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Abstract: In this study, a label-free graphene-based fluorescence probe used for 

detection of volatile organic liquids was fabricated by a simple, efficient and low-cost 

method. To fabricate the probe, a bio-based β-cyclodextrin (β-CD) was firstly grafted on 

reduced graphene surfaces effectively and uniformly, as evidenced by various 

characterization techniques such as Ultraviolet/Visible spectroscopy, Fourier transform 

infrared spectroscopy, X-ray diffraction, thermogravimetric analysis, scanning electron 

microscopy and transmission electron microscopy. The subsequent inclusion of 

Rhodamine B (RhB) into the inner cavities of the β-CD grafted on the graphene surfaces 

was achieved easily by a solution mixing method, which yielded the graphene-based 

fluorescent switch-on probe. In addition, the gradual and controllable quenching of RhB 

by Fluorescence Resonance Energy Transfer from RhB to graphene during the process  

of stepwise accommodation of the RhB molecules into the β-CD-functionalized graphene 

was investigated in depth. A wide range of organic solvents was examined using the  

as-fabricated fluorescence probe, which revealed the highest sensitivity to tetrahydrofuran 

with the detection limit of about 1.7 μg/mL. Some insight into the mechanism of  

the different responsive behaviors of the fluorescence sensor to the examined targets was 

also described. 
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1. Introduction 

Graphene, a monolayer of carbon atoms patterned into a hexagonal π-conjugated honeycomb 

structure, has attracted a great deal of attention across various scientific disciplines. This is owing to its 

unique physical and chemical properties [1], such as its giant specific surface area [2], ultra-high 

electrical conductivity [3], thermal conductivity [4] and mechanical strength [5], superior thermal and 

chemical stabilities [6,7], and remarkable fluorescence quenching property [8,9], among others [10]. 

Great efforts have thus been dedicated to the applications of graphene using these properties, among 

which optical fluorescence-based detection applications have recently received intense interest based 

on graphene oxide (GO) and graphene platforms because of the easy fabrication, functionalization and 

sensitization of the platforms [11]. A large number of GO- and graphene-based sensing platforms, 

particularly GO-based ones, have been fabricated through various kinds of strategies based on the 

fluorescence quenching properties of GO [12–14], chemically reduced graphene [15], and other kinds 

of graphene derivatives [16]. A range of target analytes have been explored using these sensing 

platforms, with the interests mainly focused on the selective assay of metal ions, such as Mn2+ [11], 

Hg2+ [17,18], Pb2+ [19] and K+ [20,21], and biomolecules such as enzymes [15], RNA [12,22],  

DNA [13,14,23,24], concanavalin A [9], cysteine [25], biotin [26], thrombin [27], matrix 

metalloproteinase 2 [28] and cholesterol [29]. Despite the progress achieved, graphene-based 

fluorescence sensors or probes used for detection of volatile organic liquids can rarely be found. 

Moreover, most GO- and graphene-based sensors are fabricated by dye labeling techniques, with 

expensive single-stranded DNA (ssDNA) or aptamers as the probe, which thereby causes the preparation 

process to be complicated and costly. Additionally, the ssDNA and aptamers are prone to denaturation, 

thus leading to instability of the as-fabricated probes [11]. The wide use of GO as the basic platform 

can also make the GO-based probes unstable due to the presence of the labile oxygen-containing 

functional groups on the GO surface [30]. On the other hand, lower fluorescence quenching  

efficiency is provided by GO as compared to that of graphene [8,9], indicative of a lower  

signal-to-background ratio and thus a lower fluorescence sensitivity of the GO-based sensor [14]. 

Consequently, the exploration of alternative label-free graphene (instead of GO) -based sensing 

platforms at a low cost, and with high chemical and thermal stabilities and fluorescence sensitivity,  

is highly desirable. 

The widespread use of GO as the basic platform is due to its high yielding synthesis (using  

naturally abundant graphite as the starting material) and its stable colloid nature in aqueous solution 

favored by hydrophilicity and electrostatic repulsions of the abundant oxygen functionalities [31].  

This water solubility and stability can play an important role in the successful construction  

of complex structures for subsequent sensing applications [15]. In addition, the strong interactions 

between the functional groups of a fluorescence probe and the oxygen functionalities on GO  
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surfaces can allow the close contact between the fluorophores and the nanoquencher GO and hence 

facilitate the fluorescence quenching of the probe. This can be explained by the fact that the 

fluorescence intensity has been demonstrated to be distance-dependent, and it can be enhanced by a 

factor of 7.5 by increasing the distance between the fluorescence probe and graphene surface  

from 4 to 7 nm [32].  

To maintain the main advantages of GO in the fabrication of a graphene-based fluorescence probes, 

such as low cost, high yield and water solubility, it is expected that the graphene will be prepared from 

GO by a reduction/deoxygenation process. However, removal of the oxygen functional groups from 

GO surfaces via various reduction approaches to prepare reduced graphene results in an irreversible 

aggregation and agglomeration, and even restacking to the bulk graphite structure, which severely 

limits the applications of the thus-reduced graphene [33]. This can be attributed to the decreased 

hydrophilicity and the strong interplanar van der Waals forces and π-π stacking interactions [34]. To 

prepare effective graphene dispersions comparable to GO colloids, much attention has been paid to 

graphene surface modifications, either non-covalent [35,36] or covalent [37–39], in addition to other 

feasible strategies of reducing GO under given conditions [31,40]. For instance, our previous work has 

demonstrated effective aqueous dispersions of polydopamine-functionalized graphene [37] and low-

temperature thermally functionalized graphene [40,41], as well as satisfactory organic dispersions of 

organically-modified graphene derivatives [40]. The well-synthesized graphene dispersion not only has 

a higher fluorescence quenching efficiency as compared to the GO colloid, but also affords an 

enhanced π-π stacking interaction with commonly-used aromatic probes due to the restored π-

conjugated structure of graphene after reduction of GO. 

