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e Graphene oxide-borneol (GOB) composite is a novel antifungal material.

e  GOB against adhesion and growth of M. racemosus on its surface for a long-term.

e Carbon stereochemistry plays a crucial role on antifungal properties rather than
hydrophobicity.

o GOB is biocompatible material.

¢ Landing experiment and sensing mechanism are proposed in this work.



ABSTRACT: Although antibacterial activities of graphene oxide (GO) and its
derivatives have been investigated comprehensively, their antifungal properties are still
less reported. Yet, fungal contamination seriously threatens the public health. Herein,
we present a design of graphene oxide-borneol (GOB) composite, and report its great
antifungal effect. This GOB composite is prepared by esterification of borneol with
thiomalic-acid-modified GO sheets, where the linker molecule is used to increase
surface carboxyl groups. As a result, the antifungal activity displays a dramatically
conversion from no activity of GO and its derivatives to distinct antifungal adhesion
and growth inhibition of the GOB. Under microscopy, few spores can be found on the
GOB surface, while large numbers of sporangia and spores adhere and grow on the
control groups. It is also worth noting that on the GOB sample the fallen spore does not
germinate even after 5 days, demonstrating a long-term antifungal effect of the GOB
composite. Further studies confirm that carbon stereochemistry rather than wettability
plays a crucial role on the antifungal adhesion properties. This study not only highlights
a promising GOB composite as a candidate of graphene-based antifungal agent, but
also provides us with in-depth understanding of the interactions between fungi and

graphene-based materials.
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1. Introduction

Fungi can easily colonize on the surfaces of most materials and rapidly spread fungal
spores [1]. The formation of fungal contamination seriously threatens human health and
may cause huge economic losses [2—5]. Therefore, effective method against those
organism is highly desired. One kind of the most recently developed biocidal
nanomaterials is graphene and its derivatives [6—14]. They are intensively studied as
carbon-based antimicrobial materials with many potential applications, such as use in
the field of medicine, energy and environment [6,15,16]. As a breakthrough, Hu et al
found that metabolic activity of E. coli decreases dramatically in the presence of GO or
reduced GO (RGO) sheets [17]. Liu et al revealed that GO derivative could aggregate
and locally damage the cell membrane integrity [18]. Tu et al made a deeper insight
that graphene and GO destruct and extract the phospholipids of E. coli membranes [19].
A comprehensive understanding was reported by Hui et al, they demonstrated the key
influence factor of proteins on realizing their antibacterial effects. Presence of proteins
can inhibit the antibacterial properties of graphene-based materials (GMs) [20].
However, until now, most of the antimicrobial studies of GMs mainly focus on
antibacterial performance, rather than antifungal property [21—25]. This situation is also
in agreement with other antimicrobial materials. More than 90% of the researches are

about antibacterial materials, while antifungal materials are less than 10% [26—29].



Recently, the GO-silver nanocomposite with antifungal performance was reported
[30], in which the silver nanoparticles wrapped into graphene nanoscrolls exhibite ideal
lengthened activities by durative slow-releasing. Han’s group revealed that GO-silver
nanocomposite obtained by electrostatic self-assembly can also be a novel antifungal
agent for crop disease prevention [31]. Besides, Chen et al indicated the antimicrobial
activity of GO can be triggered in liquid system, where it can interwind bacteria and
fungal spores, resulting in membrane damage of the cells [32]. These studies suggest
that the GMs are potential antifungal materials. To achieve superior antifungal
performance, two aspects should be taken into account. On the one hand, the use of
silver nanoparticles should be cautious. Silver nanoparticles have been demonstrated to
cause adverse effects for organism and, especially, humans [33—35]. On the other hand,
antifungal performance on the solid surfaces of the GMs is needed. Filamentous fungi
grow on solid surfaces can penetrate progressively deeper into the substrate [36,37].
Studies showed that surface contamination in hospital is heavy and threaten patients’
lives [38]. Improving antifungal performance of the GMs on solid surface is still a
challenge. Therefore, a new strategy is required to enhance the antifungal effect of the
GMs on solid surface, meanwhile, ensure its biosafety.

