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ABSTRACT: Competitive adsorption—desorption behavior of popular fluorescent
labeling and bioanalyte molecules, Rhodamine 6G (R6G) and dopamine (DA), on a
chemically heterogeneous graphene oxide (GO) surface is discussed in this study.
Individually, R6G and DA compounds were found to adsorb rapidly on the surface of
graphene oxide as they followed the traditional Langmuir adsorption behavior. FTIR
analysis suggested that both R6G and DA molecules predominantly adsorb on the
hydrophilic oxidized regions of the GO surface. Thus, when R6G and DA
compounds were adsorbed from mixed solution, competitive adsorption was
observed around the oxygen-containing groups of GO sheets, which resulted in
partial desorption of R6G molecules from the surface of GO into the solution. The
desorbed R6G molecules can be monitored by fluorescence change in solution and
was dependent on the DA concentration. We suggest that the efficient competitive
adsorption of different strongly bound bioanalytes onto GO—dye complex can be
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used for the development of sensitive and selective colorimetric biosensors.
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B INTRODUCTION

Carbon-based nanomaterials have been studied as superior
adsorbents in aqueous solutions for their potential environ-
mental applications to isolate chemicals and pollutants,' such as
organic pollutants” and metals’ with high capacity and
selectivity. One of the advantages of carbon-based nanoparticles
as attractive adsorbents is that they have much larger specific
surface areas than many other materials. Specific surface areas
for activated carbon, porous carbon, and carbon nanotubes
were estimated to be between 700 and 1600 m?>/ g,4_6 whereas
single grapheme sheets revealed a much higher specific surface
area up to 2630 m?/g.”

Recent developments in the use of graphene oxide (GO),
another carbon-based material with high surface activity, have
showed immense promise in its application for separation and
detection of trace levels of organic and inorganic analytes.*~ "
Rich oxygen-containing groups, such as —COOH, —CO, and
—OH are known to occupy up to 60% of the graphene oxide
surface area.'’ These are the essential chemical skeletons for an
ideal highly porous adsorbent, as they can be used as anchoring
sites, potentially making graphene oxide a more efficient
adsorbent as well as a highly surface active functional filler.">~"
Compared to other carbon nanomaterials, the important
advantage of GO is its good water-solubility, versatile surface
modification, and fluorescence quenching property all
important for sensing of complex molecules such as bioanalytes.

In fact, Xu et al. indicated that the Brunauer—Emmett—Teller
(BET)surface area of graphene oxide was 332 m”/g, and after
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reduction with hydrazine, it increased to 617 m?/g.'®
Stankovich et al. prepared %raphene-based sheets via chemical
reduction of exfoliated GO."” The surface area measurement of
the reduced GO sheets via nitrogen gas absorption yielded a
BET value of 466 m?/g. Park et al. synthesized chemically
reduced GO and measured a surface area of 487 m”/g by the
BET method.'® Although the BET surface area of GO is lower
than that of graphene, graphene oxide has abundant oxygen-
containing surface groups, is inexpensive, and is readily
dispersed in an aqueous environment.

The structure of graphene oxide sheets has been debated
with uncertainty pertaining to both the type and distribution of
oxygen-containing functional groups and surface charges.'”~>*
It is generally suggested that GO possesses various oxygenated
functionalities such as hydroxyl and epoxy on the basal plane
and carboxyl group at the edges (Figure 1).*> The surface of
GO is highly heterogeneous with both hydrophobic pristine
graphene regions and hydrophilic oxidized areas.”**® Due to its
specific surface structure, it interacts strongly with organic,
polymeric, and biological molecules, via noncovalent forces,
such as hydrogen bonding, 7—x stacking, electrostatic forces,
van der Waals forces, and hydrophobic interactions.

