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ABSTRACT: As novel applied nanomaterials, both graphene
oxide (GO) and its reduced form (rGO) have attracted global
attention, because of their excellent properties. However, the
lack of comprehensive understanding of their interactions with
biomacromolecules highly limits their biomedical applications.
This work aims to initiate a systematic study on the property
changes of GO/rGO upon interaction with serum proteins and
on how their degree of reduction and exposure concentration
affect this interaction, as well as to analyze the possible
biomedical impacts of the interaction. We found that the
adsorption of proteins on GO/rGO occurred spontaneously
and rapidly, leading to significant changes in size, zeta
potential, and morphology. Compared to rGO, GO showed a higher ability in quenching intrinsic fluorescence of serum
proteins in a concentration-dependent manner. The protein adsorption efficiency and the types of associated proteins varied,
depending on the degree of reduction and concentration of graphene. Our findings indicate the importance of evaluating the
potential protein adsorption before making use of GO/rGO in drug delivery, because the changed physicochemical properties
after protein adsorption will have significant impacts on safety and effectiveness of these delivery systems. On the other hand, this
interaction can also be used for the separation, purification, or delivery of certain proteins.
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■ INTRODUCTION

The past decades have witnessed the rapid development of
various nanomaterials,1,2 among which graphene oxide (GO)
has emerged as an attractive one, because of its outstanding
physicochemical properties, such as two-dimension nanostruc-
ture, high surface area:volume ratio, strong mechanical
properties, and biocompatibility.3−5 Reports on its applications
in drug delivery,6−10 diagnosis and therapeutics11−13 have been
well-documented, and thus GO has been considered as a
potential carrier for practical use in biomedical fields. Although
significant progress in developing GO-based drug delivery
systems has been made in the past few years, a critical issue is
often ignored: the nonspecific interaction of GO with
biomacromolecules upon the exposure of GO to biological
fluids.
It has been demonstrated that the surface of nanomaterials

will be coated with various biomacromolecules immediately
after their entry into physiological environment.14,15 For
example, proteins can rapidly adsorb onto nanoparticles and
form the so-called “protein coronas”.16−20 The formation of
protein coronas will cover the original surface properties of
nanomaterials and become the real substance our organs and

cells first see.17,21 As a result, the in vivo fate of nanomaterials
becomes complicated, no matter how precisely they are initially
designed. In addition, the nonspecific interaction may also
change the confirmation and function of certain bioactive
proteins and thus affect the cell responses and even the
immune system.22−24 Therefore, comprehensive understanding
of the interactions between nanomaterials and biological
proteins is quite important for better practical use of
nanomaterials.
The large surface area:volume ratio and high surface energy

of nanomaterials undoubtedly play important roles in
facilitating the interaction with proteins. Such interaction will
also happen to GO because it also features a large surface area
and high surface energy. One recent example is the strong
adsorption of lysozyme onto GO via electrostatic attraction and
hydrophobic interaction.25 Undoubtedly, protein adsorption
will change the physicochemical properties of GO, such as the
size and surface properties, and lead to a loss of its functions.
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More seriously, this interaction may bring risks of capillary
blockage resulting from the size increase. Thus, the interaction
of GO with serum proteins is a critical factor influencing the
safety and effectiveness, and needs thorough consideration
before biomedical use. Unfortunately, the lack of systematic
studies on GO-serum proteins interaction make us know little
about how to use GO in biomedical fields more properly. In
addition to GO itself, its reduction form, the reduced GO
(rGO), has also been widely used as a carrier for imaging and
drug delivery.26,27 Similarly, a comprehensive understanding of
rGO−protein interactions is also required.
Therefore, the main aim of this present work is to investigate

the interaction of GO and rGO with serum proteins and the
impact of proteins adsorption on their physicochemical
properties, and to understand the effects of the degree of GO
reduction and exposure concentration on the amount and type
of adsorbed proteins. This work provides an insight into the
GO/rGO−protein interaction and will be very meaningful for
guiding the biomedical use of GO and rGO.