Previous studies demonstrate that chiral biointerface has great influence on cells
adhesion and proteins adsorption [39-43], which inspired us to further develop
antimicrobial materials or surfaces by taking advantage of the ‘“chiral taste” of

microbes. L-borneol is a hydrophobic bicyclic monoterpene [44], and widely used as a



safe and natural medical molecule [45]. Recently, our group revealed that borneol-
based polymers [46,47] or borneol-grafted cellulose [48] have unique antimicrobial
adhesion properties by dramatically reducing microbial attachment and biofilm
formation. Thus, we deduced that borneol-grafting was an effective strategy for
endowing antifungal activity to solid graphene.

Herein, we present a GO-borneol (denote as GOB) composite synthesized by
esterification of borneol with thiomalic-acid-modified GO sheets, of which thiomalic
acid is used as the linker molecule to increase surface carboxyl groups (Scheme 1). The
covalent banding between GO and borneol prevents the shedding of borneol and gives
a long-term antifungal effect to the GOB composite. With this modification, both
antifungal activity and cytotoxicity of the GOB could be optimized compared with

those of GMs, thus suggesting the GOB is a promising antifungal composite.
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Scheme 1. Schematic representation of the fabricate processes of the GOB composite.
Thiomalic acid is used as the linker to increase surface carboxyl groups by opening of
epoxy ring reaction. The linkers modified GO sheet is denoted as the GOC. Partial
reducing happens within this reaction according to the characterizations. After

esterification with borneol molecules, the resulted GOB composite is obtained.

2. Experimental



2.1. Materials

Graphite powder (80 mesh) was purchased from Qingdao Jinrilai Co., Ltd., Shandong,
China. L-borneol (97%), thiomalic acid (98%) and 4-methylbenzenesulfonic acid
(95%) was purchased from J&K Scientific Ltd. 3-(4,5-dimethyldiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) was purchased from Simcere, Jiangsu, China.
Sulfuric acid (H2S04, 98%), potassium permanganate (KMnQjs, 99.9%), sodium nitrate
(NaNOs, AR), hydrochloric acid (HCI, 37%) and hydrogen peroxide (H202, 30%),
N,N-dimethylformamide (DMF, 99%), triethylamine (TEA, 99%), hydrazine hydrate
(98%) and other general reagents were purchased from Sinopharm Chemical Reagent
Co., Ltd. L-929 mouse fibroblast cells were supported by the Key Laboratory of

Bioorganic Phosphorus Chemistry & Chemical Biology, Tsinghua University.

2.2. Preparation of GO

Graphite powder (4 g) and sodium nitrate (2 g) were dispersed into 80 mL sulfuric acid
(98%) and stirred at 0 °C. Potassium permanganate (12 g) was slowly added and stirred
at 0 °C for other 10 min. Then, the solution was kept at 37 °C for 4 h. After adding 150
mL water, the mixture was maintained at 98 °C for 30 min. Then, the reaction was
stopped by added 200 mL water. About 15 mL hydrogen peroxide (30%) was added
gradually until the mixture turned yellow. After washing with water sufficiently, a GO

solution (5 mg mL1) was obtained by ultrasonic exfoliation and centrifugation [49,50].

2.3. Preparation of the GOB



GO (0.1 g) was dissolved in 20 mL of anhydrous DMF by sonication. Thiomalic acid
(0.2 g) was added to above GO solution at 40 °C. After adding 3 mL of TEA under
vigorous stirring, the mixture was allowed to react for 48 h. The product was filtrated,
washed and dialyzed with water. After lyophilization, the GOC was obtained. The
obtained GOC was dissolved in 20 mL anhydrous DMF. About 1 g of L-Borneol and
0.2 g of 4-methylbenzenesulfonic acid (catalyst) were added. After vigorous stirring for

12 h at 70 °C, the resulting material GOB was yield and purified by water dialyzed.

2.4. Characterization of the GOB

Water contact angle (WCA) of the GOB was measured on a Dataphysics OCA20 at
room temperature. De-ionized water was used here. Energy-dispersive spectrometry
(EDS, Hitachi S-4700) and fourier transform infrared spectroscopy (FTIR, Nicolet-
20DXB) were used to analysis the chemical composition of the GOB. X-ray diffraction
(XRD, D/Max 2500 VB2+/PC) and Raman spectroscopy (RENISHAW inWia) were

used to analysis the structure of the GOB.

