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Fungal contamination could increase exponentially on any convenient sites if without antifungal agents, thus
seriously threatening human health. In this work, a cooperative fungal repelling coating has been fabricated by
surface photografting polymerization of bi-molecules, polyethylene glycol diacrylate (PEGDA) and bornyl
acrylate (BA), which combined amphiphilic feature with stereochemical fungal repelling strategy. ATR-FTIR and
EDS were used to confirm the synthesized copolymers. The surface microstructures of the coating film were
showed with AFM and SEM images. The cooperative enhancement of fungal repelling performance has been

demonstrated through modulating the ratio between hydrophilic PEGDA and hydrophobic BA. When the ratio of
monomers was 1:1, the coating exhibited the best cooperative effect on anti-adhesion of Aspergillus niger. Binary
cooperation between PEG ring and bornyl cage is considered to play a crucial role in this coating system.
Therefore, amphiphilic-stereochemistry is believed to be an effective strategy to prevent fungal adhesion.

1. Introduction

Microorganisms (such as bacteria, fungi, etc.) adhere to the surface
of materials and form biofilms that may cause related infections and
even human death [1]. Thus, preventing harmful microorganisms from
contaminating the material surface has become a research hotspot in the
fields of biomedicine and food storage [2,3], especially under COVID-19
pandemic conditions. A number of methods have been developed to
prevent microbial adhesion [4-6], such as non-release coating based on
polyethylene glycol (PEG) [7], zwitterions [8], etc. and release coating
based on metal ions [9], antibiotics [10], etc. Most of these reports have
demonstrated the effectiveness of either individual or synergistic anti-
microbial adhesion methods against bacteria, but only few have been
associated with resistance to fungal adhesion. Fungi can adhere to the
surface of most materials and spread spores, posing a serious threat to
human health [11]. Therefore, it is of great significance to develop new
fungal repelling surface.

In recent years, a series of borneol-based polymers have shown anti-
adhesion and anti-biofilm formation effects on bacteria and fungi
[12-14]. By grafting borneol to the surface of graphene [15] and textiles
[16], anti-adhesive effects against bacteria and fungi were also ach-
ieved. It is believed that these unique antimicrobial adhesion properties
are caused by the complex stereochemical structure of borneol
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molecules. However, when we tried the surface photografting poly-
merization [17-19], which can modify various inert polymers surface
only containing C—H, we found that bornyl acrylate (BA) monomers
couldn’t achieve the ideal fungal repelling effect.

We have also noticed that PEG and its derivatives are widely used in
the surface modification of biomedical materials to prevent protein and
microorganism adhesion [20], but their resistance to fungal adhesion is
insufficient [21-24], in particular on linear PEG modified surface.
Maybe it is because most fungi like wet environments [25,26], and the
surface of PEG just provides hygroscopicity or a wetting property [27].

Herein, a new surface-photografting method combining the two
molecules of hydrophobic BA and hydrophilic PEGDA was proposed.
Both of them contain distinct stereochemical characteristics of borneol
cage and glycols coil. By optimizing the ratio of hydrophilic coil to hy-
drophobic cage, the synergistic effect of both film-forming and fungal
repelling properties can be achieved under the unique bimolecular
cooperation. To our knowledge, this is the first time to improve fungal
repelling properties based on the amphiphilic stereochemical strategy.
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Scheme 1. Process of surface photografting. UV light was used to initiate polymerization and grafting of BA and PEGDA monomers onto PAN surface in two steps.

2. Experiment
2.1. Materials

Isopropyl thioxanthone (ITX) and isobornyl acrylate (BA, 98%) were
purchased from J&K Scientific. Polyethylene glycol diacrylate (PEGDA,
Mn ~ 200) was purchased from Meryer (Shanghai) Chemical Technol-
ogy Co., Ltd. Benzophenone (BP) was purchased from Fuchen Chemical
Reagent Co., Ltd. Acetone, dichloromethane, ethanol dimethylforma-
mide (DMF) were purchased from Beijing Chemical Plant. Poly-
acrylonitrile (PAN) powder was purchased from Zhengzhou Alpha
Chemical Co., Ltd. Aspergillus niger (A. niger, ATCC 16404) was pur-
chased from China Centre of Industrial Culture Collection. Malt Extract
Agar was purchased from Beijing Aoboxing Biotechnology Co., Ltd.