■ EXPERIMENTAL SECTION
Materials. Graphite powder (Specpure grade) was purchased from

Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China).
Graphene oxide (GO) was self-made according to Hummer’s
method.28 Fetal bovine serum (FBS) was obtained from HyClone
(Logan, USA). BCA kit was provided by Beyotime Institute of
Biotechnology (Nantong, China). All other chemical reagents used in
this study were of analytical grade or better.
Preparation of Reduced GO (rGO). The rGO of different

degrees of reduction was prepared using an autoclaving method that
was developed in our laboratory. Briefly, the GO was suspended in
distilled water with concentration of ∼0.2 mg/mL, followed by
adjusting the pH value to 11 using NaOH solution. The resultant GO
suspension was then placed in an autoclave and sterilized at 121 °C for
20 or 120 min. The obtained rGOs, including rGO (20 min) and rGO
(120 min), were adjusted to pH 7.2 using HCl solution for further use.
Adsorption of FBS Proteins onto GO and rGOs. The above

GO or rGOs suspensions, with concentrations of 10, 20, 40, 80, and
160 μg/mL were ultrasonicated for 30 s before incubating with FBS at
room temperature (the FBS concentration was fixed at 2.5% (w/v)).

After incubation for 5 min, the resultant GO−protein complexes and
rGO−protein complexes were separated by centrifugation at 12 000
rpm for 5 min.

Atomic Force Microscopy (AFM). The morphology of GO, rGO,
and their complexes with FBS proteins were observed by AFM. All the
samples were suspended in distilled water with graphite concentration
of 20 μg/mL. One drop of the resulting suspension of each sample was
placed on a freshly exfoliated mica sheet. After air drying, the
morphology was examined via atomic force microscopy (Model
SPM9600, Shimadzu, Japan) using the mode of phase imaging.

Hydrodynamic Diameter and Zeta Potential. The hydro-
dynamic size and zeta potential (ZP) were measured by dynamic light
scattering (DLS) and electrophoretic light scattering (ELS)
technologies, respectively, on a Zetasizer Nano ZS90 instrument
(Malvern Instruments, Ltd., U.K.).19,29 GO, rGOs, and their
complexes with FBS proteins were centrifuged (12 000 rpm, 5 min)
and the supernatant was discarded. The pellets washed for three times
were resuspended in distilled water for size and zeta potential
examination (the graphite concentration of each sample was 160 μg/
mL).

Fluorescence Quenching Effect of GO and rGOs. After
incubation of GO or rGOs with FBS, the resulting suspensions (the
final concentration of FBS was fixed at 2.5% and the concentrations of
GO or rGOs were 10, 20, 40, 80, and 160 μg/mL) were excited at 270
nm to record the intrinsic fluorescence emission spectrum of FBS
proteins within the wavelength range of 290−390 nm (Ex: 270 nm,
Em: 290−390 nm).

Quantification of the Amount of Adsorbed FBS Protein. The
amount of FBS proteins adsorbed on GO or rGOs was determined by
BCA assay. Briefly, after incubation for 5 min, the resultant suspension
(0.4 mL) was centrifuged at 12 000 rpm for 5 min to separate the
formed GO−protein or rGO−protein complexes. An aliquot of 20 μL
of supernatant was taken for protein content determination by BCA
assay according to the instructions (2.5% FBS served as control). The
adsorbed proteins amount was calculated by the following equation:

= −W W Wad t f

where Wad is the amount of adsorbed proteins, Wt is the total amount
of proteins, and Wf represents the amount of nonadsorbed proteins in
the supernatant. The adsorption efficiency was calculated by another
equation:

Figure 1. Morphology and sheets height of (A) GO and (B) GO−protein complexes characterized by AFM. The height−width profiles show the
height change along the specified line. The value of height given in the table indicates the height difference between the two specified points.
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where Wad is the amount of adsorbed protein, Wg represents the
amount of GO or rGO, and AE is the adsorption efficiency.
Separation of Proteins Adsorbed on GO and rGOs. The

proteins adsorbed on GO and rGOs were separated by 12% SDS-
PAGE, according to a previous method.19 Briefly, GO and rGOs with
concentrations of 20 or 160 μg/mL were incubated with FBS as
described above. The resultant complexes were collected by
centrifugation (12 000 rpm, 5 min), followed by washing with distilled
water three times to get rid of the nonadsorbed proteins. The pellets
were resuspended in loading buffer and boiled for 3 min. After
centrifugation (12 000 rpm, 3 min), the supernatant containing
proteins was used for SDS-PAGE and the separated proteins were
stained using Coomassie Brilliant Blue.
Statistical Analysis. The data in this present work were presented

as mean ± s.d. (standard deviation). The statistical difference between
groups was examined by one-way analysis of variance, which was
considered to be statistically significant when the P value was <0.05.

