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A three-dimensional graphene oxide framework is prepared via a simple and cost-effective one-pot

approach through the hydrogen-bonding interaction between amylopectin and graphene oxide in the

presence of hydrazine hydrate acting as reducing reagent. The framework is shortly termed as AP-rGO

and it is characterized by Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy

(SEM), surface charge analysis and thermogravimetric analysis (TGA). The obtained AP-rGO

framework exhibits excellent adsorption performance toward hemoglobin in the presence of other protein

species. It provides a maximum adsorption capacity of 1010 mg g”'. In a neutral medium (at pH 7), 70 mg

L' Hb in 1.0 mL of aqueous solution could be effectively adsorbed by 1.0 mg of the AP-rGO framework,

giving rise to an adsorption efficiency of 92.7%. The practical application of the AP-rGO framework is

demonstrated by the removal of high abundant protein, i.e., hemoglobin, from complex biological sample

matrixes, e.g., human whole blood. The removal efficiency is well confirmed by sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) assay.

1. Introduction

As a kind of novel two-dimensional carbon material, graphene
has attracted extensive attentions due to its specific physical and
chemical properties. ' Graphene oxide (GO) is the oxidized
derivative of graphene and shows improved reaction activities
and biocompatibility due to the abundant oxygen-containing
functional groups on the surface. During the last decade, GO and
its derivatives have been widely employed in various fields, e.g.,
energy storage, > biosensor, ° cell imaging * and drug delivery. °
Recently, it has been demonstrated that GO could mimic protein-
protein interface, which might induce favorable adsorption of
protein species onto GO surface. ® However, the abundant
hydrophilic groups on GO surface make it highly dispersive in
aqueous medium and it is thus quite difficult to achieve effective
separation of GO from the reaction medium after the process of
adsorption. It is even not feasible with high speed centrifugation
or filtration process. This is an obvious limitation for the direct
utilization of GO in the field of bio-separation. In this respect,
modification of GO or its assembly onto suitable solid support via
covalent or non-covalent functionalization approach has been
proved to be an efficient strategy for this purpose. "~'° Generally,
part of the binding sites on GO surface are occupied by certain
functional groups during the modification or assembly process,
and thus results in a loss of adsorption capacity. Recently, it has
been demonstrated that three-dimensional (3D) GO/rGO
materials not only possess the intrinsic properties of the 2D
grapehene derivatives, but also provide advanced functions with
improved performance in the fields of catalysis, '"'? sensor ' and
energy storage. ¢ In the field of separation, the biocompatible
3D GO/rGO materials with large specific surface area also
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exhibit favorable advantages and potential applications attributing
to the much improved adsorption capacity and high efficiency as
well as fast adsorption. ''® Meanwhile, the preparation of 3D
GO/rGO based material is performed under rigorous

experimental conditions, e.g., ultra-high temperature, and very
often the sacrifice of template is inevitable.

Since the development of “Green Chemistry” in the last
decades, '° natural polymers have been paid increasing attentions
because of their biodegradability, biocompatibility and
renewability. 2 Amylopectin (AP) is one of the most attractive
natural polymers composed of linear chains of (1->4)-0-D-
glucose residues. It is usually employed for the accommodation
of volumetric expansion due to its excellent aging resistance. *!
Generally, AP is semi-crystalline and insoluble in water at room
temperature. When it is heated with excessive amount of water,
the hydrogen bonds among AP molecules tend to break
accompanied by the disruption of its crystalline structure, along
with the formation of new hydrogen bonds between water
molecules and the exposed hydroxyl groups of AP, which results
in an increase on granule swelling and solubility. >* This feature
illustrates great potentials for AP as a precursor for the
modification of certain materials and the improvement on their
performance.