Indeed, it has been reported that graphene oxide shows
excellent adsorption capacity for the removal of heavy metal
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Figure 1. Adsorption and desorption of different molecules on GO due to competitive adsorption.

ions (Pb**, Cd**, and Cu?*),*® fluoride ions,*® dyes (methyl
orange,*® methylblue,>" and rhodamine B>*), and detection of
biological molecules (DNA**?*%and tetracycline antibiotics®)
from aqueous solutions. Yang et al. noted®® that Cu®*
adsorption on graphene oxide at pH 5.0 and T = 293 K
could be aggregated with the adsorption capacity of 46.6 mg/g.
Zhao et al. found that the maximum adsorption capacities of
Cd(II) and Co(II) on GO at pH = 6.0 and T = 303 K were
about 106.3 and 68.2 mg/g, respectively.’” Several studies have
been reported on the adsorption of organic species compounds
on the surface of GO in aqueous solution, such as DNA,
methylene blue,>® methyl violet, Rhodamine B, orange G,* and
tetracycline antibiotics. It has been reported that DNA
adsorption/desorption properties on GO can be used to detect
metal ions,***! small molecules,** proteins,43 and virus.® Thus,
the dispersions of graphene oxide exhibit great potential
applications for the bio/chemical detection as well as
environmental treatment.

The intrinsic fluorescence of GO in the visible and NIR
ranges makes it attractive for colorimetric sensing.44 Chen et al.
reported the multiple noncovalent interactions between GO
and dopamine (DA) resulted in effective self-assembly of DA
molecules on the surface of GO and significant fluorescence
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quenching.*® Few studies have been reported on the
competitive adsorption of multiple chemical compounds on
the surface of GO sheets.***” As is known, the adsorption
action of GO is dependent on many effects, such as its specific
surface area, ratio of sp®/sp* sites, amphiphilic characteristics, or
solution composition with some direct correlations such as
amphiphilicity (related to sp®/sp® coexisting structures) (Figure
1).*® Further studies are critical for the understanding of
selectivity mechanisms in graphene oxide-based absorbers.
Herein, we investigated the competitive adsorption of
common fluorescent dye, Rhodamine 6G (R6G), in direct
comparison with dopamine (DA), a representative bioanalyte
which is an important biomarker for a number of health issues
such as stresses.” These biomolecules are derivatives of
tyrosine and important to monitor due to their ability to
evaluate stress levels, cognitive ability, and fatigue. We selected
R6G as a well-known surface-active compound with 7—z and
weak interactions for bioengineering applications related to
colorimetric sensors.””>" To get the maximum adsorption
capacities, fluorescence measurements were used as the aid to
characterize the exact concentration of analytes. This study
demonstrated competitive dopamine adsorption which resulted
in partial desorption of R6G molecules from the surface of GO
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Figure 2. (A) Fluorescence spectra of R6G, GO, and DA excited at 500 nm. (B) Fluorescence spectra of different concentrations of R6G excited at
500 nm. (C) Concentration of R6G versus fluorescence at a peak of 545 nm. (D) Fluorescence spectra of R6G, GO, and DA excited at 280 nm. (E)
Fluorescence spectra of different concentrations of DA excited at 280 nm. (F) Concentration of DA versus fluorescence at a peak of 315 nm.

into the solution that can be used for the direct detection of
bioanalyte presence in solution (Figure 1).

B EXPERIMENTAL SECTION

Chemicals and Materials. R6G was purchased from Sigma
Aldrich, and dopamine hydrochloride was purchased from Alfa Aesar.
All chemicals were of analytical reagent grade and were used as
received. The stock solutions of R6G and DA were prepared by
dissolving them in Nanopure water (18.2 MQ-cm), and the required
concentration of working solution was obtained by further diluting the
stock solution. GO was synthesized through natural graphite powder
by Hummers method as described elsewhere.”>**

Instrumentation and Characterization. Fluorescence measure-
ments were performed with a Shimadzu RF-5301PC equipped with a
150 W xenon lamp. The widths of both the excitation slit and emission
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slit were set at 5.0 mm. ATR-FTIR spectra of the adsorbents were
recorded with a FTIR Spectrometer (Vertex, Bruker 70) over the wave
range from 4000 to 400 cm™. Spectral data were measured using a
MIRacle single reflection ATR accessory on an FTIR spectrometer.
Liquid samples were dropped on the whole surface of diamond crystal
and dried at room temperature. All spectral data were collected at 4
cm™ resolution.

Measurement Procedures. In order to measure concentration of
R6G and DA in solution, we collected the fluorescence spectra at
different concentrations of compounds. The regression coefficients of
the calibration curve were 0.998 for R6G and 0.990 for DA,
respectively, that facilitates the evaluation of the concentration of
free R6G or DA in water solution via measuring fluorescence intensity.