2.5. Antifungal Activity Test

Antifungal activity assay was carried out according to the reported method [48]. The
powder of GO, RGO, GOC and the GOB were pressed into 13 mm diameter sized
pellets (thickness=1 mm), and they were individually affixed onto the beef extract
peptone solid medium. Then, 10 uLL Mucor racemosus (M. racemosus) suspension was

dropped in the center of the plate and was aerobically cultured at 37 °C. The fungi were



allowed to grow and expand from the medium center to the pellet surface. After 120 h
incubation, fungal growth was observed and recorded with a camera. The morphologies
of fungal cells on the sample surface were observed using a Hitachi S-4700 scanning
electron microscopy (SEM). Before SEM observation, the fungal cells were
immobilized and dehydrated through 2.5% glutaraldehyde and gradient ethanol (50, 60,

70, 80, 90 and 100%), respectively [48].

2.6. Cytotoxicity Evaluation

MTT assay was used to evaluate the cytotoxicity of the synthetic GO, RGO, the GOC
and the GOB. Briefly, the MTT test was performed based on the European standard EN
1SO10993-5:2003. Firstly, L929 mouse fibroblast cells were propagated in Roswell
Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal bovine
serum (FBS), 100 uints mL™* penicillin and 100 pg mL™ streptomycin at 37 °C in a
humidified condition of 95% air and 5% CO>. L929 cells in logarithmic growth-phase
were collected and seeded in 96-well plate (8 x 10* cells per well) for 24 h.
Simultaneously, the four material tablets (diameter=1.1 cm, double side) were
ultraviolet sterilized and infused in 2 mL RPMI 1640 medium for 24 h. Then, those
impregnating solutions were used as the complete cell culture medium, by adding 10%
FBS, 100 units mL™ penicillin and 100 pug mL™ streptomycin generally. After
removing the culture medium from above mentioned 96-well plate, the impregnating
solution was used as new culture medium (100 pL) at the same conditions for another

48 h. Thirdly, an MTT assay was performed by adding 20 uL. MTT working solution
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(5 mg mL™) to each well and then cells were incubated for another 4 h. After that,
culture medium was replaced with 150 uL. DMSO. Lastly, the absorbance of the
solution was measured by ThermoMax Microplate Reader at 490 nm, and the value of
relative growth rate (RGR) was calculated according to the formula as follows: RGR
(%)=Absag0 sample / Absag control x 100. Finally, the toxicity grade of each material

was assessed.

3. Results and Discussions

3.1. Material Characterization

The GOB was obtained through two steps of surface grafting (Scheme 1). At the first
step, thiomalic acid is used as the linker to increase the surface carboxyl groups of GO.
Although GO contains large numbers of oxygen functional groups, the carboxyl groups
are limited and mainly concentrate on the edge of GO nanosheets [51,52]. These small
amount of carboxyl groups limits the grafting of borneol. Therefore, thiomalic acid was
used to effectively increase the amount of carboxyl groups on GO surface. Moreover,
when borneol was modified by esterification with carboxyl groups, the linker is in favor

of improving the distribution of borneol on the surface of GO nanosheet.
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Fig. 1. (A) The optical images of the water dispersion of GO, RGO, the GOC and the

GO RGO GOC GOB

GOB. (B) The WCA of GO, RGO, the GOC and the GOB. Data are mean * standard

deviation (n = 5).

Because the grafting functional groups were different, the aqueous dispersion was
variation during this process. As shown in Fig. 1A, GO with abundant oxygen
functional groups can evenly disperse in water. While after a general reduction reaction,
the obtained RGO is hydrophobic and aggregates at the bottom of disk. Water contact
angle (WCA) of RGO changes to 99° from the original 62° of GO (Fig. 1B). When
grafting thiomalic acid to GO through click reaction, GO is reduced in a certain extent
[53], and the obtained GOC could be a stable but black solution. As the grafted
thiomalic acid is hydrophilic, the water dispersion of the GOC is greatly enhance
comparing with that of RGO (Fig. 1A). The WCA of the GOC is about 70° (Fig. 1B).
Borneol is a hydrophobic bicyclic monoterpene. When borneol grafted onto the GOC,

the carboxyl in the GOC was replaced by borneol-ester. Thus, the obtained GOB
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aggregates again (Fig. 1A). Black particles are visible, and most of the GOB particles
precipitate at the bottom. The WAC of the GOB tablet increased to 75° (Fig. 1B). These
phenomena indicated that borneol was successfully grafted to GO.

