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Abstract: Biographene was successfully produced in water from graphite flakes by a simple, rapid,
and efficient methodology based on a bioexfoliation technology. The methodology consisted in the
application of a lipase, with a unique mechanism of interaction with hydrophobic surfaces, combined
with a previous mechanical sonication, to selectively generate lipase-graphene sheets conjugates in water
at room temperature. The adsorption of the lipase on the graphene sheets permits to keep the sheets
separated in comparison with other methods. It was possible to obtain more than 80% of graphene (in the
form of multi-layer graphene) from low-cost graphite and with less damage compared to commercial
graphene oxide (GO) or reduced GO. Experimental analysis demonstrated the formation of multi-layer
graphene (MLG) mainly using lipase from Thermomyces Lanuginosus (TLL).
Keywords: graphene; exfoliation; lipase; graphite; biographene

1. Introduction
Graphene is a material with excellent electrical and thermal properties, very high mechanical
strength and elasticity which make it ideal for application in areas such as electronics, materials,
biomedicine, biotechnology, etc. [1–13].
Production of graphene has been performed by scotch tape peeling [14], different chemical and
thermal strategies [15–18], and solvent/surfactant-assisted exfoliation of graphite with sonication [19,20].
In particular, the synthesis of graphene by the chemical reduction of graphene oxide (GO) by
the Hummers method represents at present the most scalable method for the production of few-layer
graphene [15,17]. However, this technique requires very harsh and toxic conditions, which probably
causes defects within the graphene sheets, compromising properties and morphology [20].
In this way, in recent years, strategies to synthesize graphene by a more sustainable way have
been reported. The direct exfoliation of graphite to graphene in water seems to have the best reported
outcome [21–28]. By this route, a few methodologies have been described to produce biographene using
different small molecules (aromatic compounds, carbohydrates) [21–23], nanofibers [24], surfactants [25],
or plant extracts [26].
In particular, the application of proteins for the exfoliation of graphite is an interesting alternative.
The application of a mechanical step to create enough space between graphene layers in graphite
(interlayer distance 0.33 nm) is needed for the intercalation of proteins (protein size 5–10 nm). A few
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Recently a lipase interacting with graphene has been described although in all cases as a covalent
Recently a lipase interacting with graphene has been described although in all cases as a covalent
immobilization technique on graphene oxide using crosslinkers [36,37].
immobilization technique on graphene oxide using crosslinkers [36,37].
In this work, we applied for the first time the special selective capacity of these lipases for their
In this work, we applied for the first time the special selective capacity of these lipases for their
selective adsorption on graphene from graphite flakes. These represent a very fast, cost-efficient
selective adsorption on graphene from graphite flakes. These represent a very fast, cost-efficient and
and sustainable methodology for the bioexfoliation of graphite to graphene. These enzymes can be
sustainable methodology for the bioexfoliation of graphite to graphene. These enzymes can be
homogeneously located on the graphene surface, permitting their direct production from the graphite
homogeneously located on the graphene surface, permitting their direct production from the graphite
present in a water suspension at room temperature.
present in a water suspension at room temperature.