To measure the optical characteristics of the R6G—GO mixture,
R6G (200 nM, 1 mL) and GO solution (2, S, 10, 20, and SO mg/L, 1
mL) were sequentially added to a 3 mL calibrated test tube. Similarly,
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Figure 3. FTIR spectra for (A) GO; (B) R6G; (C) R6G + GO; (D) dopamine; and (E) dopamine + GO solutions.

the optical characteristics of the DA—GO mixture were analyzed by
mixing GO solution (1g/L, 1 mL) and dopamine hydrochloride in a 3
mL calibrated test tube. The concentration of diluted DA was 1, 2, 4,
6, 8, and 10 uM, respectively. Finally, to a 3 mL calibrated test tube,
R6G solution (180 nM, 1 mL), GO solution (5, 7.5, 10, 12.5, and 15
mg/L, 1 mL), and dopamine hydrochloride (6 M, 1 mL) were
sequentially added. We measure the fluorescence intensity of mixed
solution when excitation wavelengths are 280 and 500 nm,
respectively.

B RESULTS AND DISCUSSION

Adsorption Sites on Graphene Oxide. Figure 2A shows
that the characteristic emission peak of R6G is located at 545
nm when excitation wavelength is 500 nm. In contrast, spectra
of GO and DA components show a very low emission even at
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higher concentrations, and thus, these spectral contributions
can be ignored for this excitation condition. The intensity of
the emission peak has been monitored for different
concentrations of R6G and DA, and peak intensities depended
upon concentration in a linear fashion (Figure 2B—F).

In order to characterize the possible adsorption sites on GO
sheets, FTIR studies have been conducted for different
solutions (Figure 3A). Traditional strong peaks were observed
on FTIR spectra for GO material: the peak at 1633 cm™
corresponds to the stretching vibration of C=C in the
unoxidized graphitic domain, and the oxidized surface regions
are evident by the stretching vibration of carboxyl C=0 and
bending vibration of O—H at the edges of the GO sheets at
1733 and 1391 cm™, respectively.**">® The additional band at
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Figure 5. (A) Fluorescence quenching of R6G with increasing
concentration of GO component. (B) Langmuir adsorption isotherm
of R6G adsorbed on GO material at room temperature.

1025 cm™" corresponds to the stretching vibration of C—O
groups; the peak at 1188 cm™ is related to the vibration of
epoxy groups (C—C(=0)—0), and the broad band at 3386
cm™" corresponds to the —OH vibration stretching. As we
know, the sharp bands of free —OH should be located at 3650—

2463

3610 cm™'. With the increasing degree of intermolecular
association, the vibrational peaks will broaden and shift to lower
frequency. The hydroxyl peak of GO is located at about 3386
cm™! suggesting a certain amount of intramolecular hydrogen
bonding.

FTIR spectra of R6G solution show a band at 1716 cm™),
which corresponds to the C=O vibration in ester group, and
the bands at 3370 and 1650 cm™ correspond to the N—H
stretching vibration and scissor bending vibration of the amine
groups (Figure 3B).57 The bands at 1609, 1566, 1500, and 1452
cm™! correspond to the vibration of aromatic ring skeleton, and
the bands at 2985 and 1370 cm ™" are C—H stretching vibration
and bending vibration of methyl, respectively. Additionally,
1532 and 1312 cm™! peaks are the in-plane bending vibration
and stretching vibration of C—N group, respectively. Finally,
R6G also showed a band at 1188 and 1025 cm™ similar to that
in the GO component.

The FTIR spectra of R6G—GO complex showed a blue shift
in the 3386 cm™ peak of GO, representing the hydroxyl on the
surface of GO, shifted to 3400 cm™ (Figure 3C). Moreover,
the C—N stretching vibration of R6G red-shifted from 1313 to
1306 cm™'. These shifts can be attributed to strong
intermolecular interactions including dispersion forces and
inductive effects.>® As known, GO has a negative surface charge
in the aqueous environment due to proton dissociation from
the hydroxyl groups. On the other hand, R6G is a positively
charged dye and thus has a strong affinity for the negatively
charged regions of GO sheets. When GO is added into the dye
solution, Coulombic interactions facilitate the preferential
interactions of oppositely charged species. Inductive effect
between protophilic groups and electrophilic groups can also
contribute to these shifts.”” It must be pointed out that the
vibrations of hydroxyl group of R6G—GO shifted to higher
frequency. At the same time, vibrations for carbonyl group and
ester group of R6G do not change indicating no hydrogen
bonding between R6G and GO. We suggest that some —OH
groups in GO are bound by intramolecular hydrogen bondings.
As a result, chemical groups, which have stronger electro-
negativity in R6G molecules, do not form hydrogen bonding
with GO surfaces. Moreover, in a polycyclic aromatic R6G
compound, ester and carbonyl groups are influenced by space
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Figure 6. (A) Fluorescence quenching of GO component with increasing concentration of DA excited at S00 nm. (B) Fluorescence quenching of
GO with increasing concentration of DA excited at 280 nm. (C) Langmuir adsorption fit of DA to GO.