Herein, we report a simple and cost-effective process for the
preparation of three-dimensional AP-rGO composite framework
through hydrogen-bonding interactions between the amylopectin
chain and graphene oxide in the presence of hydrazine hydrate
acting as reducing reagent. The produced 3D AP-rGO composite
framework exhibits a super-high adsorption capacity toward
hemoglobin, along with favorable adsorption selectivity under
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controlled experimental conditions (at pH 7 in 4.0 mmol L™
Britton-Robinson buffer solution). It thus offers a promising
medium for the exploitation of high abundance protein removal
from biological sample matrixes, in this particular case, the
removal of hemoglobin from human whole blood.

w

2. Materials and Methods
2.1. Materials and reagents

Amylopectin (AP, from waxy maize, 99.7%, Derui Bio-techology
Co. Ltd, Zhengzhou, China), hydrazine hydrate (85%, w/w,

10 Sinopharm Chemical Reagent Co. Ltd, Shanghai, China) and
high purity graphite powder (Sinopharm Chemical Reagent Co.
Ltd, Shanghai, China) are employed as received. Other reagents
employed including HzSO4, Kzszog, P205, H3BO4, NaNO3,
KMnO,, H,0, and HCI are obtained from Bodi Chemical

15 Holding Co. Ltd. (Tianjin, China) and at least of analytical
reagent grade. Deionized water is used throughout.

Bovine serum albumin (BSA, A 3311, >98%) is purchased
from Sigma-Aldrich (St. Louis, USA) and hemoglobin from
bovine blood (Hb, 95%) is obtained from Sinopharm Chemical

20 Reagent Co. Ltd (Shanghai, China). These proteins are used
without further purification. The protein molecular weight marker
(broad, D532A, Takara Biotechnology Company, Dalian, China)
is a mixture of nine purified proteins (Mr in kDa: myosin, 200; f3-
galactosidase, 116; phosphorylase B, 97.2; serum albumin, 66.4;

25 ovalbumin, 44.3; carbonic anhydrase, 29; trypsin inhibitor, 20.1;

lysozyme, 14.3; aprotinin, 6.5). Human whole blood samples of

healthy volunteers are provided by the Hospital of Northeastern

University. All experiments were performed in compliance with

the relevant laws and institutional guidelines with the use of

human subjects, under the supervision of the Academic Ethics

Committee of the University.
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2.2. Preparation of the AP-rGO composite framework

GO is firstly synthesized according to the Hummers’ method. **
230 mL of homogeneous GO aqueous suspension (1.0 mg mL™)
is obtained by mild sonication for 4 h. 1.0 g of AP powder is then
added into the above suspension with a AP/GO mass ratio of
100/3. Thereafter, 30 mL of dimethyl sulfoxide (DMSO) is added
to dissolve the AP powder and 90 pL of hydrazine hydrate is
added as reducing agent for the conversion of GO into rGO. The
40 mixture is heated and refluxed under magnetic stirring at 95 °C
for 24 h. Afterwards, the black product is filtered with 1.2 um
cellulose membrane and washed by deionized water for five
times to remove any residual DMSO. Finally, the obtained AP-
rGO composite framework is freeze-dried under vacuum for 12 h
ss and collected for further use.

3
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2.3. Characterization of the AP-rGO composite framework

The surface morphologies of AP, rGO and AP-rGO composite
framework were recorded on a S-3400N scanning electron
microscope (SEM, Hitachi High Technologies, Japan). Fourier

so transform infrared (FT-IR) spectra of GO, rGO, AP and AP-rGO
were measured by a Nicolet 6700 spectrometer (Thermo Electron,
USA) from 400 to 4000 cm™'. The surface charge properties of
GO, rGO and AP-rGO in aqueous solution within pH 4-11 were
measured by a ZEN3600 Nano Zetasizer (Malvern, UK).

ss Nitrogen sorption-desorption isotherms are measured at —196 °C
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by a Micromeritcs Tristar 3000 analyzer (USA) at a relative
pressure range from 0.05 to 0.25 for obtaining the specific surface
area.The thermogravimetric analysis (TGA) is performed by a
TGA/DSC 1 STAR® System (Mettler-Toledo, Switzerland) from
30 °C to 500 °C with a heating rate of 10 °C min™' under N,
atmosphere.