In this work, a bio-based β-cyclodextrin (β-CD) is utilized as the covalent modifier to fabricate a 

functionalized graphene with high water solubility by a one-pot functionalization and reduction 

process. The β-CD-modified and functionalized graphene will hereafter be called CD-G. The  

as-prepared CD-G can be used directly as the sensing platform that can quench the fluorescence dye 

efficiently by inclusion of the dye molecules into the CD-G and hence provide close contact of the dye 

with the graphene moiety, a super nanoquencher. By selectively driving the dye molecules out of the 

CD-G cavities based on host-guest competition interactions with given target molecules, a sensing 

probe can be constructed using CD-G as the basic platform. In the present work, Rhodamine B (RhB) 

was adopted as the fluorescence reporting molecule for CD-G to form an inclusion complex of CD-G 

and RhB, i.e., the resulting fluorescence probe or denoted as CD-G-R. A wide spectrum of organic 

liquids, including water-soluble and -insoluble organic solvents, were subsequently employed as the 

target molecules to attack CD-G-R in order to examine the sensitivity and selectivity of CD-G-R to 

these molecules. To the best of our knowledge, this is the first report of the use of a graphene-based 

sensing platform for detection of the small organic molecules in liquid form, even though a large body 

of work has been dedicated to the detection of various metal ions and biomolecules using GO- or 

graphene-based sensing systems, as mentioned before. The present strategy for fabrication of the 

sensing platform CD-G-R is very simple, efficient, and cost-effective. Moreover, high fluorescence 

turn-on sensitivity and fair selectivity to tetrahydrofuran (THF) can be observed. THF is a polar ether 

and is a widely used solvent for many applications such as processing solvent, polymer production, 

and component in stripping fluids, cleaning fluids, functional fluids, coatings, lacquers and corrosion 

inhibitors [42]. A notable amount of THF entering the environment can cause contamination and 
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health problems, and even explosions by considering that it is readily soluble in water and has a 

relatively low boiling point [43]. Acute toxicity [44] and carcinogenicity [45] have been found for 

THF. Activities of enzymes [43,46] and anaerobic microbes [47] have also been validated to be 

inhibited by THF, which implies degraded biodegradability of wastewaters containing THF. These 

findings therefore verify the considerable importance of the present low-cost sensing platform capable 

of detecting THF, which holds great potential for solvent leakage detection of tanks and piping 

systems. Using fluorescence spectroscopy, the quantitative analysis of organic solvent concentration in 

water can also be realized with our developed graphene-based sensor. The present work on a simple, 

efficient, and cost-effective fabrication of a graphene-based fluorescence probe will also pave the way 

for the development of other label-free graphene-based sensing platforms for various sensing, 

monitoring and detection applications. 

2. Results and Discussion 

2.1. Main Content of This Study 

The photo images and schematic illustrations given in Figure 1 show the main content of the 

present study, including synthesis of GO and CD-G, fluorescence quenching of the RhB solution with 

the as-prepared CD-G water dispersion to produce the inclusion complex of CD-G and RhB, namely 

CD-G-R, and fluorescence switch-on detection of a range of organic solvents using CD-G-R. Figure 1a 

presents the synthesis process of the CD-G water dispersion. The homogeneous water dispersion of 

GO with yellow-brown color was synthesized by a modified Hummers method, followed by 

ultrasonication in water. The β-CD solution and ammonia were mixed into the GO dispersion, and the 

one-pot reduction and functionalization of GO were then conducted with hydrazine as the reducing 

agent, leading to a stable black dispersion. After dialysis, filtration, washing and re-dispersing 

treatment, the black aqueous dispersion of CD-G at a concentration of 0.265 mg/mL was obtained and 

used as the subsequent quenching agent for RhB solution. Figure 1b depicts schematically the 

quenching of RhB fluorescence by CD-G. The aromatic RhB can be readily accommodated into CD-G, 

resulting in the close contact between the RhB molecules and the super-nanoquencher graphene, and 

thus effective quenching of the RhB fluorescence by Fluorescence Resonance Energy Transfer (FRET) 

from the RhB molecules to the graphene. The FRET mechanism has been widely adopted for 

explaining the quenching behavior between the pair of energy donor and acceptor [48–51]. With the 

quenched inclusion complex of CD-G and RhB, the subsequent fluorescence turn-on detection of 

various organic liquids can be carried out easily by solution mixing method. Different host-guest 

competition interactions between these organic solvents and RhB lead to different responsive 

behaviors and fluorescence switch-on intensities at given excitation and emission wavelengths. The 

fluorescence turn-on mechanism is schematically shown in Figure 1c. When the RhB molecules are 

driven out of the cavities, the distance to the graphene surfaces is largely increased, enabling the 

enhancement of the distance-dependent fluorescence [32]. 
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Figure 1. (a) Digital images and schematic illustrations showing the primary experimental 

procedure for fabrication of CD-G, as well as the structural models of GO, β-CD and CD-G. 

(b) Schematic diagram used to explain the quenching of the RhB fluorescence by CD-G  

in molecular scale, as well as showing the complex structure of CD-G and RhB.  

(c) Schematic presentation of the fluorescence switch-on process, along with molecular 

scale details. 

 

2.2. Structure Analysis of GO and CD-G 

The structure characterization results for GO and CD-G are shown in Figure 2. There are two 

typical absorption peaks in the Ultraviolet/Visible (UV/Vis) spectrum of GO, as shown in Figure 2a. 

The one centered at approximately 230 nm corresponds to the π→π* transitions of aromatic C-C 

bonds, and the other shoulder peak located at about 300 nm is attributed to the n→π* transitions of C=O 

bonds [52]. The peak at 230 nm is red-shifted to about 269 nm after the chemical reduction and 

functionalization of GO, which indicates the restoration of the electronic conjugation within the CD-G 
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sheets [52]. The inset clearly shows the color change from yellowish-brown for GO to black for CD-G, 

which is an indication of the effective reduction of GO to the reduced graphene [53]. Figure 2b depicts 

the Fourier transform infrared (FTIR) spectra. As for GO, typical absorption bands can be observed at 

approximately 3,333 (O–H), 1,726 (C=O in COOH), 1,624 (bending vibration, from water), and 

1,000–1,410 cm−1 (C–O in C–OH/C–O–C) [54]. This indicates that the abundant oxygen-containing 

functional groups are present on GO surfaces. In the FTIR spectrum of the pure β-CD, the absorptions 

at about 3,399, 2,925, 1,641 and 1,028 cm−1 can be indexed to O–H, C–H, O–H (bending vibration, 

from water), and C–O–C groups, respectively [55].  

Figure 2. (a) UV/Vis spectra of GO and CD-G (inset presents the photo images of the 

water dispersions of GO before and after chemical reduction and functionalization with 

hydrazine and β-CD). (b) FTIR spectra of GO, β-CD and CD-G. (c) Proposed mechanism 

of chemical grafting of β-CD onto the graphene surfaces through the reaction of hydroxyl 

groups present in the exterior walls of β-CD with the epoxy groups existing on the GO 

surfaces (the generated chemical bonds between β-CD and graphene are highlighted with 

yellow shading). (d) XRD patterns of GO and CD-G (inset shows the magnified XRD 

pattern of CD-G). (e) TGA curves of GO, β-CD and CD-G. 
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Figure 2. Cont. 