steric effect and restrictions on forming hydrogen bonding.
Consequently, the vibrational peak of —OH groups in R6G—
GO complex shifted to higher frequency.

On the other hand, the band at 1633 cm™' (stretching
vibration of C=C) shifted to low frequency to 1608 cm™ in
R6G solution. This significant shift can be attributed to the
7—7 conjugative effect and hydrophobic interactions of selected
surface areas with R6G molecules. These regions contain
phenyl rings that are also hydrophobic and have a stroré%
tendency to aggregate with the hydrophobic domains of GO.
Indeed, GO has been known to have a selective adsorption
ability to those aromatic compounds with benzene rings
through strong 7—7 interactions.®™*>

On the other hand, FTIR spectra of DA solutions showed
characteristic bands at 3345 cm™, which correspond to the N—
H vibration stretching, bands at 1600 and 1583 cm™! for the
stretching vibration of C=C of the benzene ring of DA, and
bands at 1500 and 1619 cm™' showing the O—H vibration
stretching of diols of DA and N—H in plane bending,
respectively (Figure 3D). Finally, the bands at 1346 and 1286
cm™! correspond to O—H and N—H bending in plane, and the
band at 1207 cm™ corresponds to the C—H bending
vibration.*

However, the FTIR spectrum of GO—DA mixed solution
shows the stretching vibration peak of hydroxyl group red-
shifted from 3386 to 3218 cm™' and bending vibration peak
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shifted from 1342 to 1361 cm™" suggesting a strong hydrogen
bonding (Figure 3E).*> Hydrogen bonding association led to
the peak of hydroxyl group broadened and red-shifted. In
addition, the spectrum for the GO—DA complex solution
shows a band at 1521 cm™, 21 cm™! higher than that for —OH
vibration stretching of diols in DA alone, likely due to the
hydrogen-bonding interaction of the diols in DA with GO.
Also, the frequency of C—N stretching vibration shifts from
1207 cm™" in DA solution to 1213 cm™" in the GO—DA mixed
solution. The band for the stretching vibration of C=C in the
unoxidized graphitic domain of the DA—GO complex showed a
significantly lower frequency (1446 cm™) than that in free GO
(1500 cm™) due to strong 7—x interactions. These results
suggest strong multiple noncovalent interactions between GO
sheets and DA components including multiple hydrogen-
bonding and 7—7 interactions.”®>’

From comparison of FTIR results for DA—GO and R6G—
GO mixed solutions, it is evident that some characteristic peaks
of GO undergo shifts that confirm the formation of the DA—
GO and R6G—GO complexes via noncovalent interactions, but
no strong chemical interactions (such as covalent bonding)
occurred. Moreover, we can suggest that the intermolecular
interactions of DA—GO complexes must be stronger than those
in the case of R6G—GO because hydrogen bond formation
takes place in the DA—GO complex in addition to 7—x
interactions. Furthermore, we also found that similar

dx.doi.org/10.1021/am404881p | ACS Appl. Mater. Interfaces 2014, 6, 2459—2470
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Table 1. Experimental Data of Absorption Parameters in