2.4. Proteins adsorption with AP-rGO composite framework

In the present work, hemoglobin and bovine serum albumin were
employed as model proteins and their adsorption behaviors onto
the AP-rGO composite framework were carefully investigated in
4 mmol L™ Britton-Robinson (B-R) buffer at pH 4-11.

Typically, 1.0 mg of AP-rGO composite framework and 1.0
mL of protein solution (70.0 mg L") was added into a 1.5-mL
centrifuge tube. The mixture was then shaken vigorously for 30
min to facilitate the adsorption of proteins onto the surface of AP-
rGO composite. After centrifugation at 8000 rpm for 8 min, the
supernatant is collected to quantify the residual protein
concentration. The adsorption efficiency of proteins was
calculated as described in the following equation, where C, and
C, represent the protein concentrations in original solution and in
the supernatant respectively, and E is the adsorption efficiency.

Ca— 00

3. Results and Discussion

3.1. Preparation and characterization of the AP-rGO
composite framework

The one-pot preparation procedure for the AP-rGO composite
framework is illustrated in Scheme 1. Upon heating at 95 °C, the
hydrogen bonds among AP molecules tend to break and the
dissolution of AP granules leads to the formation of homogenous
hydrogel. 22 At the same time, new hydrogen bonds are formed
between the oxygen-containing functional groups on GO and the
hydroxyl groups on AP, which generates AP-GO cross-linking
and eventually results in the formation of 3D AP-rGO composite
framework. 2! During this preparation process, hydrazine hydrate
is added as reducing reagent for the chemical reduction of GO
and the formation of rGO. %

Scheme 1. The schematic illustration for the preparation of AP-
rGO composite framework via the one-pot procedure.

Figure 1 shows the FT-IR spectra of GO, rGO, AP and AP-
rGO composite framework. After GO is reduced to rGO by
hydrazine, an obvious decrease on the intensity of absorption
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bands at 3357 and 1731 cm’! is observed, due to the reduced
amount of -COOH groups. At the same time, the absorption band
at 1619 cm™ related to the bending vibration of O-H shifts to
1571 cm™! due to the reduction of oxygen-containing groups on
the surface of GO sheets. 2° In the case of AP, the broad
absorption band at 3357 cm™ is contributed to the stretching
vibration of the O-H and the absorption band at 1646 cm™ is
assigned to the O-H stretching vibration of water. After the
formation of AP-rGO composite framework, a new absorption
band at 1571 em™ is observed, corresponding to the O-H bending
vibration of rGO. It is seen that the strong absorption band at
1020 cm™! derived from the C-O-C stretching vibration become
much stronger due to the introduction of rGO. In comparison
with the FT-IR spectra of AP and rGO, an obvious blue shift
from 3357 cm™ to 3284 ecm™! is recorded for the AP-rGO
composite framework for the absorption of O-H stretching
vibration. This should be attributed to the formation of hydrogen
bonds between the oxygen-containing functional groups of GO
and the hydroxyl groups of AP, which induces the migration of
electron cloud from O-H to O atom.
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Figure 1. FT-IR spectra for GO, rGO, AP and AP-rGO composite

framework.
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The SEM images for AP, rGO and AP-rGO composite
framework obtained under various AP/GO mass ratios are shown
in Figure 2. It can be seen that AP granules are irregular shaped
with smooth surface and their sizes are ranging from 2-30 um
(Figure 2A). In the case of rGO sheets, a lot of wrinkles are
observed on its surface (Figure 2B). After formation of the AP-
GO composite framework, the edges of 3D structure become
more obvious with the increase of the mass ratio of AP/GO
(Figure 2C-H). In this study, a AP/GO mass ratio of 100/3 is
adopted and the AP-rGO composite framework originated from
this mass ratio is used for the ensuing investigations.
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Figure 2. SEM images of the AP granules (A), rGO (B) and AP-
rGO composite framework originated from various AP/rGO mass
ratios: 100/1 (C); 100/2 (D); 100/3 (E); 100/4 (F); 100/5 (G);

75 100/10 (H).