 

After chemical reduction with hydrazine in the presence of β-CD, the absorptions assigned to 

carboxyl group, disappears completely and a new absorption band arises at approximately 1,556 cm−1 

(which can be attributed to the enhanced benzene ring vibrations of CD-G), suggesting the effective 

deoxygenation and restoration of conjugation structure of graphene. In addition, the absorption peak 

stemming from water becomes much smaller and blue-shifts to higher wavenumber (from 1,624 cm−1 

for GO to 1,641 cm−1 for CD-G that is the same location as that for β-CD). This is likely due to the 

high coverage of β-CD on the graphene surfaces, thus changing the water adsorption behavior of 

graphene to that of β-CD. Because of the disturbance effect of the graphene moiety on the β-CD 

grafted on CD-G planes, this absorption peak turns to be smaller as compared to that for pure β-CD. It 

is worth mentioning that the absorption corresponding to O–H group is blue-shifted from about 3,333 

(for GO) and 3,399 cm−1 (for β-CD) to 3,429 cm−1 for CD-G, probably caused by the intermolecular 

interactions between GO and β-CD such as hydrogen bonding [56]. Moreover, we note that the strong 

FTIR absorptions resulting from β-CD are the main feature found in the FTIR spectrum of CD-G even 

after the extensive dialysis and washing treatment of CD-G, which thereby implies that β-CD is not 

physically adsorbed but chemically grafted on the CD-G surfaces. Figure 2c presents the proposed 

mechanism of the covalent attachment of β-CD to the graphene surfaces through a ring-opening 

reaction of epoxide present on GO surfaces with -OH groups existing in the exterior walls of β-CD [29,57]. 

The X-ray diffraction (XRD) patterns are shown in Figure 2d. Concerning GO, one diffraction peak 

can be seen at 2θ ≈ 10.7° which can be assigned to GO (001) crystallographic plane (corresponding to 

an interlayer d001/spacing of 0.83 nm, being much larger than that of graphite (0.34 nm) due to the 

incorporation of abundant oxygen functionalities) [58]. It is noted that almost no diffraction peaks can 

be found for CD-G when compared with that for GO, with only a broad peak centered at 2θ ≈ 24° 

observable under magnification, which is an indication of the disordered stacking of the reduced 

graphene sheets [59]. This also suggests that the β-CD has been well incorporated on the graphene 

surfaces, which can thereby strongly inhibit the regular stacking and aggregation of the reduced 

graphene layers. Figure 2e provides the thermogravimetric analysis (TGA) curves. As for GO, the first 

stage of a sharp decrease in weight upon heating occurs with increasing temperature to 100 °C, which 

can be attributed to the adsorbed water in GO powder because of its highly hydrophilic nature. The 

drastic decomposition of oxygen functionalities can be found around 200 °C. The pure β-CD also 

presents a marked weight loss in the temperature range below 100 °C, due to its hydrophilicity derived 

from hydrophilic groups on the outside wall. A sharp weight loss can be observed around 300 °C for the 
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pure β-CD, which can be due to the decomposition of β-CD. The reduction and functionalization of 

GO affords a much higher heat resistance to CD-G (as compared with GO). Assuming that the thermal 

decomposition of oxygen functionalities on the GO surfaces occurred in the temperature range of  

100–250 °C, the weight percentage of oxygen functional groups on the GO surfaces can be calculated 

as approximately 30.7 wt. %, much higher than that on the CD-G surfaces (approximately 6 wt. %). 

This is an indication of effective deoxygenation of GO after the one-pot reduction and 

functionalization process. Moreover, the content of the β-CD grafted on CD-G surfaces can be 

calculated as 34.8 wt. % based on the weight-loss stage assigned to the thermal decomposition of the 

grafted β-CD. It is worth pointing out that the heat resistance of the β-CD is degraded after grafted 

onto the CD-G surfaces, with the initial decomposition temperature of about 270 °C calculated by the 

tangent method [60]. This is likely because the graphene moiety heavily disturbs the intermolecular 

interactions among the β-CD molecules such as intermolecular hydrogen bonding interactions that 

plays an important role in stiffening the β-CD molecules. 

The surface morphologies of GO and CD-G are observed by scanning electron microscopy (SEM), 

with the images shown in Figure 3a,b, respectively. As compared to that of GO, the SEM image of 

CD-G presents a more uneven and rough surface topology, as well as a lower transparence, which can 

be attributed to the β-CD molecules incorporating on the CD-G surfaces. Similarly, the transmission 

electron microscopy (TEM) image of GO shows a more smooth texture, with higher transparence and 

much less uneven topology observable on its surfaces (Figure 3c), as compared to that of CD-G 

(Figure 3d), which is also an indication of the successful grafting of β-CD crystals on the graphene 

surfaces as for CD-G. Note that both SEM and TEM images for CD-G display a uniform surface 

morphology and topology. These results thereby imply that the β-CD molecules have been grafted on 

the graphene surfaces effectively and uniformly, which guarantees the subsequent satisfactory 

fluorescence sensing applications. 

Figure 3. SEM images of GO (a) and CD-G (b); TEM images of GO (c) and CD-G (d). 
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2.3. Fluorescence Quenching of RhB with CD-G 

The CD-G is used firstly as the nanoquencher to quench the fluorescence of the RhB solution and 

yield the inclusion complex of CD-G and RhB. The results are presented in Figure 4. The digital 

images taken under UV light at 365 nm and daylight show the gradual quenching of RhB solution, as 

displayed in Figure 4a. The pristine RhB solution (50 nM) exhibits a light magenta color under 

daylight, while its color changes to saffron yellow under UV light, which is in line with the fluorescent 

spectrum with the emissions across the wavelengths of 535 to 712 nm (centered at approximately 577 nm), 

as shown in Figure 4b. With addition of CD-G dispersions (0.265 mg/mL) to the RhB solution, the 

light magenta color seen under daylight is decreased stepwise, with a concomitantly gradual increase 

of gray color. The fluorescent saffron color also disappears gradually with increasing CD-G 

concentration. The fluorescence almost vanishes when the mixing ratio of CD-G dispersion to RhB 

solution reaches 15/100 (v/v). To completely quench the RhB fluorescence monitored by fluorescence 

spectroscopy, the mixing ratio was further increased to 35/100. 

Figure 4. (a) Digital images showing gradual fluorescence quenching of the RhB solution 

by stepwise addition of the CD-G dispersion. Digital images on the top and bottom rows 

were captured under UV light at 365 nm and daylight, respectively. (b) Fluorescence 

spectrum of the RhB solution, highlighted with the corresponding colors across the 

wavelengths of 535 to 712 nm (c) Dependence of fluorescence emission spectra (excitation 

wavelength of 530 nm, emission peak centered at approximately 577 nm) on the mixing 

ratio (v/v) of CD-G dispersion (0.265 mg/mL) to RhB solution (50 nM). (d) To exclude the 

diluting effect of the DI water moiety of the CD-G dispersion on the quenching efficiency, 

35 mL of CD-G dispersion, by which the fluorescence of the RhB solution (100 mL, 50 nM) 

can be quenched completely, was replaced by 35 mL of DI water, and even higher amount of 

DI water (100 mL) was also examined. (e) Plots of fluorescence intensity at about 577 nm 

for the mixing system with different volume ratios of RhB solution to CD-G dispersion 

(error bars were obtained from five parallel experiments). The labels shown in the (a) and 

(c) indicate the mixing ratio of CD-G dispersion to RhB solution, e.g., 0/100 and 35/100 

denote the neat RhB solution, and the mixture of CD-G dispersion (35 mL) and RhB 

solution (100 mL), respectively. Similarly, the labels shown in (d) represent the mixing 

ratio of DI water to RhB solution, e.g., 35/100 denotes the mixture of DI water (35 mL) 

and RhB solution (100 mL). 
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Figure 4. Cont. 