■ RESULTS AND DISCUSSION

In this present work, we prepared two types of rGO with
different reduction degrees by adjusting reaction time. The
appearance of GO solution changed significantly upon

reduction into rGO, because of the enhanced hydrophobicity
(see Figure S1-A in the Supporting Information). In addition,
the red shift of the absorption peak, which can be observed
from GO upon deoxygenation, provides more evidence for the
formation of rGO.30 The UV absorption peak of rGOs showed
an obvious red shift compared to GO, and rGO (120 min) had
a longer shift than rGO (20 min), indicating the highest degree
of reduction of rGO (120 min) followed with rGO (20 min)
and GO (Figure S1-B in the Supporting Information). As a
result of the reduction, significant differences in physicochem-
ical properties between GO and rGO were observed.
The morphology of GO, rGO, and their complex with FBS

proteins were observed via AFM. The GO was monolayer
sheets with clean surfaces and a mean sheet height of ∼1 nm
(Figure 1A). After incubation with FBS, the obtained GO−
protein monolayer had a significant increase in sheet height
(∼2 nm) and a decrease in surface cleanliness (Figure 1B),
because of the adsorption of proteins onto GO surface. These
results indicated that FBS proteins could rapidly adsorb onto
GO sheets in a spontaneous manner, leading to the formation
of GO−protein complexes.
Unlike the sheet-shape of GO, it was interesting to find rGO

was represented by round particles with the width significant

Figure 2. AFM images of rGO and rGO−protein complexes obtained by incubating rGO with FBS. (A, B) Height trace image of rGO and rGO−
protein complexes, respectively; (C, D), deflection trace image of rGO and rGO−protein complexes, respectively. The height−width profiles in
panels A and B present the width of rGO particles and protein coronas.
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larger than the height (Figure 2) and having a size range from
nanoscale to microscale (see Figure S2 in the Supporting
Information). This difference in shape might result from the
enhanced hydrophobicity after reduction from GO to rGO.
However, there was no difference in shape between rGO (20
min) and rGO (120 min) (Figure S3 in the Supporting
Information). The same as GO, rGO also showed significant
changes in morphology after incubation with FBS. There was
no coating layer surrounding the original rGO particles (Figure
2A). In contrast, a layer of protein coronas surrounding rGO
particles could be clearly observed after incubation with FBS
(Figure 2B). Particularly, through the height−width profile, the
width and height of the formed proteins corona surrounding
that specific particle in Figure 2B (red indicators) was ∼80 and
12 nm, respectively. In order to confirm that the outer layer
coatings shown in Figure 2B were not hollow, the
corresponding Deflection Trace images were recorded. It was
quite clear that rGO was solid particles without coating layers
(Figure 2C) while protein coronas could be clearly observed for
rGO−protein complexes (see Figure 2D and Figure S4 in the
Supporting Information). These results suggested that FBS
proteins could also adsorb onto rGO spontaneously and
rapidly, leading to the formation of protein coronas, as well as
the rGO−protein complexes.
In addition to morphology, the size and surface charge of GO

and rGO also changed significantly, because of the adsorption
of proteins. Figures 2B and 2D provides a visual example of the
size change of rGO as the result of protein corona formation.
The detailed data of size and zeta potential are shown in Figure
3. The original mean size of GO, rGO (20 min), and rGO (120
min) was 950, 1009, and 1093 nm, respectively, and
significantly increased to 1927, 1785, and 1633 nm,
respectively, after incubation with FBS (Figure 3A). Meanwhile,

the zeta potential of GO, rGO (20 min), and rGO (120 min)
was −33, −14, and −15 mV, respectively, and changed to −15,
−10, and −13 mV, respectively (Figure 3B) after incubation
with FBS. These results could also be considered as evidence
for the interaction of GO and rGOs with FBS proteins.
Interestingly, there were significant size changes for both GO