2.2. Preparation of PAN films

PAN powder (10 g) was first dissolved in 60 mL DMF, then placed in
an incubator at 210 rpm, 60 °C for 24 h. After completion, it was put into
a vacuum box at 60 °C to get rid of the bubbles. PAN films were prepared
by automatic coating machine. Briefly, PAN powder solution was
poured over the Non-woven and then set the thickness to 200 pm to
complete the coating process. Finally, the films were immersed in
deionized water for 24 h with a change of water every 12 h to complete
the phase inversion process.

2.3. Surface photografting of PAN films and characterization

PAN films were cut into 8 cm x 8 cm squares. The process of surface
photografting is shown in Scheme 1. As previously described [28], the
process is performed in two steps. PAN was first modified with BP and
ITX. Briefly, a predetermined amount of ITX and BP acetone solution
(80 pL, 0.3 g-mL~!) was coated onto the PAN film and then spread into a
very thin liquid layer by a quartz plate (10 cm x 10 cm), thus giving rise
to a reaction model. The model was irradiated for 8 min at room tem-
perature under a 1000 W high-pressure mercury lamp (Light intensity is
30,000 Lux, main wavelength 365 nm). After irradiated, the PAN film
was immersed in acetone solution at least 5 h and ultrasonic cleaning 10
min to remove unmodified BP and ITX. Finally, the films was dried in an
oven at 30 °C for at least 12 h and stored in a dark place, completed the
first modification step. UV-vis (UV-3600, Shimadzu Corporation,
Japan) measurements were used to check the modified result of BP and
ITX onto PAN surface. Before the measurements, the films were cut and
fixed on specimen stages.

BA and PEGDA were purified by passing through a basic alumina
column before use. The monomers were formulated into 80 wt% acetone
solutions in 10 mL sample bottles according to different ratios and
denoted as Px (x = 0, 25, 50, 75 and 100, meaning mole percent of BA
monomers). The second step of the grafting process is similar to the first
step of modification. A typical synthesis procedure of P5( coatings was as

follows: First, the modified PAN film was placed on a quartz plate, and
then 100 pL of the Psq solution was gently pressed on the surface of the
film with a quartz plate to form a thin liquid layer and discharge bub-
bles. Finally, the model was placed under a high-pressure mercury lamp
and irradiated at room temperature for 8 min to complete the grafting
process. The grafted films were immersed in dichloromethane and
ethanol in sequence, soaked for 12 h and ultrasonically cleaned for 30
min each time to remove unreacted monomers and homopolymers. The
surfaces of the films were washed with ethanol and dried in vacuum to
constant weight to obtain PAN films with graft coatings. All the solutions
involved in the above process were deoxygenated with bubbling nitro-
gen for 20 min before use.

The conversion and grafting degree of the monomer were confirmed
by weighing the film quality and calculated by the following formulas:

Monomer Conversion = (W;-W,)/W, x 100% 1

Grafting Degree = (G1-Gy) /Gy x 100% 2)

Here, Wy and G respectively represent the total and the per unit area
quality of the blank film (10 mm diameter disc sample). W; and G;
respectively represent the total and the per unit area quality after pho-
tografting. Wy represents the total quality of monomers added to the
surface of the film.

The coatings were characterized with Attenuated Total Reflection
Fourier Transform Infrared Spectroscopy (ATR-FTIR), Energy Dispersive
Spectrometer (EDS), water Contact Angle (WCA), Scanning Electron
Microscope (SEM) and Atomic Force Microscope (AFM). ATR-FTIR was
performed on Spectrum 100 spectrometer (PerkinElmer Co. Ltd., USA).
CA was performed on a JC2000C (Zhongchen digital technic apparatus
Co. Ltd., China). The image of 2 pL of water droplets on the sample is
recorded by a digital video camera. For each group, take at least three
measurements for calculating average values. AFM images of films were
obtained by Dimension Fastscan 2 (Bruker Co. Ltd., Germany). EDS and
SEM measurement were obtained using JSM-7500F (JEOL Ltd., Japan).
Spray gold on the sample before measurement and set the voltage at
10.0 kV.