Mixed Solution

[GO], mg/L  C._gonM  C. ppy UM G g0 MZ/g  Ge_pp MY/

5.00
7.50
10.00
12.50
15.00

20.78
15.64
12.00
9.47
7.68

1.24 3.76 23.48
0.95 2.83 21.53
0.71 2.30 19.76
0.54 1.94 17.93
0.43 1.67 16.05

Table 2. Calculated Data of Absorption Parameters in Mixed
Solution

[GO], mg/L  C._gponM  C. ppy UM qe g0 MZ/g G pa MY/g

5.00 26.72 1.13 2.94 29.30
7.50 19.52 0.79 2.58 24.72
10.00 13.17 0.55 224 22.20
12.50 9.33 0.40 1.94 19.63
15.00 7.01 0.30 1.69 17.33

interactions exist for the C=C bonds and hydroxyl groups
including basal plane and edges of GO sheets. Since the FTIR

spectra showed the most significant peak shifts for C=C and
O—H groups, we can suggest the corresponding locations of
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Table 3. Maximum Adsorption Capacity (x,,) and Free
Energy (AG?) of Adsorption for Common Chemicals, Ions,
and Biomolecules

o AG,
adsorbent absorbate mg/g  kJ/mol refs.
graphene oxide Rhodamine 6G 233 -23 this
study
graphene oxide dopamine 40.0 =73 this
study

graphene oxide methylene blue 714 35

graphene oxide methyl green 646.9 -29 70
nanosheets

graphene methyl blue 1520 -9.2 71

GO/ calcium methylene blue 1818  -11.6 72
alginate
composites

graphene/Fe;0, methylene blue 43.8 -39 73
composites

three-dimensional methylene blue 397 —47.7 67
GO

magnetic chitosan methyl blue 9S.1 -0.7 31
graphene

three-dimensional methyl violet 467 —682 67
GO

graphene oxide Au(III) 108.3 -09 74

graphene oxide Pt(11) 714 -0.2 73

few-layered GO Co(II) 68.2 —20.7 3
nanosheets

few-layered GO Cd(1) 106.3 -297 3
nanosheets

magnetite/ GO Co(1I) 129 —199 75
composite

chitosan/GO Au(III) 1080 —10.2 76
composites

chitosan/GO Pd(1I) 220 —838 76
composites

GO nanosheets Eu(I1I) 1754  —249 28

sulfur/reduced GO mercury ions -21.9 77
nanohybrid

graphene fluoride 17.7 —0.1 78

RGO/magnetite ciprofloxacin 182 =203 79
composites

RGO/magnetite norfloxacin 222 -20.5 79
composites

graphene Bisphenol A 182 —10.3 60

graphene P-toluenesul acid 1430 71

graphene 1-naphthalenesulfonic 1460 71

acid

possible adsorption sites (Figure 4). On the other hand, R6G
or DA molecules might adsorb on the hydrophobic regions of
GO sheets due to n—r interactions and dopamine further
interacts with hydroxyl groups of GO sheets due to hydrogen
bonding.

Adsorption Kinetics. To further understand the adsorp-
tion and readsorption behavior, we studied the adsorption
isotherms by monitoring R6G fluorescent peak intensity and
using conventional adsorption approaches as briefly summar-
ized below. As is known, the adsorption capacity, g., can be
calculated from adsorption isotherms using the following
equation:63

_ V(GG

€ m

(1)
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where C, and C, are initial and equilibrium concentrations of
compound of interest (in mg/L), respectively, m is the mass of
adsorbent (in g), and V is the volume of the solution (in L).

From this data, the Langmuir isotherm can be obtained
assuming a surface with homogeneous binding sites, equivalent
sorption energies, and no interaction between adsorbed
species:

1 b 1
4,  *nCe

@)

where g, is the equilibrium adsorption amount of compound
(in mg/g), C. is the equilibrium concentration in the aqueous
solution (in mg/ mL), x,, is the maximum adsorption amount
per mg of adsorbent (in mg/g), and b is the Langmuir
adsorption equilibrium constant (in mol/L).

The constants in eq 2 have a strong theoretical basis:** «x,,
correlates with the surface concentration and monolayer
coverage and denotes the maximum adsorbed amount that
can be obtained as the equilibrium concentration of the solute
is increased. The other Langmuir equation constant, b,
represents the energy associated with adsorption and increases
as the strength of the adsorption bond increases. The constant
values in the equation can be determined from the analysis of
the linear plot of 1/q, versus 1/C,. If b is known, the free
energy of adsorption, AG? can be calculated using the
equation:é2

m

GH
+ 1.74
T

log b 3)
where, AG? is the free energy of adsorption (in kJ/mol), R is
gas constant, and T is temperature (in K).