The BET surface area of AP, rGO and AP-rGO composite
are derived to be 0.543, 135.947 and 9.839 m” g”', respectively.
It is clearly seen that the incorporation of GO into the AP-rGO

s0 composite significantly improves its specific surface area, which
demonstrates the formation of 3D framework.

The thermogravimetric analysis results indicate that a
remarkable weight loss at ca. 280 °C is observed for AP (Figure
3), which should be attributed to the pyrolysis of AP. A similar

ss weight loss is also observed for the AP-rGO composite, while the
weight loss in the latter case is much less than that for AP, due to
the presence of rGO in the obtained composite framework. The
oxygen-containing groups on rGO start to decompose at 130 °C.
It is interesting to see that an increase of the decomposition

o0 temperature of rGO in AP-rGO composite is observed, i.e.,
within 130 °C to 160 °C, which might be contributed by the
formed hydrogen bonds between rGO and AP. This observation
is consistent with that reported in a literature that hydrogen
bonding interactions between OH groups and rGO leads to

os improved thermal stability. >’
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Figure 3. TGA analysis results for AP, rGO and AP-rGO
composite framework.
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3.2. Protein adsorption behavior by the AP-rGO composite

framework

The adsorption behaviors of Hb and BSA by the AP, rGO and
AP-rGO composite framework originated from various AP/rGO
s mass ratios are illustrated in Figure 4. The results clearly shown

that rGO offers non-specific adsorption toward both Hb and BSA.

On the contrast, in the presence of BSA, AP adsorbs Hb with
favorable selectivity. However, only a limited adsorption
efficiency of ca. 52% is achieved for Hb in this case. After the
10 formation of AP-rGO composite framework, the adsorption
efficiency for Hb is obviously improved up to 90.7% when the
AP/rGO mass ratio is increased from 100/1 to 100/3, and
meanwhile it maintains the selectivity against BSA, thereafter, a
further increase of the AP/rGO mass ratio results in a gradual

15 decrease of the adsorption efficiency for Hb. This might be due to

the fact that the AP-rGO composite originated from a AP/rGO
mass ratio of 100/3 provides a largest surface area as
demonstrated in the SEM image in Figure 2E.
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Figure 4. Adsorption efficiencies of Hb and BSA on AP, rGO and

AP-rGO composite framework originated from various AP/rGO

35 mass ratios (1-100/1, 2-100/2, 3-100/3, 4-100/4, 5-100/5, 6-
100/10). Concentration/volume of protein solution: 70 mg
L—-1/1.0 mL; Amount of sorbent: 1.0 mg; Adsorption time: 30
min; pH 6.

40 The adsorption behaviors of Hb and BSA by AP, rGO and
AP-rGO composite toward Hb and BSA are further investigated
within pH 4-11, and the results are illustrated in Figure 5. As far
as AP is concerned, a maximum adsorption for Hb is achieved at
its isoelectric point, and meanwhile no BSA is adsorbed within

ss the whole pH range investigated. It has been previously
demonstrated that there are chemical interactions between the
hydroxyl groups of polysaccharide and metal ions. * In the
present case, the exposure of heme group in hemoglobin under
neutral condition facilitates the coordination of hydroxyl groups

so of polysaccharide with the sixth vacant coordinating position of
Fe”" in the hemoglobin framework. This contributes to the
favorable adsorption of hemoglobin at its isoelectric point. In an
acidic medium, the protonation of hydroxyl groups of
polysaccharide takes place which decreases its coordination with

ss Fe*". On the other hand, in a basic medium the hydroxylation of

Fe*" blocks the binding of hydroxyl groups in the polysaccharide.