FTIR spectra was conducted to further verify the GOB composite (Fig. 2A). In the
spectra, a broad O—H stretching peak is observed at 3397 cm ™! for GO, whereas this
peak in the GOC or the GOB is shrunk as well as in RGO. Besides, the aromatic C=C
stretching peaks (1558 cm™) in the GOC and the GOB become apparent. These
phenomena were in an agreement with the aforementioned results that the GOC and the
GOB are partially reduced during the grafting process. After the modification of GO
with thiomalic acid, the relative intensity of the epoxy C—O stretch (1044 cm ™) of the
GOC significantly decreased, suggesting that thiomalic acid has been grafted on
graphene by ring opening reaction [54]. In the case of the GOB, the peak of ester (C—O
at 1175 cm™) is greatly enhanced. Simultaneously, the sp® and sp? C—H stretch of
borneol at 2922 and 2855 cm™* are distinct. These results further revealed that borneol

has grafted on GO successfully.
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Fig. 2. (A) FTIR, (B) XRD and (C) Raman analyses of GO, RGO, the GOC and the

GOB.

The grafting borneol can result in the change of structure of the GOB. Thus, it was
characterized by XRD and Raman spectra. In Fig. 2B, GO has a typical diffraction peak
at 26=12°. When carboxyl acid or borneol is grafted to GO, the diffraction peak is broad
and centered at 260=25° (d=0.35 nm). This peak is similar with RGO, suggesting that
the reducing property of the grafting process. But, there is a new emerge peak at
26=18.5° (d=0.48 nm) in the GOC when compared with RGO. This is mainly due to
the presence of carboxyl acid groups, which increased the d-space between graphene
sheets. Consistent with this surmise, the diffraction peak at 26=18.5° notably increases
in the GOB because borneol is a cage structure that its steric hindrance further increases

the d-space of the GOC. Raman spectra (Fig. 2C) shows that they have similar Raman
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peaks that the G peak is around 1593 cm™* and the D peak is around 1358 cm ™. The D
peak and the G peak represent the structural defects and the first-order scattering of the
E2g mode, respectively [55]. The integral area ratio (ID/IG) of GO is about 1.27, while
that of RGO increases to 1.65 because of the disordered structure caused by reduction
reaction. The linkers can slightly reduce GO, so the ID/IG ratio of the obtained GOC is
up to 1.46. Borneol’s introduction can further destroy the structure. The GOB has more
defects, and the ID/IG ratio is about 1.51. The 2D band of the GOB is located at about
2695 cm?, and the 2D/G ratios is 0.24. According to the previous study [56], the GOB
is multi-layer graphene sheets. These results implied that the GOB surface had many
structural defects capped with borneol groups.

EDS characterizations (Fig. 3) show a distinct difference for the element content
of the GOB when compared with that of GO. Apparently in an equal area, the
distribution of C element and S elements in the GOB are observably increased, while
the distribution of O is less than that in the GO, indicating that borneol is uniformly
distributed on the surface of graphene. Specifically, the amount of S is increased to 1.6
wit% from 0.7 wt% of the original GO (Table 1), suggesting that the linker of thiomalic
acid is grafted. According to the content of S element in thiomalic acid, we can calculate
that the grafting linkers on GO are about 5.1 wt%. Deducting the amount of C element
(1.4 wt%) in the linker, there are about 18.5 wt% of C element increased by the grafted
borneol. The grafting rate, therefore, could be calculated that approximately 23.8 wt%

of borneol was grafted on the GOB.
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Fig. 3. (A) SEM image of GO and the corresponding EDS mapping of (A1) C, (A2) O

and (A3) S elements. (B) SEM image of the GOB and the corresponding EDS mapping

of (B1) C, (B2) O and (B3) S elements. The scale bar is 5 pm.

Table 1. The elements compose of GO and the GOB?.

C (wt%o) o S (Wt%)
GO linker  borneol (Wt%%) GO linker  borneol
GO 60.9 38.5 0.7
60.9 -- -- 0.7 -- --
GOB 80.8 17.6 1.6
60.9 1.4 18.5 0.7 0.9 --

2 The bold and the italic numbers represent the total and the subunit contents (wt%),

respectively. Linker represents thiomalic acid.