and rGOs after FBS adsorption, but only GO presented
substantial change in zeta potential (Figure 3). It was
speculated according to the morphology (see Figures 1 and
2) that the zeta potentials of both GO−protein and rGO−
protein complexes were derived mainly from the adsorbed
proteins that were located on the surface of GO/rGOs and
presented similar charges. This was considered as the reason for
the similar zeta potentials of GO−protein and rGOs−protein
complexes, despite the original values. The significant size
increase of rGO after incubation with FBS may be largely
attributed to the formation of protein coronas surrounding
rGO (Figure 2BD). However, protein adsorption may have
little direct contribution to the size increase of GO, since the
increase in sheet height upon FBS adsorption was only ∼1 nm
(Figure 1). However, the zeta potential change that is caused by
protein adsorption (from −33 mV to −15 mV, Figure 3B)
could strongly weaken the electrostatic repulsive force among
GO sheets and thus led to a certain degree of aggregation and
resulted in the substantial size increase of GO. This significant
size increase must be taken into consideration when GO/rGO
is administered intravenously, because too large of a size may
enhance the risk of capillary blockage.
On the other hand, the risks or side effects may come from

the other side of the coin: the associated proteins. The
interaction of proteins with other molecules or surfaces could
affect the conformation and properties of associated proteins,
like enzymes activity, biological recognition, and interaction
with other proteins.31,32 Our previous work reported the
fluorescence quenching of bovine serum albumin upon
interaction with a small molecule.33 Here, we investigated the
ability of GO and rGO to quench the fluorescence of FBS
proteins. We found that the fluorescent intensity of FBS
proteins was strongly reduced upon incubation with as low as
10 μg/mL of GO and further reduced when increasing GO
concentrations gradually (Figure 4A). The similar fluorescence
quenching of FBS proteins could also be observed when
incubating with rGO for 20 min and 120 min (see Figures 4B
and 4C). It was noticed that fluorescence quenching was
presented in a GO/rGO concentration-dependent manner,
indicating that more proteins were involved in the interaction
with higher concentrations of GO/rGO. There was also a
difference in quenching fluorescence between GO and rGO.
The fluorescence quenching efficiency of GO was largely
greater than that of rGO with rGO incubated for 120 min being
slightly higher than that of rGO incubated for 20 min (Figure
4D). This result implied that GO may have higher affinities to
the proteins with intrinsic fluorescence. It was assumed that the
different surface properties between GO and rGO, such as
hydrophobicity, may confer upon them distinct affinity to
different types of proteins.
In order to determine and compare the ability of GO and

rGOs in adsorbing FBS proteins, we quantified the amount of
adsorbed proteins. As a result, GO and rGOs showed the same
trend in adsorbing proteins (Figure 5). The adsorbed proteins
amount reached the maximum (∼60 μg) when GO/rGOs were
at the highest concentrations (160 μg/mL) and presented a
decreasing trend when reducing the GO/rGOs concentrations

Figure 3. Examination of (A) hydrodynamic size and (B) zeta
potential of GO/rGOs before or after FBS adsorption. Data are
presented as mean ± sd (n = 3). Statistical significance between
groups: (*) p < 0.05 and (**) p < 0.01.
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(Figure 5A). However, there was an interesting phenomenon
that the amount of proteins adsorbed on both GO and rGOs
bounced back at the lowest concentration (10 μg/mL),
suggesting that GO/rGOs may have higher adsorption
efficiencies at lower exposure concentrations. Therefore, we
figured out their adsorption efficiency at each exposure

concentration. The efficiency could be explained as the amount
of proteins that every weight unit of GO/rGOs could adsorb.
As expected, GO/rGOs showed consistent profiles of
adsorption efficiency that was lowest at the highest
concentration of GO/rGOs and gradually increased to the
maximum with reducing the concentration of GO/rGOs to the
minimum 10 μg/mL (Figure 5B). The above results suggested
that (1) GO possessed the highest ability to adsorb serum
proteins, followed with rGO (20 min) and then rGO (120
min); (2) an enhanced degree of reduction of GO/rGO could
inhibit protein adsorption to some extent; and (3) increasing
the exposure concentration of GO/rGO may adsorb more
proteins but, in turn, reduce the adsorption efficiency.
It was very interesting to find an opposite order between

GO/rGO concentration and protein adsorption efficiency.
When a certain amount of proteins (2.5% FBS) were mixed
with different concentrations of GO/rGO within a short period
of time (5 min), the protein exposure concentration to each
sheet or particle would be reduced upon increasing the material
concentration. Consequently, a higher protein concentration
gradient was present for the GO/rGO with lower concen-
trations, which facilitated the faster protein adsorption (i.e., the
higher adsorption efficiency). In other words, under higher
material concentrations, a lesser amount of proteins would be
adsorbed on each unit of nanomaterials (for example, each
sheet of GO) and more proteins in total within 5 min (Figure
6). This might be the reason for the higher adsorption
efficiency at lower material concentration (Figure 5B). The
comparison between GO and rGO showed that GO had the
higher protein adsorption efficiency, which was probably due to
the larger surface area of GO sheets in aqueous solution.
Besides, other surface properties, such as charge and hydro-
phobicity, can also influence protein adsorption efficiency. For
instance, GO may adsorb more proteins via π−π interaction
and hydrogen bond, because of its sheet structure and higher
hydrophilicity.