% These results in the decrease of Hb adsorption as the pH value

deviates from its isoelectric point. On the contrary, for the case of

BSA there is no similar interaction involved as described for Hb,
¢ and thus no adsorption of BSA by AP is observed.
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Figure 5. The pH-dependent adsorption of Hb and BSA by AP,
rGO and AP-rGO composite framework (originated from a
AP/rGO mass ratio of 100/3). Concentration/volume of protein
solution: 70 mg L™'/1.0 mL; Amount of sorbent: 1.0 mg;
Adsorption time: 30 min.

Similar adsorption behaviors for Hb and BSA are observed
by using rGO and AP-rGO composite framework as adsorbent. It
is obvious that favorable adsorption for Hb and BSA is achieved
at their isoelectric points by both adsorption media. At pH values
around the isoelectric point of a specific protein, it becomes
neutral and the hydrophobic residues are prone to exposure. It has
been well documented that the aromatic groups of protein, e.g.,
tryptophan/tyrosine residues and the porphyrin rings of heme
group, combine with the conjugate n-electron moieties of rGO via
7-m stacking, 2 *' leading to favorable adsorption. There are four
heme groups in Hb structure and no heme group is involved in
BSA, ** the hydrophobic interaction between Hb and rGO is
much stronger than that between BSA and rGO, resulting in
favorable adsorption efficiency for Hb. This is in agreement with
that achieved in a previous observation. *°

The surface charge analysis results indicate that the surface
of AP-rGO framework is negatively charged within the pH range
studied. Therefore, electrostatic attraction between the AP-rGO
composite and the positively charged hemoglobin provides an
additional contribution to the adsorption of protein at pH< pl. On
the other hand, at pH higher than the isoelectric point the proteins
turn into negatively charged, and thus the electrostatic repulsion
leads to a decline for protein adsorption. It is seen that no
adsorption of BSA is observed by the AP-rGO composite
framework at pH > 6, while favorable adsorption of Hb is
achieved within pH 6-8. This observation indicates that large
percentage of AP involved in the process for the preparation of
AP/rGO composite offers a favorable adsorption to Hb, and
meanwhile the adsorption of BSA is greatly suppressed.
Meanwhile, hydrophobic interactions between Hb and rGO
further improved the adsorption of Hb. These eventually lead to
the selective adsorption of Hb at pH 7 in the presence of other
protein species, e.g., BSA in this case. An adsorption efficiency of
92.7% was achieved. For further studies, pH 7 is adopted for the
sample solution and it is maintained by using a 4.0 mmol L™
Britton-Robinson (B-R) buffer.

The influence of ionic strength on the adsorption of Hb is
further investigated. The results indicated that the adsorption of
Hb onto AP-rGO composite framework is virtually not affected
by the variation of ionic strength at <0.7 mol L' NaCl. This
observation suggested that electrostatic interaction is not among
the main driving forces for Hb adsorption. That is, the adsorption
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of Hb onto the AP-rGO composite framework is mainly governed
by the hydrophobic interaction between Hb and AP-rGO
composite, as well as the coordination of hydroxyl groups of
polysaccharide in the AP moiety with Fe?" in the hemoglobin
framework.

3.3. Adsorption capacity for hemoglobin by the AP-rGO
composite framework

The adsorption capacity of hemoglobin on the AP-rGO composite
framework is investigated at room temperature within a
concentration range of 10-550 pg mL™" at pH 7. The experimental
data are then fitted with the Langmuir adsorption model as
expressed in the following. C* and Q" represent Hb concentration
in the aqueous solution and the amount of Hb retained by the AP-
rGO composite framework. Q,, is the maximum adsorption
capacity and K, denotes the dissociation constant.