Nanomaterials
2019,
1344 PEER REVIEW
Nanomaterials
2019,
9, 9,
x FOR

3 of3 of
11 11

Figure 2. Hydrophobic area and Lid of (A) CAL-B, (B) TLL. Lid (blue) and Hydrophobic area (green).
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fluorescence. Spectrophotometric analyses were run on a V-730 spectrophotometer (JASCO, Tokyo,
Japan). Atomic force microscopy images were obtained using an NTEGRA PRIMA NT-MDT
microscope. The obtained images were analyzed using the built-in software provided by the
manufacturer.
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2.3. Ultrasonication of Graphite Flakes
2.3.1. Method 1: Simple Sonication of Graphite Flakes
The graphite flakes (1 g) are added together with 20 mL of distilled water to a 50 mL centrifuge
tube (50 mL Falcon tube). Then, the graphite is exfoliated by alternating cycles of 5 min sonication/rest,
for 30 min at an amplitude of 80%. To avoid excessive heating of the mixture, the 50 mL Falcon tube
is introduced into a mixture of ice and cold acetone. This exfoliation allows the weakening of the
bonds between sheets. The non-exfoliated graphite is separated from the mixture by centrifugation.
The mixture was transferred to 15 mL centrifuge tubes (15 mL Falcon tubes) and centrifuged at
400 rpm for 1 min. The supernatant is carefully separated from the unfolded graphite solid. Finally,
the supernatant was placed in a Petri dish and dried in the stove at 50 ◦ C. The method allows obtaining
100 mg of Sgraphene-1, final yield of 10%.
2.3.2. Method 2: Double Sonication of Graphite Flakes
The graphite flakes (1 g) are added together with 20 mL of distilled water to a 50 mL centrifuge
tube (50 mL Falcon tube). Once this is done, the graphite is exfoliated by alternating cycles of
5 min sonication/rest, for 1 h at an amplitude of 80%. To avoid excessive heating of the mixture,
the 50 mL Falcon tube is introduced into a mixture of ice and cold acetone. This exfoliation allows the
weakening of the bonds between sheets. The non-exfoliated graphite is separated from the mixture
by centrifugation. The mixture was transferred to 15 mL centrifuge tubes (15 mL Falcon tubes) and
centrifuged at 400 rpm for 1 min. The black supernatant was carefully separated from the graphite
solid. Finally, it was placed in a Petri dish and dried in the stove at 50 ◦ C. The method allows obtaining
300 mg of Sgraphene-2, final yield of 30%.
2.4. Exfoliation of Graphite Flakes Using Lipase
2.4.1. Method 3: Double Sonication of Graphite Flakes + Selective Lipase Adsorption
The graphite flakes (1 g) in 20 mL of water were sonicated as described in Method 2. After that,
commercial lipase solution of TLL (0.43 mL) or commercial lipase solution of CAL-B (1 mL), in both
cases offering 5 mg lipase, were directly added to that and allowed to stir for a period of time between
30 min and 1 h. The selective adsorption of the lipase was followed by measuring the supernatant
using the pNPP activity assay (described below). After lipase immobilization, the suspension turned
cloudy black. Then, the mixture was transferred to 15 mL Falcon centrifuge tubes and centrifuged
at 400 rpm for 1 min to remove some non-exfoliated graphite. After that, the black suspension was
centrifuged at 8000 rpm for 10 min and then the water was removed. One mL of acetone was added to
dissolve the black powder and then this mixture was transferred to a Petri dish and dried at 50 ◦ C for
4 h. The method allowed obtaining 800 mg of biographene-1, final yield of 80% using TLL and 600 mg,
60% yield using CAL-B.
2.4.2. Method 4: Double Sonication of Graphite Flakes in the Presence of Lipase
The graphite flakes (1 g) were added to a solution of 20 mL of water to which 0.43 mL of
commercial lipase was previously added in the case of TLL or 1 mL in the case of CAL-B, (enzymatic
loading: 5 mgenzyme/gsupport). Then this mixture was sonicated using the aforementioned Method 2.
After that, the mixture was transferred to 15 mL Falcon centrifuge tubes and centrifuged at 400 rpm for
1 min. The supernatant was carefully separated from the unfolded graphite solid. After that, the black
suspension was centrifuged at 8000 rpm for 10 min and then the water was removed. One mL of
acetone was added to dissolve the black powder and then this mixture was transferred to a Petri dish
and dried at 50 ◦ C for 4 h. The method allowed obtaining 500 mg of biographene-2, final yield of 50%.
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3. Results
3. Results
Four different methods have been performed in order to produce graphene from cheap graphite
Four different methods have been performed in order to produce graphene from cheap
flakes.
graphite flakes.
First, two different methods based on a mechanical force through ultrasound to the flakes of
First, two different methods based on a mechanical force through ultrasound to the flakes
graphite were tested, one with a simple mechanical sonication (Method 1) and another with double
of graphite were tested, one with a simple mechanical sonication (Method 1) and another with
sonication (Method 2) of graphite flakes in distilled water. After that, two materials, Sgraphene-1
double sonication (Method 2) of graphite flakes in distilled water. After that, two materials,
and Sgraphene-2 were obtained. These strategies gave moderate to low yields of graphene (black
Sgraphene-1 and Sgraphene-2 were obtained. These strategies gave moderate to low yields of
suspension) of 10% to 30%, respectively.
graphene (black suspension) of 10% to 30%, respectively.
If we focus on the observed differences between Sgraphene-1 (Simple Sonication) and
If we focus on the observed differences between Sgraphene-1 (Simple Sonication) and Sgraphene-2
Sgraphene-2 (Double sonication), for example in the SEM images, that material presented a larger
(Double sonication), for example in the SEM images, that material presented a larger flake size by using
flake size by using Method 1 (Figure 3A.1 and 3B.1) than by double mechanical approach (Figure
Method 1 (Figure 3A.1,B.1) than by double mechanical approach (Figure 3A.2,B.2), although in both
3A.2 and 3B.2), although in both cases clearly reduced respect to the starting commercial graphite
cases clearly reduced respect to the starting commercial graphite flakes (Figure 3A,B.3). TEM analysis
flakes (Figure 3A,B.3). TEM analysis confirmed that Sgraphene-1 showed a higher density solid
confirmed that Sgraphene-1 showed a higher density solid without forming sheets (Figure 3C.1)
without forming sheets (Figure 3C.1) whereas Sgraphene-2, a much less dense sample was observed
whereas Sgraphene-2, a much less dense sample was observed and in which the number of layers can
and in which the number of layers can be appreciated (Figure 3C.2). These results seem to indicate
be appreciated (Figure 3C.2). These results seem to indicate the need for applying ultrasound for a
the need for applying ultrasound for a longer time on the sample, so that progress was made on
longer time on the sample, so that progress was made on Method 2.
Method 2.