 

Figure 4c presents the fluorescence spectra to track the quenching process, with the inset showing 

the digital images captured at the starting and ending points of the process. Considering that the 

component water of the CD-G dispersion might affect the RhB fluorescence, pure deionized (DI) water 

was used as control to replace CD-G dispersion. The result shows that the component water has very 

limited effect on the RhB fluorescence. After even increasing the ratio of DI water to RhB solution to 

100/100, there still exists sufficient fluorescence visible by the naked eye (Figure 4d). The comparison 

plot of fluorescence intensity at about 577 nm against the mixing ratio between the systems of CD-G 

and RhB and DI water and RhB is also given in Figure 4e. As a result, the efficient quenching of RhB 

by CD-G is well demonstrated. More importantly, the RhB fluorescence can be quenched controllably 

based on FRET from RhB to graphene through changing the mixing ratio of CD-G to RhB. In 

addition, note that the initial increase of the content of the CD-G dispersion can linearly decrease the 

fluorescence of RhB solution, followed by gradual decrease of the quenching rate. 

2.4. Fluorescence Sensing Test on the Organic Liquids 

Using the completely quenched inclusion complex of CD-G and RhB as the starting sensing 

platform, the subsequent detection of different organic liquids are performed. A range of water-soluble 

organic solvents was firstly detected, with the results shown in Figure 5.  
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Figure 5. The fluorescent spectra (excitation wavelength of 530 nm, emission peak 

centered at about 577 nm) are shown in the top row. The corresponding photo images 

captured under UV light at 365 nm and day light are presented in the middle and bottom 

rows, respectively. The volume ratio of quenched RhB solution to organic solvent is kept at 

2/1. The system with the solvent THF is indicated by yellow shading. The full names of 

Quenched, IPA, EG, THF, DMSO, DMA and DMA are given as follows: Quenched: 

quenched RhB solution with CD-G dispersion; IPA: isopropanol; EG: ethylene glycol; 

THF: tetrahydrofuran; DMSO: dimethylsulfoxide; DMF: dimethyl formamide; DMA: 

dimethyl acetamide. 

 

The C1-C3 monohydric alcohols, that is methanol, ethanol, and isopropanol, can turn on the 

fluorescence to a decent extent observable by the naked eye (C2 and C3 monohydric alcohols perform 

a little better than C1 monohydric alcohol in switch-on efficiency). The C2 dihydric (ethylene glycol) 

and C3 trihydric (glycerol) alcohols show a lower fluorescence switch-on efficiency as compared to 

the C1-C3 monohydric alcohols. This can be attributed to the fact that the increased hydroxyl groups 

impart higher polarity to the ethylene glycol and glycerol, which reversely reduce the competition with 

RhB to accommodate into CD-G because of its higher affinity to the hydrophilic outside wall (with 

abundant hydroxyl groups) than to the hydrophobic inner cavity of β-CD. Acetone and acetonitrile 

have a comparable turn-on efficiency relative to C2 and C3 monohydric alcohols, in this case ethanol 

and isopropanol, respectively. In addition, DMF and DMA have a similar turn-on capacity for the 

quenched RhB to the C1 monohydric alcohol, namely methanol (DMF shows a little higher capacity 

than DMA according to the fluorescence spectra). DMSO exhibits a parallel turn-on effect as 

compared with C2 dihydric and C3 trihydric alcohols. Moreover, THF shows an overwhelming 

performance over all the other examined water-soluble organic solvents, as well as over all the 

examined water-insoluble organic solvents (see the following Figures 6 and 7).  

The intensity of the switch-on fluorescence at about 577 nm by THF is around 220, which is much 

larger than that by the second-best solvent, in this case ethanol (around 174). The best match with the 

molecular structure of inner cavity can be used to explain for the best performance of THF among the 

examined organic liquids since the inner surface structure of β-CD lined with the cyclic ether-like 
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anomeric oxygen atoms and the C3-H and C5-H hydrogen atoms (see Figure 1) is close to the cyclic 

ether structure of THF. 

Figure 6. The fluorescence spectra (excitation wavelength of 530 nm, emission peak 

centered at approximately 577 nm) are shown in the top row. The corresponding photo 

images captured under UV light at 365 nm and day light are presented in the middle and 

bottom rows, respectively. The full names of HA, OA, Eth, EtOAc, PE, Liq. Paraffin, 

Dodecyl Chl., DCE, DCM and CTC are given as follows: HA: hexyl alcohol; OA:  

1-octanol; Eth: diethyl ether; EtOAc: ethyl acetate; PE: petroleum ether; Liq. Paraffin: 

liquid paraffin; Dodecyl Chl.: dodecyl chloride; DCE: dichloroethane; DCM: dichloromethane; 

CTC: carbon tetrachloride. 
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Figure 7. Comparison histogram of typical fluorescence emission intensity against the 

systems with different organic liquids. The black and red bars represent the systems with 

water–soluble and –insoluble organic liquids, respectively. 

 

Figure 6 provides the fluorescence switch-on results for the targets of the water-insoluble organic 

liquids. As can be seen, except for dichloroethane, dichloromethane, chloroform and carbon 

tetrachloride (organic layer formed at the bottom due to their higher relative density than aqueous 

phase), all the other examined water-insoluble solvents form the upper organic layer because of their 

lower relative density. Note that C6 (hexyl alcohol) and C8 (1-octanol) monohydric alcohols show the 

best switch-on efficiency among all the investigated water-insoluble solvents, followed by ethyl 

acetate, toluene and diethyl ether, based on the switch-on fluorescence spectra. The C6 alcohol 

performs better than C8 alcohol, which might be due to the polarity of C6 alcohol closer to that of the 

inner cavity structure of β-CD. It is worth mentioning that alkanes, including hexane, heptane, 

dodecane, tetradecane, hexadecane, petroleum ether (basically the mixture of pentane and hexane), and 

liquid paraffin (mainly composed of C16-C20 n-alkanes), show very limited switch-on impact, with 

the fluorescence emission spectra close to that for the starting quenched counterpart. This implies that 

there exist almost no interactions between these alkanes and β-CD (neither outside walls nor inside 

cavities). The interactions between the RhB molecules and the alkanes also cannot be found, which can 

otherwise lead to some fluorescent RhB molecules extracted to the organic layer, leading to the 

generation of fluorescence to a certain extent. In addition, the chlorinated hydrocarbons show very low 

effect on the fluorescence behavior. Except for dodecyl chloride (with a close structure to dodecane) 

being present in the upper layer, all the other examined chlorinated hydrocarbons form bottom organic 

layer. It is worth pointing out that a bright luminescent upper layer with a light blue color can be 

observed for the target toluene, which might be corresponding to the fluorescence emission band 
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located at lower wavelength, as shown in the spectrum with a sharp emission intensity at the 

wavelength of 535 nm or less. 

