasonication for 10, 30, 60, 120, and 240 min
using an ultrasonic processor (SONICS, VCX-130).

GO lateral size and size distribution characterization

GO suspensions were first dropped onto a freshly cleaved
mica, followed by air drying. The surface topography of the as-
deposited GO nanosheets was characterized using the tapping
mode AFM (Bruker, Billerica, MA). The lateral size distribution
of the GO nanosheets was subsequently evaluated by analyzing
the obtained AFM images using the Image] software (NIH,
US). More than 400 GO nanosheets were examined and
measured to obtain the lateral size distributions and mean
lateral sizes.

Absorbance characterization

Absorption spectra of albumin, fibrinogen, globulin, and GO
nanosheets were recorded using a UV-Vis spectrophotometer
(NanoDrop 2000, Thermo Scientific). For free protein absor-
bance measurements, the plasma proteins were prepared at
concentrations of 0.2, 0.4, 1, 2, 3, 4, 10, and 20 mg mL™". For
the measurement of the protein adsorption on GO, GO
nanosheets of different lateral sizes were fixed at 200 pg mL ™",
Plasma proteins were fixed at different concentrations of 0.2,
0.5, 1, 2, 5,and 10 mg mL~". The plasma proteins (30 pL) were
then mixed with GO nanosheets (30 pL) and vortexed for equi-
libration. Incubation of plasma proteins on GO nanosheet
samples was performed at room temperature for 10 min. The
mixture was subsequently centrifuged at 13 000g for a duration
of 7 min. The supernatant was subsequently obtained for spec-
trophotometric measurements at 280 nm to acquire the
adsorption isotherm of all plasma proteins. The amount of
plasma proteins adsorbed was determined from variations in
the adsorption of proteins pre- and post-addition of the GO
nanosheet samples. For the GO-protein aggregation absor-
bance measurement, the plasma protein concentrations were
fixed at 5 pg mL™' and 50 pg mL™'. Each spectrum was
obtained as an average of at least three independent readings
at room temperature.

Fluorescence quenching characterization

Intrinsic tryptophan fluorescence of proteins in the presence
and absence of GO with different concentrations was recorded
using a fluorescence microplate reader (Infinite M200, Tecan)
in a black 96-well microplate (Nunc MicroWell, Thermo Scienti-
fic). Fluorescence excitation was set at 280 nm while emis-
sion was recorded from 306 to 450 nm. The plasma protein
concentration was fixed at 500 pg mL~" while that of GO was
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varied from 5, 10, 20, 25, 50, 100, 150, 200, to 250 pg mL.
Three independent readings were performed at room tempera-
ture to obtain all quantitative parameters.

Circular dichroism characterization

The structural stability of the plasma proteins was assessed
utilizing circular dichroism (CD) spectroscopy. Using a quartz
cell with a 1 mm optical path length, the CD spectrum was
obtained using a Jasco J-810 spectropolarimeter. The range of
wavelength was fixed from 190 to 260 nm while the scanning
speed was fixed at 50 nm min~". All CD spectra were collected
as an accumulation of three successive scans at room tempera-
ture. The concentrations of albumin, fibrinogen, and globulin
were set at 200, 400, and 400 pg mL™", respectively. In contrast,
the GO concentrations were varied progressively such that the
concentration ratios of the plasma proteins to GO were fixed at
1:0.025,1:0.05, and 1:0.1.

Statistical analysis

Experimental data were presented as mean with standard devi-
ation (mean = standard deviation). Statistical differences
between the data were evaluated based on Student’s t-test and
the statistically significant difference was represented by * for
p <0.1 and ** for p < 0.05 (i.e., 90% and 95% confidence inter-
vals, respectively).
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