Figure 4. Fluorescence quenching of FBS proteins (2.5%, w/v) by incubating with different concentrations of (A) GO, (B) rGO (20 min), and (C)
rGO (120 min). (D) Comparison of fluorescence quenching efficiency between GO and rGOs at a GO/rGO concentration of 160 μg/mL.

Figure 5. (A) Absolute proteins amount adsorbed on GO/rGOs at
different concentrations. (B) Protein adsorption efficiency of GO/
rGOs. Data are presented as mean ± sd (n = 3). Statistical significance
between groups: (*) p < 0.05 and (**) p < 0.01.
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In addition to the amount of proteins, the type of adsorbed
proteins could also be different. Obviously, the mechanisms of
protein adsorption on GO/rGO is a type of noncovalent self-
assembly, in which some secondary interactions are involved,
including van der Waals’ force, electrostatic interaction,
hydrophobic interaction, π−π interaction, and hydrogen
bonding.25,34,35 These noncovalent bonds may coexist in the
interaction of GO/rGO with proteins, but their contributions
may vary, depending on the surface properties of GO/rGO,
such as morphology and hydrophobicity. For example, the π−π
interaction may contribute more to the interaction of GO
sheets with proteins while hydrophobic interaction may
contribute more to rGO−proteins interaction. As a result,
this variation in the involved interaction forces would lead to
GO/GO adsorbing different types of proteins.
The different proteins adsorbed on GO/rGO were separated

via SDS-PAGE. As expected, the type of adsorbed proteins
varied significantly, depending on the surface properties and
even concentrations of GO/rGO (Figure 7). When the
concentration of GO/rGO was 160 μg/mL, protein bands a,
b, and c only appeared in GO−protein complexes (Line 3 in
Figure 7) and could not be found in rGO (20 min)−protein
complexes (Line 4) or rGO (120 min)−protein complexes
(Line 5), indicating these proteins had a relatively strong
interaction with GO, perhaps via hydrogen bond and π−π
interaction. In addition, the proteins represented by protein
bands b and c have relatively low molecular weight, suggesting
that the low-molecular-weight proteins have higher affinity to
GO than rGO. Differences also existed between rGOs. As
shown in the boxes that are bordered by dotted lines in Figure
7, both rGOs have protein bands d with similar intensity but
bands e and f almost only appear in the rGO (20 min)−protein
complexes (Line 4), indicating that the proteins represented by
protein bands e and f have higher affinity to rGO (20 min),
which has lower a degree of reduction than rGO (120 min) and
that hydrophobic interaction may not be involved in the
interaction of the proteins represented by protein bands e or f
with rGO. When the concentration of GO/rGO was 20 μg/
mL, both rGO (20 min)−protein complexes (Line 7) and rGO
(120 min)−protein complexes (Line 8) only presented a
relatively strong band (h) without the other bands found in the
GO−protein complexes (Line 6), indicating that rGOs of 20
μg/mL had a strong affinity to the protein represented by

protein band h and could be used for selectively separation and
purification of this protein. Interestingly, material concentration
almost had no effect on the type of protein adsorbed on GO
(Line 3 vs Line 6) but showed an obvious effect on proteins
type adsorbed on rGOs (Lines 4 and 5 vs Lines 7 and 8). The
proteins adsorbed on the high concentration of rGOs (Lines 4
and 5) were not adsorbed on the low concentration of rGOs
(Lines 7 and 8), implying that different proteins can be
extracted using rGOs with varied concentrations.
SDS-PAGE is an important and convenient qualitative

method to identify the type of protein adsorbed on the
nanomaterials.18,25,36,37 The results shown above demonstrated
that the type of protein adsorbed varied, according to the
degree of reduction and exposure concentration of GO/rGOs.