To summarize the fluorescence switch-on effect of all the organic solvent investigated in the present 

study, a comparison histogram of the emission intensity at about 577 nm is plotted against the mixing 

system with different organic liquids, with the result presented in Figure 7. The water-soluble solvents 

have an overall higher fluorescence switch-on efficiency as compared with the water-insoluble 

solvents, and THF affords the most sensitive fluorescence response. 

Considering that the graphene-based sensing platform CD-G-R has a selectivity for THF among the 

organic liquids examined in the present study at the given excitation wavelength and scanning range. 

The subsequent calculation of LOD is carried out by monitoring the fluorescence spectra of CD-G-R 

system upon the addition of increasing concentration of THF (0–44.5 mg/mL), with the result shown in 

Figure 8.  

The calibration curve of the relative fluorescence (F/F0) for detection of THF is given as the inset of 

Figure 8, where F0 and F are the fluorescence intensity in the absence and presence of THF, 

respectively. Error bars in the calibration curve were obtained from five parallel measurements. The 

pristine CD-G-R shows nearly no emission in the detected range, probably indicating that all the RhB 

molecules have accommodated in CD-G and thus lead to a close contact with graphene moiety and 

highly effective quenching of the fluorescence by FRET from RhB to the graphene. The CD-G-R 

showed a good linear response of the relative fluorescence intensity with respect to the THF 

concentration in the range of 0.218–17.5 mg/mL (r2 = 0.98816) as shown in the inset. The LOD 

measured as three times the signal of the blank is found to be about 1.7 μg/mL. 

Figure 8. Fluorescent spectra monitoring the fluorescence switch-on process with THF in a 

range of concentrations. Inset gives the calibration curve for THF detection, where F0 and 

F are the fluorescence intensity in the absence and the presence of THF, respectively. 
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3. Experimental  

3.1. Materials 

Graphite fine powder (E.P.) was obtained from Tianheng Technology Co. Ltd. (Hong Kong SAR, 

China). Hydrazine hydrate of A.R grade (N2H4·H2O, 60 wt. %) was supplied by Oriental Chem. and 

Lab. Supplies Ltd. (Hong Kong SAR, China). β-cyclodextrin (C42H70O35, 96%) was purchased from 

Aladdin Chemistry Co. Ltd. (Nanqiao Town, Fengxian District, Shanghai, China). Rhodamine B 

(C28H31N2O3Cl, dye content ~95%) was obtained from Sigma-Adrich. All other chemicals were 

purchased from Oriental Chem. and Lab. Supplies Ltd. (Hong Kong SAR, China) and used as received. 

3.2. Synthesis of GO 

GO was synthesized by a modified Hummers method as described elsewhere [61]. Briefly, graphite 

fine powder (2.0 g) and NaNO3 (1.0 g) were placed in a flask (250 mL), followed by addition of 

concentrated H2SO4 (50 mL) in small portions under magnetic stirring and cooling by an ice bath. The 

mixture was kept stirring at 5 °C for 2 h, and then KMnO4 (7.3 g) was added portionwise under 

cooling and continuously stirring conditions to maintain the temperature of the suspension lower than 

20 °C. Afterwards, the temperature was increased to 35 °C, and the reaction mixture was stirred 

continuously at this temperature for 30 min. DI water (90 mL) was then added gradually, and the 

mixture was stirred for another 15 min. Additional DI water (55 mL) was added, followed by slow 

addition of H2O2 (7 mL, 30%) for the purpose of reducing the residual permanganate to soluble 

manganese ions. Finally, the mixture was filtered and washed thoroughly with diluted HCl (5%,  

150 mL), DI water (150 mL) and methanol (150 mL), and then vacuum-dried at 50 °C for 24 h. 

3.3. Synthesis of CD-G 

As-prepared GO powder (30.0 mg) and DI water (60.0 mL) were placed in a beaker, followed by 

sonication treatment for 1 h, which yielded a homogeneous yellow-brown suspension of graphene 

oxide (0.5 mg/mL). Separately, β-cyclodextrin (1.6 g) was added to a flask loaded with DI water  

(40.0 mL), and then magnetically stirred at 50 °C to dissolve the β-cyclodextrin. Afterwards, a portion 

of graphene oxide suspension (24 mL), ammonia (0.8 mL) and hydrazine hydrate (25.0 μL) were 

homogenized into the β-cyclodextrin solution, followed by a reaction at reflux under constant stirring 

at 80 °C for 3.5 h, leading to a black dispersion. The as-formed dispersion was charged into a dialysis 

bag for dialysis treatment against flowing DI water for 3 days, further washed repeatedly with DI water 

(50 mL) followed by ethanol (50 mL), vacuum-filtered using a nylon membrane with 0.22 um pore size, 

and finally dried under vacuum at 50 °C for 24 h. The resulting black powder was stored in a 

desiccator prior to use. 

3.4. Fabrication of the Inclusion Complex of CD-G and RhB 

The as-synthesized CD-G powder (26.5 mg) was homogenously dispersed into DI  

water (100 mL) by ultrasonication for 1 h. The obtained CD-G dispersion (0.265 mg/mL) was 

employed as the fluorescence nanoquencher. The fluorescence solution of RhB (50 nM) was prepared 
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by dissolving the fluorescence dye RhB (0.012 mg) in DI water (500 mL). The CD-G dispersion 

(0.265 mg/mL) was mixed into the RhB solution (50 nM, 100 mL) in small portions by mild stirring 

each for 3 min to allow the sufficient interactions between RhB molecules and CD-G sheets. The 

gradual quenching process can allow monitoring of the RhB fluorescence quenching behavior by 

taking the digital images and recording the fluorescent spectra. The final inclusion complex of CD-G 

and RhB, with completely quenched fluorescence determined by the fluorescence spectroscopy, was 

used as the fluorescence switch-on probe for detection of a wide range of organic liquids. 