Figure 3. (A,B) SEM images. 1) Sgraphene-1, 2) Sgrapehene-2, 3) graphite flakes. (C) TEM images. 1)
Figure 3. (A,B) SEM images. 1) Sgraphene-1, 2) Sgrapehene-2, 3) graphite flakes. (C) TEM images. 1)
Sgraphene-1, 2) Sgrapehene-2.
Sgraphene-1, 2) Sgrapehene-2.
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The biographene-1-TLL showed the best results according to the Raman band range of
2600–2750 cm−1 , which clearly showed that this case a multi-layer graphene (with a number of
layers between 5 and 10) is obtained, because peak at 2710 cm−1 is mainly present [39]. In the other
cases, mixtures of graphene with a number of layers over 10 was obtained. These results reinforce
the idea that better results are found using lipase with higher hydrophobicity as TLL in comparison
with CAL-B. While other studies [40] have studied the splitting of the band appearing at 2450 cm−1
(called the G∗ or D+D00 band) and a function of the number of graphene layers, the results have focused
on samples with a number of layers <6 and thus a comparison with our results may not be applicable.
In order to corroborate the promising results hinted at by the Raman spectra, AFM images were
collected (see Supplementary Materials) and analyzed for their 2D profiles in order to obtain more
information on the number of layers forming the graphene flakes. The depth profiles indicated
several sections in which flakes with sizes ranging from 0.2 to 1 µm had profile heights of 1.7 to 2 nm,
indicative of graphene domains formed up by five and six layers, respectively, which corroborates the
aforementioned Raman results.
4. Conclusions
We have developed for the first time a very simple, rapid, low-cost, and environmentally safe
process to produce graphene sheets from very cheap graphite flakes in water and room temperature.
The novelty consists in the application of a biomolecule, a lipase, an enzyme with a very high
selectivity to interact with hydrophobic surfaces, fixing the open conformation which permits the
location of lipases in open conformation uniformly distributed on the graphene sheets surface, avoiding
the interactions between sheets, generating an exquisite bioexfoliation of graphite. Two different
enzymes with different methods were employed and the use of Themomyces lanuginosus lipase (with a
very high hydrophobic area) gave the best results. It was possible to produce multi-layer graphene
(MLG) at 80% yield, obtaining 800 mg of graphene per gram of graphite flakes by a very simple way.
Additionally, this produced better quality (i.e., less damaged) biographene than commercial GO or
rGO tested.
This is very important from an industrial point of view, because economically the advantage is
clear, 1 g of graphite flakes costs 3.36 Eurocents (product from SIGMA, 2.5 kg to €84), whereas 1 g of
graphene oxide costs €524 (SIGMA), that means it is 15,000 times cheaper. Another advantage of this
produced biographene is that it is already functionalized, because the enzyme presents a high number
of carboxylic groups in the area exposed to the solvent. Therefore, this strategy could have a high
potential in the application of graphene in different areas (biomedicine, biosensors, etc).
Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/9/1344/s1,
Figure S1: Raman spectra of the parent graphite used in this manuscript, Figure S2: Representative AFM image
(left) and inverse image (right) obtained for sample biographene-1-TLL.
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