3.2. Antifungal activity

Considering that the GOB is not an active fungi-killed agent, an antifungal adhesion
test (Landing Test as shown in Fig. 4A) was designed to test its antifungal activity. Four
tablets of GO, RGO, the GOC and the GOB equidistantly adhere on the solid medium,
and M. racemosus solution is dropped in the center of the plate. When M. racemosus
divergently grows and slowly contacts with the materials, it can choose to bypass or
adhere on the materials. After 5 days’ incubation, a significant phenomenon can be
observed that M. racemosus passes through the location of the tablets and adheres on
the surface of some tablets (Fig. 4B). The RGO tablet is covered complete by M.
racemosus, and the GO tablet and the GOC tablet are gradually covered with M.
racemosus. The GOB tablet is the only one that no M. racemosus cells adhered or grew
on it (Fig. 4B). Look closely to the frontier of the tablets, we can see that a large number
of M. racemosus cells gathers in the frontier of the tablets of GO, RGO and the GOC.
The edges of the tablets are ambiguous, and lots of M. racemosus cells climb on the
surface of them (Fig. 4C). This result was consisted with the previous study that solid
GO or solid RGO is no resistance to fungi [29]. They can arbitrarily propagate on the
surface of these materials. In contrast, the GOB displays perfect antifungal activity. M.
racemosus grow outside the GOB tablet. Only a few individual cells scatter in the edge

of the GOB.
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Fig. 4. Antifungal activity of GO, RGO, the GOC and the GOB. (A) Schematic
representation of antifungal model. (B) Optical photograph of antifungal activity of the

samples by culturing M. racemosus for 5 days. (C) Enlarged images of (B).

SEM measurements were carried out to study the morphologies of the adhered M.
racemosus on the above-mentioned tablets. Generally, the reproduction of M.
racemosus undergoes spherical growth and hyphae formation [57]. Once the material
is capture by M. racemosus, there are large number of hyphae left on the surface of the

material. As shown in Fig. 5, there are large numbers of grown sporangia and hyphae
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adhering on the surface of GO, the GOC and especially RGO. M. racemosus climbs on
and reproduces on the surface of these materials. The spores therein keep growth vigor
as they are obviously invagination. But for the GOB, its surface is clean, and only a few
hyphae are found near the boundary. The serendipitous spores are in the resting state
that presents a whole sphericity. These phenomena indicated that the GOB inhibited

adhesion and growth of M. racemosus, and thus is a powerful antifungal material.
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Fig. 5. Scanning Electron Microscope (SEM) images of antifungal adhesion results for

the surface of GO, RGO, the GOC and the GOB.

3.3. Antifungal Mechanism

The GMs are widely studied as antimicrobial materials [6—10,15]. The recognized
mechanisms mainly include nanoknives generated by the action of sharp edges,
oxidative stress mediated with reactive oxygen species (ROS) production or charge
transfer, and membrane wrapping or trapping derived from the flexible graphene sheet
[7]. However, most of these mechanisms are set forth when the GMs are dispersed in
solution. Recently, Jia et al revealed that needlelike nanostructure of the solid graphene
surface can destroy bacterial membrane and trigger the efflux of cytoplasmic inclusion.
Besides, bacterial metabolism is disturbed by ROS production and charge transfer on
the surface of solid graphene [58].

However, these antibacterial mechanisms are not feasible in antifungal
performance of on-surface GO or RGO (Fig. 4 and 5). Both of them have no resistance
to the contamination of fungi. As one kind of filamentous fungi, M. racemosus contains
a large member of hyphae, and these hyphae can develop from any of the spore types
[57]. Thus, these hyphae like the hands of M. racemosus to feel and identify the surface
of the materials. As shown in Fig. 5, hyphae are about 200 um length [57], which are

much larger than bacteria (about 1-3 pum). Therefore, the hyphae are large enough that
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they can weaken the damage caused by the needlelike nanostructure of the solid GO or

the solid RGO (Scheme 2) [58].