3.5. Characterization 

UV/Vis spectra were measured on a Lambda 18 UV/Vis spectrometer. FTIR spectra were recorded 

on a FTIR spectrometer (PerkinElmer System 2000) in KBr pellet mode. The powder XRD patterns 

were collected by a Bruker D8 Advance X-ray diffractometer (Bruker AXS, Karlsruhe, Germany). 

TGA tests were performed on a Mettler Toledo TGA/SDTA851 under N2 atmosphere at a heating rate 

of 10 °C/min. The surface morphologies were observed by a field emission scanning electron 

microscopy (FE-SEM, JEOL JSM-6335F). TEM images and SAED patterns were obtained by a Jeol 

JEM-2011 TEM facility at an acceleration voltage of 100 kV. The specimens for the TEM observation 

were prepared by dropping a diluted ethanol dispersion of the GO and graphene specimens onto a 

silicon wafer, followed by drying at room temperature. Fluorescence spectra were recorded on a 

Perkin-Elmer Luminescence spectrometer (LS50B), which was equipped with a motor-driven linear 

polarizer on the detection side, at room temperature under isotropic excitation. 

4. Conclusions 

An organic liquids-responsive graphene-based fluorescence probe has been fabricated in the present 

study by a simple, efficient and cost-effective method. To fabricate the probe, a one-pot chemical 

reduction and functionalization of GO with hydrazine in the presence of β-CD has been firstly 

conducted, which leads to the β-CD-modified and functionalized graphene. The β-CD has been 

demonstrated to be grafted on the graphene surfaces effectively and uniformly, as evidenced by 

various characterization techniques such as UV/Vis, FTIR, XRD TGA, SEM and TEM. The 

subsequent fabrication of the fluorescence probe has been achieved by inclusion of RhB molecules 

into CD-G using a facile and economical solution mixing method. The RhB fluorescence can be 

quenched controllably based on FRET from RhB to graphene through changing the mixing ratio of 

CD-G to RhB. A wide range of organic solvents including water-soluble and -insoluble ones has been 

tested using the fluorescence probe, which shows the highest sensitivity to THF, with the LOD of 

about 1.7 μg/mL. Some insight into the mechanism for explaining the different fluorescence responses 

of the probe to the examined targets has been provided. This work thereby shows a great significance 

for sensing and detection applications in a relatively unexplored field of detecting organic liquids using 

graphene-based platform, especially for the waste water containing THF contaminant, e.g.,  

solvent leakage detection of tanks and piping systems. Based on the fluorescence spectroscopy,  

quantitative analysis of organic solvent concentration in water can also be realized using our developed  

graphene-based sensor. This work on the fabrication of the label-free graphene-based fluorescence 
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probe by a simple, efficient and cost-effective strategy has opened up new avenues for development of 

other effective graphene-based probes for various sensing, monitoring and detection applications. 

Acknowledgments 

The authors would like to thank Research Grants Council of Hong Kong Special Administrative 

Region Government for funding supports in the form of a GRF projects (Grant No. 515812 and Grant 

No. PolyU 5316/10E). 

Author Contributions 

The study was designed by Huawen Hu and supported by the funding from John H. Xin and  

Hong Hu, and the data were analyzed and the manuscript was written by Huawen Hu. The manuscript 

was revised by John H. Xin and Hong Hu. A part of the characterization work was assisted by 

Xiaowen Wang and Xinkun Lu. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Zhu, C.Z.; Guo, S.J.; Fang, Y.X.; Han, L.; Wang, E.K.; Dong, S.J. One-step electrochemical 

approach to the synthesis of Graphene/MnO2 nanowall hybrids. Nano Res. 2011, 4, 648–657. 

2. Wang, Z.F.; Liu, J.J.; Wang, W.X.; Chen, H.R.; Liu, Z.H.; Yu, Q.K.; Zeng, H.D.; Sun, L.Y. 

Aqueous phase preparation of graphene with low defect density and adjustable layer.  

Chem. Commun. 2013, 49, 10835–10837. 

3. Buglione, L.; Bonanni, A.; Ambrosi, A.; Pumera, M. Gold Nanospacers greatly enhance the 

capacitance of electrochemically reduced graphene. Chempluschem 2012, 77, 71–73. 

4. He, T.C.; Qi, X.Y.; Chen, R.; Wei, J.; Zhang, H.; Sun, H.D. Enhanced optical nonlinearity in 

noncovalently functionalized amphiphilic graphene composites. Chempluschem 2012, 77, 688–693. 

5. Chauhan, S.M.S.; Mishra, S. Use of graphite oxide and graphene oxide as catalysts in the 

synthesis of dipyrromethane and calix[4]pyrrole. Molecules 2011, 16, 7256–7266. 

6. Shen, J.F.; Shi, M.; Yan, B.; Ma, H.W.; Li, N.; Ye, M.X. Ionic liquid-assisted one-step 

hydrothermal synthesis of TiO2-reduced graphene oxide composites. Nano Res. 2011, 4, 795–806. 

7. Chen, S.S.; Brown, L.; Levendorf, M.; Cai, W.W.; Ju, S.Y.; Edgeworth, J.; Li, X.S.;  

Magnuson, C.W.; Velamakanni, A.; Piner, R.D.; et al. Oxidation resistance of graphene-coated 

Cu and Cu/Ni alloy. ACS Nano 2011, 5, 1321–1327. 

8. Kim, J.; Cote, L.J.; Kim, F.; Huang, J.X. Visualizing graphene based sheets by fluorescence 

quenching microscopy. J. Am. Chem. Soc. 2010, 132, 260–267. 

9. Chen, Q.S.; Wei, W.L.; Lin, J.M. Homogeneous detection of concanavalin A using pyrene-conjugated 

maltose assembled graphene based on fluorescence resonance energy transfer. Biosens. Bioelectron. 

2011, 26, 4497–4502. 



Molecules 2014, 19 7476 

 

 

10. Jiang, Z.; Zhang, Y.; Tan, Y.W.; Stormer, H.L.; Kim, P. Quantum Hall effect in graphene.  

Solid State Commun. 2007, 143, 14–19. 

11. Mao, X.W.; Su, H.Y.; Tian, D.M.; Li, H.B.; Yang, R.H. Bipyrene-functionalized graphene as a 

“Turn-On” fluorescence sensor for manganese(II) ions in living cells. ACS Appl. Mater. Interfaces 

2013, 5, 592–597. 

12. Tu, Y.Q.; Li, W.; Wu, P.; Zhang, H.; Cai, C.X. Fluorescence quenching of graphene oxide 

integrating with the site-specific cleavage of the endonuclease for sensitive and selective 

MicroRNA detection. Anal. Chem. 2013, 85, 2536–2542. 

13. Lu, C.H.; Yang, H.H.; Zhu, C.L.; Chen, X.; Chen, G.N. A graphene platform for sensing 

biomolecules. Angew. Chem. Int. Edit. 2009, 48, 4785–4787. 