For competitive adsorption of two molecules A and B, which
(i) are both adsorbed molecularly and (ii) compete for the
same adsorption sites, the Langmuir model can be used to
derive a modified adsorption isotherm:®*

X1 X b, X C..

4= 1+bXxXC,+b,xC,, (4)
X2 X b, X C,,
%= 1+bxC,+b,xC, ()

where q; and g, are the amount of solute (1 or 2) adsorbed per
unit weight of adsorbent at equilibrium concentrations and x,,,
and x,,, are maximum values of x, and x,, respectively, that are
obtained from single-solute isotherm analysis, which corre-
spond to monolayer coverage of the adsorbent. Here, b, and b,
are constants that are a function of the energy of adsorption
and are obtained from single-solute isotherm analysis.®®
Single Component R6G Adsorption. The adsorption of
R6G on GO at different GO concentrations was analyzed by
monitoring the change in its fluorescence intensity at a fixed
R6G concentration (Figure SA). First, we observed that, upon
addition of GO to the R6G solution, the fluorescence intensity
reduced significantly due the adsorption of R6G molecules on
the GO surface and the quenching of R6G fluorescence.*®
Analyzing the fluorescence intensity of the mixed R6G—GO
solution with the change in GO concentration, we calculated
the concentration of free R6G dye in solution and considered it
as the equilibrium concentration of R6G after adsorption. The
plot of 1/q. vs 1/C, (Langmuir isotherm coordinates) yielded a
straight line that indicates the Langmuir behavior. From the
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slope and intercept of linear approximation, the values of x,, rsg
and bpgg were estimated to be 23.3 mg/g and 21.7 nM,
respectively (Figure SB). In addition, from this data, we
estimated the free energy of adsorption of R6G—GO complex
(AG%c-_co) to be —2.3 kJ/mol. SinceAG? is negative and low,
we can conclude that the R6G adsorption process is
spontaneous and the adsorption is controlled by weak
molecular interactions as was suggested from the FTIR data
analysis.%”

Individual Dopamine Absorption. In order to monitor
the adsorption of dopamine, the fluorescence spectra of DA—
GO complex were measured at 500 nm excitation wavelength
because GO has weak fluorescence emission. The results show
that fluorescence intensity declines with the increase in
dopamine concentration due to quenching of GO component
(Figure 6A).

To get the adsorption isotherms of mixed DA—GO solution,
the exact equilibrium concentrations of DA in solution must be
determined. Thus, we measured the fluorescence spectrum of
the same DA—GO complex under the excitation wavelength of
280 nm (Figure 6B). The fluorescence peak at 315 nm is
identified at a concentration of free dopamine determined from
Figure 2B. The corresponding Langmuir adsorption isotherm
obtained from this data can be described by a regular linear
regression (R* = 0.99) (Figure 6C). Thus, saturated adsorption
capacity of DA (x,,pa) of 40.0 mg/g and Langmuir adsorption
equilibrium constant bp, of 2.88 uM can be determined.
Finally, the free energy of adsorption AGY,_co = —7.30 kJ/mol
was obtained for the DA—GO complex. The absolute value of
AGY,_qo is significantly larger than AGsg_go determined
above for R6G; AGD,_go suggests that DA molecules have
much stronger affinity to the GO surface in comparison with
R6G dye.

Adsorption from Mixed Solutions. To understand the
competitive adsorption action of two different compounds on
the surface of GO sheets, the concentration of GO component
varied in the mixed solution while keeping the concentration of
R6G and DA components constant. Figure 7 shows the
fluorescence spectra of mixed DA—R6G—GO solutions at 280
and 500 nm excitation wavelengths. Since there are no strong
interactions between DA and R6G components,®® the
equilibrium concentrations can be determined by converting
the fluorescence intensities to concentration using a prede-
termined linear calibration graph. The same method was used
to estimate the equilibrium concentration of components in
binary solutions.