Live Fungi (~200 pm) Needle-Like
Dead Bacteria (~1 pm) Graphene Edge

Cage-Like
Borneol

Scheme 2. Schematic representation of the antifungal mechanism of the GOB. Fungi
are large enough that they can weaken the damage caused by the needlelike
nanostructure of the solid GO, while fungi avoid adhering on the surface of the GOB

by sensing the carbon stereochemistry of the GOB.

When borneol was grafted to GO, the obtained GOB showed long-term antifungal
performance. This fact was mainly due to the following reasons. First, borneol is a
camphane-type bicyclic monoterpent that has complex carbon stereochemistry. It has
three chiral centers within the molecular cage. Compared with the compounds contain
ethylene glycol groups or hydroxyl groups, this kind of bicyclic carbon cages are
correlated with lower microbial attachment [59]. Its small molecules can highly damage
and disrupt fungal cell walls, and cause disappearance of cellular organelles [60]. When
borneol was grafted to GO, the obtained GOB inherited the carbon stereochemistry on

material surface. Microbes driving by the sensing system will avoid contacting or
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adhering with this cage-like molecular structure (Scheme 2) [59]. Second, borneol is
anchored on the surface of GO nanosheet by the linker (thiomalic acid). These linkers
are in favor of increasing the amount and improving the distribution of borneol on the
surface of the GOB. In addition, the covalent banding between borneol and GO prevents
the shedding of borneol. This physical and chemical stability prolongs the antifungal
performance of the GOB. Third, because the linker is flexible, large numbers of borneol
can swing freely on the surface of the rigid GOB. These flexible borneols effectively
disturb the contacted M. racemosus on the surface of the GOB [26]. The fallen cells
will also be suppressed by those surface borneol signal molecules through influencing
the cell’s sensing system [46]. In another word, M. racemosus perceive the defence on
the surface of the GOB and avoid contact with the solid GOB tablet. Therefore, this
strategy of surface stereochemistry is in favor of antifungal performance.

Furthermore, the effect of carbon stereochemistry is more important than that of
surface wettability on the antifungal performance of the GOB. Although the WCA of
RGO (99°) is higher than that of the GOB (75°), the antifungal activity of RGO is
weakest (Fig. 3B). At the same time, more hydrophilic surfaces of GO (62°) and the
GOC (70°) also showed no resistance to M. racemosus. Both of these materials could
not defence the infection and adhesion of fungi on their surface, since fungi easily
climbed on the surface of these materials without any obstacles. Clearly, although the
wettability of the GOB is the one in the middle, the GOB is the only one that showed

great antifungal performance. Therefore, it is carbon stereochemistry rather than
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surface wettability endows the GOB a superb performance in inhibiting M. racemosus

adhesion and growth on the surface.

3.4. Cytotoxicity Evaluation

To further confirm the biocompatibility of the GOB, MTT assay was carried out with
reported method [61]. As shown in Fig. 6, the RGR of GO, the GOC and the GOB are
about 80%. According to the standard toxicity rating, the cells toxicity of these
materials are in grade 1, suggesting that these materials are no toxicity in the framework
of safety for use. But the RGR of RGO is below 50%, presenting high cell toxicity in
grade 3. This result was also in an agreement with the previous study that RGO can
significantly reduce the cell viability compared with GO [17]. Overall, the GOB is non-

cytotoxic and can be safely used for related applications.

0.8 -
0.6 —
0.2 -
0.0 - : T r r
RGO GOC GOB

Control GO

Relative Growth Rate

Fig. 6. MTT assay of GO, RGO, the GOC and the GOB. Data values corresponded to

mean + SD (n=6).
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4. Conclusions

In summary, we developed a novel graphene-based antifungal material GOB by
esterification of borneol with thiomalic-acid-modified GO sheets. With a modified
density of 23.8 wt% of borneol, the antifungal activity of the GOB displays a
dramatically conversion from GO’s affinity to distinct antifungal adhesion and growth
inhibition. Deeply insight revealed that the carbon stereochemistry of the GOB was
essential for this powerful antifungal performance. The covalent banding between GO
and borneol molecules ensured its safe and long-term antifungal characteristic.
Cytotoxicity assay also highlighted biocompatibility of the GOB. Thus, we believe that
this work not only develops new strategies to control fungi adhesion, but also presents
a new understanding of the GMs for advancing potential applications in antifungal

fields.
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