14. He, S.J.; Song, B.; Li, D.; Zhu, C.F.; Qi, W.P.; Wen, Y.Q.; Wang, L.H.; Song, S.P.; Fang, H.P.; 

Fan, C.H. A graphene nanoprobe for rapid, sensitive, and multicolor fluorescent DNA analysis. 

Adv. Funct. Mater. 2010, 20, 453–459. 

15. Bhunia, S.K.; Jana, N.R. Peptide-functionalized colloidal graphene via interdigited bilayer coating 

and fluorescence turn-on detection of enzyme. ACS Appl. Mater. Interfaces 2011, 3, 3335–3341. 

16. Sil, S.; Kuhar, N.; Acharya, S.; Umapathy, S. Is chemically synthesized graphene “really” a 

unique substrate for SERS and fluorescence quenching? Sci. Rep. UK 2013, 3, 

doi:10.1038/srep03336. 

17. Zhang, J.R.; Huang, W.T.; Xie, W.Y.; Wen, T.; Luo, H.Q.; Li, N.B. Highly sensitive, selective, 

and rapid fluorescence Hg2+ sensor based on DNA duplexes of poly(dT) and graphene oxide. 

Analyst 2012, 137, 3300–3305. 

18. Li, M.; Zhou, X.J.; Ding, W.Q.; Guo, S.W.; Wu, N.Q. Fluorescent aptamer-functionalized 

graphene oxide biosensor for label-free detection of mercury(II). Biosens. Bioelectron. 2013, 41, 

889–893. 

19. Zhao, X.H.; Kong, R.M.; Zhang, X.B.; Meng, H.M.; Liu, W.N.; Tan, W.H.; Shen, G.L.; Yu, R.Q. 

Graphene-DNAzyme based biosensor for amplified fluorescence “Turn-On” detection of Pb2+ 

with a high selectivity. Anal. Chem. 2011, 83, 5062–5066. 

20. Sun, W.L.; Shi, S.; Yao, T.M. Graphene oxide-Ru complex for label-free assay of DNA sequence 

and potassium ions via fluorescence resonance energy transfer. Anal. Methods UK 2011, 3,  

2472–2474. 

21. Wei, W.L.; Xu, C.; Ren, J.S.; Xu, B.L.; Qu, X.G. Sensing metal ions with ion selectivity of a 

crown ether and fluorescence resonance energy transfer between carbon dots and graphene.  

Chem. Commun. 2012, 48, 1284–1286. 

22. Zhu, X.; Zhou, X.M.; Xing, D. Label-free detection of MicroRNA: Two-step signal enhancement 

with a hairpin-probe-based graphene fluorescence switch and isothermal amplification. Chem. Eur. J. 

2013, 19, 5487–5494. 

23. Zhao, X.H.; Ma, Q.J.; Wu, X.X.; Zhu, X. Graphene oxide-based biosensor for sensitive fluorescence 

detection of DNA based on exonuclease III-aided signal amplification. Anal. Chim. Acta 2012, 727, 

67–70. 

24. Wang, X.; Zhong, S.H.; He, Y.; Song, G.W. A graphene oxide-rhodamine 6G nanocomposite as 

turn-on fluorescence probe for selective detection of DNA. Anal. Methods UK 2012, 4, 360–362. 



Molecules 2014, 19 7477 

 

 

25. Lin, Y.H.; Tao, Y.; Pu, F.; Ren, J.S.; Qu, X.G. Combination of graphene oxide and thiol-activated 

DNA metallization for sensitive fluorescence turn-on detection of cysteine and their use for logic 

gate operations. Adv. Funct. Mater. 2011, 21, 4565–4572. 

26. Zhang, H.; Li, Y.; Su, X.G. A small-molecule-linked DNA-graphene oxide-based  

fluorescence-sensing system for detection of biotin. Anal. Biochem. 2013, 442, 172–177. 

27. Chang, H.X.; Tang, L.H.; Wang, Y.; Jiang, J.H.; Li, J.H. Graphene fluorescence resonance energy 

transfer aptasensor for the thrombin detection. Anal. Chem. 2010, 82, 2341–2346. 

28. Feng, D.; Zhang, Y.Y.; Feng, T.T.; Shi, W.; Li, X.H.; Ma, H.M. A graphene oxide-peptide 

fluorescence sensor tailor-made for simple and sensitive detection of matrix metalloproteinase 2. 

Chem. Commun. 2011, 47, 10680–10682. 

29. Mondal, A.; Jana, N.R. Fluorescent detection of cholesterol using beta-cyclodextrin functionalized 

graphene. Chem. Commun. 2012, 48, 7316–7318. 

30. Stankovich, S.; Dikin, D.A.; Piner, R.D.; Kohlhaas, K.A.; Kleinhammes, A.; Jia, Y.; Wu, Y.; 

Nguyen, S.T.; Ruoff, R.S. Synthesis of graphene-based nanosheets via chemical reduction of 

exfoliated graphite oxide. Carbon 2007, 45, 1558–1565. 

31. Li, D.; Muller, M.B.; Gilje, S.; Kaner, R.B.; Wallace, G.G. Processable aqueous dispersions of 

graphene nanosheets. Nat. Nanotechnol. 2008, 3, 101–105. 

32. Kasry, A.; Ardakani, A.A.; Tulevski, G.S.; Menges, B.; Copel, M.; Vyklicky, L. Highly efficient 

fluorescence quenching with graphene. J. Phys. Chem. C 2012, 116, 2858–2862. 

33. Zhu, J.W.; Chen, S.; Zhou, H.; Wang, X. Fabrication of a low defect density graphene-nickel 

hydroxide nanosheet hybrid with enhanced electrochemical performance. Nano Res. 2012, 5, 11–19. 

34. Yuan, J.C.; Chen, G.H.; Weng, W.G.; Xu, Y.Z. One-step functionalization of graphene with 

cyclopentadienyl-capped macromolecules via Diels-Alder “click” chemistry. J. Mater. Chem. 

2012, 22, 7929–7936. 

35. Ma, W.S.; Wu, L.; Yang, F.; Wang, S.F. Non-covalently modified reduced graphene 

oxide/polyurethane nanocomposites with good mechanical and thermal properties. J. Mater. Sci. 

2014, 49, 562–571. 

36. Georgakilas, V.; Otyepka, M.; Bourlinos, A.B.; Chandra, V.; Kim, N.; Kemp, K.C.; Hobza, P.; 

Zboril, R.; Kim, K.S. Functionalization of graphene: Covalent and non-covalent approaches, 

derivatives and applications. Chem. Rev. 2012, 112, 6156–6214. 