Figure 6. Schematic of how the concentration of nanomaterials affects the adsorption of proteins, using GO sheets as an example. At lower GO
concentrations, more proteins are adsorbed on each GO sheet (i.e., higher adsorption efficiency) but less proteins in total. At higher GO
concentration, however, less proteins are adsorbed on each GO sheet (i.e., lower adsorption efficiency) but more in total.

Figure 7. 12% SDS-PAGE and Coomassie Brilliant Blue staining of the
proteins adsorbed on GO/rGO upon incubation with FBS. [Legend:
Line 1, marker; Line 2, diluted FBS; Line 3, GO−protein complexes;
Line 4, rGO (20 min)−protein complexes; Line 5, rGO (120 min)−
protein complexes (complexes represented by Lines 3−5 were
obtained by incubating 160 μg/mL of GO/rGOs with FBS); Line 6,
GO−protein complexes; Line 7, rGO (20 min)−protein complexes;
and Line 8, rGO (120 min)−protein complexes (complexes
represented by Lines 6−8 were obtained by incubating 20 μg/mL of
GO/rGOs with FBS. Arrows a−h indicate different protein bands; the
bands enclosed by box g, bordered by dotted lines, is magnified to
highlight bands d, e and f.
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It is relatively easy to understand the influence of the degree of
reduction on the type of protein adsorbed. As discussed above,
the shape and surface properties are different between GO and
rGOs. Accordingly, their interactions with proteins are also
different, leading to the varied amount and type of the adsorbed
proteins. However, the mechanisms underlying the influence of
the concentration of rGOs on the type of protein adsorbed are
not very clear. It is assumed that a certain type of protein that
exists in a small amount in FBS but has a high affinity to rGO
may rapidly saturate rGO of low concentration. At high rGO
concentrations, however, this type of protein could not saturate
rGO, because of the decreased adsorption efficiency and the
increased rGO amount, and thus other proteins would become
more competitive and could find more space to adsorb onto
rGO.
GO/rGO belongs to the promising carriers for delivering

drugs. For instance, doxorubicin and paclitaxel have been
loaded onto the modified GO for better anticancer effects.6,7

Nevertheless, the interaction of GO/rGO with proteins should
be taken into consideration for better understanding and
control of their in vivo performance, as well as for safe delivery.
Our findings suggested that the adsorption of proteins on GO/
rGO occurred rapidly and would lead to significant changes in
their physicochemical properties. These results are meaningful
for guiding the practical use of GO/rGO-based systems in
biomedical fields. First, increasing material concentration can
enhance the total amount of adsorbed proteins but will reduce
the adsorption efficiency, which means lower concentration
would be better when GO/rGO systems aim at concentrating
proteins. Second, it is necessary to select an appropriate
material concentration to reduce the amount of adsorbed
proteins to the largest extent. Third, much attention needs to
be paid when GO- or rGO-based systems are designed for
intravenous injection since the significant size increase upon
interaction with serum proteins would bring high risks of
capillary blockage.

■ CONCLUSION
Much attention has been paid to the interaction of nanoma-
terials with proteins, because of its significant effects on the
physicochemical and biological properties of both nanomateri-
als and associated proteins. Our results show that the
nanomaterials−-proteins interaction can cause changes in the
size, zeta potential, and morphology of GO and rGOs.
Meanwhile, it can also lead to fluorescence quenching of FBS
proteins. There are several noncovalent forces involved in the
interaction, which is dependent on the degree of reduction and
concentration of GO and rGOs. Accordingly, the amount and
type of adsorbed proteins are varied. This work provides an
insight into the interaction of serum proteins with GO/rGO
and evaluates the impacts of the degree of reduction and
exposure concentration. Our findings disclose the possible
biomedical impacts of GO/rGO. First, a lower concentration of
GO/rGO is beneficial to concentrating proteins, because of its
higher adsorption efficiency at lower concentration. Partic-
ularly, GO/rGO has different selectivity to proteins, which can
be used for the separation and purification of certain proteins.
Second, selecting an appropriate concentration of GO/rGO is
important to minimize the amount of adsorbed proteins when
GO/rGO serves as a carrier for the delivery of other drugs.
Most importantly, protein adsorption must be taken into
consideration when GO- or rGO-based systems are designed
for intravenous injection since the significant size increase upon

interaction with serum proteins would bring high risks of
capillary blockage. On the other hand, this strong interaction of
GO/rGO with proteins can be utilized for long-term delivery of
certain protein therapeutics.
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