From this data, we calculated the mass per gram of
adsorbents and equilibrium concentrations of the two
components adsorbed by GO using eq 1 (Table 1).The results
of these evaluations show that the equilibrium concentrations
of R6G and DA components gradually decline with increasing
concentration of GO component. The adsorbed mass per gram
shows the same downtrend. We further analyzed the data in
Table 1 and obtained the adsorption coeflicients by plotting
absorbance (mass per gram) versus the equilibrium concen-
tration of each component. The results obtained correspond to
the linear fit expected from a Langmuir adsorption (Figure
7C,D). The slope of the corresponding linear regression gave
the value of the absorptive coeflicients for each component
(Table 1). The saturation adsorption capacity of R6G
component declined from 23.3 to 11.2 mg/g, and at the
same time, the value of adsorbed DA component decreased
from 40.0 to 31.3 mg/g.
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The experimental data further validated that R6G and DA
molecules compete for similar adsorption sites at the GO
surface. It can be ascertained that the adsorption of DA
molecules can lead to desorption of R6G molecules from the
GO surface owing to its weak physical adsorption on the
surface with low free energy adsorption. At the same time, we
found the maximum adsorption capacity of R6G component
descends more rapidly than that for DA molecules. This result
clearly indicates that dopamine predominates in competitive
adsorption from mixed solution due to a stronger affinity to
GO surface. To further analyze whether the presence of
dopamine molecules affected the adsorption of R6G molecules,
the adsorption capacities of each component in mixture
solutions were computed using eqs 1, 4, and S). Here, we
substitute the adsorption parameters obtained from single-
solute isotherm analysis to eqs 4 and 5 to obtain the values of
qv 9» Ce1, and C,, and confirm the applicability of the model to
mixed solutions (Table 2).

From comparison of saturation adsorption capacities and
equilibrium adsorption amounts of R6G and DA components
in the mixed solution, we can conclude that R6G adsorption
saturates faster. Thus, DA molecules possess higher affinity
toward active adsorption sites and higher priority in the
monolayer saturation. Adding DA component to the mixed
R6G—GO solution caused competitive adsorption of this
component on active sites on the GO surface, which might lead
to the reduction of R6G coverage and partial release of R6G
into the solution. Indeed, we observed that adding DA
component to mixed R6G—GO solution resulted in the R6G
fluorescence increase as a result of forced desorption of R6G
from the GO surface into solution and the reduction of
fluorescent quenching (Figure 7E).

Finally, to compare the adsorption abilities of different
compounds, we analyzed the experimental data for free energy
of adsorption of various metal ions, popular dyes, and
biomolecules to the surface of GO materials in Table 3. As
can be seen from direct comparison of different compounds in
Table 3, GO can easily bind some important compounds at
room temperature with very high binding energy. Considering
that R6G is weakly bound to GO sheets (only —2.3 kJ/mol), a
number of other important compounds with stronger
interactions can displace this fluorescent dye from the GO
surface to a free solution. The corresponding increase in
fluorescent intensity might serve for colorimetric detection of
the presence of various strongly binding components in
solution.

B CONCLUSIONS

In conclusion, we found that both R6G and dopamine
molecules are readily absorbed on the surface of GO sheets
with the adsorption behavior described by the traditional
Langmuir isotherms. Both components are anchored to similar
oxidized surface sites via complex weak intermolecular
interactions with the affinity to the GO surface much higher
for dopamine molecules (adsorption energy of —7.5 vs —2.3 kJ/
mol for R6G compound). This difference results in a
competitive adsorption phenomenon leading to the displace-
ment of quenched R6G molecules adsorbed on the GO surface
with the strongly adsorbing DA component in the mixed
solution when DA component is added to R6G—GO
complexes. Such a process results in dramatically increased
emission that can be readily monitored with characteristic
fluorescence of free R6G components.

dx.doi.org/10.1021/am404881p | ACS Appl. Mater. Interfaces 2014, 6, 2459—2470



ACS Applied Materials & Interfaces

Research Article

Competitive adsorption action on the surface of highly
dispersible GO component can be considered as a straightfor-
ward routine for the detection of trace levels of dopamine, an
important biomarker,” in complex biofluids. This phenomenon
might be considered as a base for prospective sensing
applications in biotechnology, biosensing, and environmental
science. For instance, the presence of dopamine molecules
discussed in this study in blood indicates a rapid increase in the
basal metabolic rate which can have a dramatic effect on the
subsequent production of other biomolecules. The concen-
tration of dopamine in the blood can be an indicator of an
individual’s current state of stress and alertness and thus is
needed to be readily and quickly detected by facile and reliable
colorimetric sensors.
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