37. Hu, H.W.; Xin, J.H.; Hu, H. Highly efficient graphene-based ternary composite catalyst with 

polydopamine layer and copper nanoparticles. Chempluschem 2013, 78, 1483–1490. 

38. Salavagione, H.J.; Martinez, G.; Ellis, G. Recent advances in the covalent modification of 

graphene with polymers. Macromol. Rapid Commun. 2011, 32, 1771–1789. 

39. Xu, C.H.; Wang, J.C.; Wan, L.; Lin, J.J.; Wang, X.B. Microwave-assisted covalent modification 

of graphene nanosheets with hydroxypropyl-beta-cyclodextrin and its electrochemical detection of 

phenolic organic pollutants. J. Mater. Chem. 2011, 21, 10463–10471. 

40. Hu, H.; Allan, C.C.; Li, J.; Kong, Y.; Wang, X.; Xin, J.H.; Hu, H. Multifunctional organically 

modified graphene with super-hydrophobicity. Nano Res. 2014, 7, 418–433. 

41. Hu, H.; Xin, J.; Hu, H. PAM/graphene/Ag ternary hydrogel: Synthesis, characterization and 

catalytic application. J. Mater. Chem. A 2014, doi:10.1039/c4ta01620c. 



Molecules 2014, 19 7478 

 

 

42. Fowles, J.; Boatman, R.; Bootman, J.; Lewis, C.; Morgott, D.; Rushton, E.; van Rooij, J.; Banton, M. 

A review of the toxicological and environmental hazards and risks of tetrahydrofuran.  

Crit. Rev. Toxicol. 2013, 43, 811–828. 

43. Yao, Y.L.; Guan, J.; Tang, P.; Jiao, H.P.; Lin, C.; Wang, J.J.; Lu, Z.M.; Min, H.; Gao, H.C. 

Assessment of toxicity of tetrahydrofuran on the microbial community in activated sludge. 

Bioresour. Technol. 2010, 101, 5213–5221. 

44. Malley, L.A.; Christoph, G.R.; Stadler, J.C.; Hansen, J.F.; Biesemeier, J.A.; Jasti, S.L.  

Acute and subchronic neurotoxicological evaluation of tetrahydrofuran by inhalation in rats.  

Drug Chem. Toxicol. 2001, 24, 201–219. 

45. Chhabra, R.S.; Herbert, R.A.; Roycroft, J.H.; Chou, B.; Miller, R.A.; Renne, R.A. Carcinogenesis 

studies of tetrahydrofuran vapors in rats and mice. Toxicol. Sci. 1998, 41, 183–188. 

46. Lv, Z.H.; Yao, Y.L.; Lv, Z.M.; Min, H. Effect of tetrahydrofuran on enzyme activities in activated 

sludge. Ecotoxcol. Environ. Saf. 2008, 70, 259–265. 

47. Wang, Y.; Peng, D. Biodegradability of wastewater containing tetrahydrofuran. Environ. Sci. 

Technol. (China) 2003, 26, 12–14. 

48. Liu, F.; Choi, J.Y.; Seo, T.S. Graphene oxide arrays for detecting specific DNA hybridization by 

fluorescence resonance energy transfer. Biosens. Bioelectron. 2010, 25, 2361–2365. 

49. Wang, S.E.; Si, S.H. A fluorescent nanoprobe based on graphene oxide fluorescence resonance 

energy transfer for the rapid determination of oncoprotein vascular endothelial growth factor 

(VEGF). Appl. Spectrosc. 2013, 67, 1270–1274. 

50. Piao, Y.; Liu, F.; Seo, T.S. The photoluminescent graphene oxide serves as an acceptor rather 

than a donor in the fluorescence resonance energy transfer pair of Cy3.5-graphene oxide.  

Chem. Commun. 2011, 47, 12149–12151. 

51. Shi, Y.; Wu, J.Z.; Sun, Y.J.; Zhang, Y.; Wen, Z.W.; Dai, H.C.; Wang, H.D.; Li, Z. A graphene 

oxide based biosensor for microcystins detection by fluorescence resonance energy transfer. 

Biosens. Bioelectron. 2012, 38, 31–36. 

52. Li, J.; Liu, C.Y. Ag/Graphene heterostructures: Synthesis, characterization and optical properties. 

Eur. J. Inorg. Chem. 2010, 8, 1244–1248. 

53. Shen, J.F.; Li, T.; Long, Y.; Shi, M.; Li, N.; Ye, M.X. One-step solid state preparation of reduced 

graphene oxide. Carbon 2012, 50, 2134–2140. 

54. Xu, J.J.; Wang, K.; Zu, S.Z.; Han, B.H.; Wei, Z.X. Hierarchical nanocomposites of polyaniline 

nanowire arrays on graphene oxide sheets with synergistic effect for energy storage. ACS Nano 

2010, 4, 5019–5026. 

55. Teixeira, L.R.; Sinisterra, R.D.; Vieira, R.P.; Doretto, M.C.; Beraldo, H. Inclusion of 

benzaldehyde semicarbazone into beta-cyclodextrin produces a very effective anticonvulsant 

formulation. J. Incl. Phenom. Macrocycl. 2003, 47, 77–82. 

56. Guo, L.H.; Sato, H.; Hashimoto, T.; Ozaki, Y. FTIR study on hydrogen-bonding interactions in 

biodegradable polymer blends of poly(3-hydroxybutyrate) and Poly(4-vinylphenol). Macromolecules 

2010, 43, 3897–3902. 

57. Dreyer, D.R.; Park, S.; Bielawski, C.W.; Ruoff, R.S. The chemistry of graphene oxide.  

Chem. Soc. Rev. 2010, 39, 228–240. 



Molecules 2014, 19 7479 

 

 

58. Song, H.J.; Hao, L.Y.; Tian, Y.F.; Wan, X.Y.; Zhang, L.C.; Lv, Y. Stable and water-dispersible 

graphene nanosheets: Sustainable preparation, functionalization, and high-performance adsorbents 

for Pb2+. Chempluschem 2012, 77, 379–386. 

59. Cong, H.P.; He, J.J.; Lu, Y.; Yu, S.H. Water-soluble magnetic-functionalized reduced graphene 

oxide sheets: In situ synthesis and magnetic resonance imaging applications. Small 2010, 6,  

169–173. 

60. Hu, H.W.; Xin, J.H.; Hu, H.; Chan, A.; He, L. Glutaraldehyde-chitosan and poly (vinyl alcohol) 

blends, and fluorescence of their nano-silica composite films. Carbohydr. Polym. 2013, 91,  

305–313. 

61. Wang, D.; Li, Y.G.; Hasin, P.; Wu, Y.Y. Preparation, characterization, and electrocatalytic 

performance of graphene-methylene blue thin films. Nano Res. 2011, 4, 124–130. 

Sample Availability: Not available. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