* QmXC*
K, +C"

An ultra-high maximum adsorption capacity of 1010 mg g™
Hb is derived by the AP-rGO composite framework. Table 1
summarizes a comparison of the adsorption capacities for
hemoglobin by various adsorbents reported very recently.
It is clearly seen that AP-rGO composite framework offers a

30, 33-37

Sorbents Adsorption Ref.
capacity
(mg g’
Cu”" ion charged membrane 219.5 33
Imidazoliumm-polystyrene 23.6 34
Polymer-grafted Fe;0, 248.2 35
nanocellulose
Polydopamine-based molecular 4.6 36
imprinting on Si-Fe;0,
GO on SiO, 50.5 30
GO-MOFs 193.0 37
AP-rGO composite framework 1010.0 This work

2

o

3

=5
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40

much improved adsorption capacity for Hb due to its three-
dimensional structure as well as the various interactions involved
in the adsorption process. When considering GO-based
adsorbents as described in the previous studies, ** 37 AP-rGO
composite framework provides a tremendous improvement on the
sorption capability for hemoglobin, probably due to the change of
surface property after reduction. The molecular flattening
mechanism has indicated that the reduction of GO by hydrazine
hydrate causes the formation of more sp® domains on its surface,
3839 which facilitates the n— stacking interactions between the
heme group in the framework of hemoglobin and the rGO
nanosheets involved in the AP-rGO composite framework.

Table 1. A comparison on the adsorption capacity of Hb by
various adsorbents

3.4. Selective removal of hemoglobin from human whole
blood

It is well known that hemoglobin is an abundant protein in human
blood. For practical biological studies, it is highly desired to
effectively and selectively remove hemoglobin in the presence of
other protein species. In this respect, the AP-rGO composite
framework is applied to the selective adsorption and removal of
Hb from human whole blood. The human whole blood sample is
diluted 100-fold by a 4.0 mmol L™ B-R buffer solution. After
centrifugation, the supernatant is collected for the adsorption and
removal process. 250 puL of the above treated sample solution, 5
mg of AP-rGO composite and 750 pL of 4.0 mmol L™ B-R buffer
are sequentially added into a 1.5-mL centrifuge tube. The reaction
ss mixture is shaken for 30 min followed by centrifugation at 8000
rpm. The supernatant is collected and employed for SDS-PAGE
assay. As illustrated in Figure 6, clear bands of HSA and Hb are
observed in the diluted human whole blood sample (Lane 2).
After treatment by the AP-rGO composite, the band for Hb is
completely disappeared while the band for HSA and its intensity
remain unchanged (Lane 3). These results well suggest that Hb of
high abundance in whole blood sample is selectively removed by
the adsorption of AP-rGO composite. This illustrates the practical
applicability of the novel composite framework in the removal of
s Hb from complex biological sample matrixes in the presence of
other protein species.
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Figure 6. The SDS-PAGE assay results. Lane 1: Molecular

ss weight standards (Marker in kDa); Lane 2: 400-fold diluted
human whole blood; Lane 3: 400-fold diluted human whole blood
after adsorption by the AP-rGO composite framework; Lane 4:
blank; Lane 5: BSA standard solution of 100 mg L™

4. Conclusions

s Three-dimensional amylopectin (AP)-graphene oxide (GO)
composite framework (shortly as AP-rGO) is derived via a simple
and cost-effective one-pot approach through hydrogen-bonding
interaction under reduction by hydrazine hydrate. The AP-rGO
composite remains the abundant binding sites on GO surface and

os the adsorption property of AP to Hb, therefore, it exhibits a super
high adsorption capacity towards Hb with respect to those
reported in the literatures for various adsorbents. The present
approach for developing a promising sorption medium for

This journal is © The Royal Society of Chemistry [year]
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hemoglobin provides a new avenue for future development of
efficient adsorbents for specific target molecules.
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Graphical Abstract

A three-dimensional amylopectin-graphene oxide framework (AP-rGO) exhibits

excellent adsorption toward hemoglobin with a maximum adsorption capacity of 1010
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