2.4. Resistance to fungal adhesion tests

A typical mold A. niger was used in this study. The stored A. niger was
transferred from the slant culture medium to the wort agar medium with
a transfer loop, and cultured in a mold incubator at 30 °C for 7 days.
After that the spores on the surface of the culture medium were scraped
with transfer loop and transferred to a Cryogenic Vials with 20% (v/v)
glycerin physiological saline solution to obtain spore solution.

To evaluate the fungal repelling activity of different coatings, all
samples with graft coating were cut into circles with a diameter of 10
mm, and the blank PAN film was used as a control.

The “landing experiment” was performed to study the interaction of
A. niger and different coatings. In short, each side of five samples with
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Fig. 1. The net mass change and structure characterization of surface photografting with different coating rates. (a) Monomer conversion, (b) net mass, (c) grafting

degree, (d) ATR-FTIR Spectrum (e) EDS, and (f) water contact angle.

different coatings and blank sample were under a UV lamp. The coated
side was fixed upward on the surface of the wort agar medium. Then, 7
L of the spore solution was dripped on the medium about 15 mm from
the sample for forming the culture model. Finally, the model was placed
in 30 °C mold incubator, and photographs were taken every 24 h to
observe the film surface contamination by A. niger. Each experiment was
repeated at least three times.

3. Results and discussion
3.1. Coating characterization

Since the two photoinitiators have ultraviolet absorption character-
istics [29,30], UV-vis was used to prove whether the photoinitiator was
successfully grafted onto the substrate in the first step [31] (Fig. S1). As
previous study [28], the second step graft polymerization of acrylic
monomers can be initiated when the absorbance of the modified sub-
strate by the initiator reaches 0.08 at about 385 nm. Compared with the

blank sample, sufficiently strong absorption band at 265 nm and 385 nm
can be observed in the modified film, these absorption bands were
believed to be related to the uniform modification of BP and ITX.
Then, net mass change was calculated to check the monomer con-
version and grafting degree. Fig. 1a shows the monomer conversion of
different coatings. The Py coating has low monomer conversion, only
4.8% according to formula (1). The monomer conversion rate of the Py5
coating improves to 35.8%. When the PEGDA content reaches 50%,
75%, and 100%, the monomer conversion rates are 59.2%, 59.4%, and
66.0%, respectively. Fig. 1b shows the net mass of different samples per
unit area (10 mm diameter disc sample). Compared with the blank
group, the mass increase of P1gg, P7s, Psg, P2s, and Py are 0.7 mg, 2.13
mg, 2.93 mg, 2.77 mg, and 2.77 mg respectively. Thus, the grafting
degrees (Fig. 1c) are 8.4%, 27.0%, 35.9%, 31.6%, and 32.8% respec-
tively, according to formula (2). This fact is roughly consistent with the
measurement of the above monomer conversion results. P1go has the
lowest grafting degree. The grafting degree of Pys is improved when
adding a small amount of PEGDA. Further increasing the addition
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Fig. 2. Surface morphology of the coatings. AFM surface height and phase images (a), and SEM cross-section images (b) of blank, P10, P7s, Pso, P2s and Po samples.

amount of PEGDA, the grafting degrees are up to 30%. Pso has the
highest grafting degree, but there is no statistical difference from the
other two samples (Pys, Pp). Together, these results suggest that BA
monomer caused insignificant net mass changes, which may be due to
the large carbon cage of the BA monomer that leads to an increase in
steric hindrance and reduces collisions with surface free radicals.
However, with the addition of PEGDA, the monomer conversion has
been greatly improved. PEGDA increases the probability of collision
with the surface free radicals; moreover, PEGDA with bifunctional
groups can form a stable coating with a crosslinked structure. These
results indicated that the addition of PEGDA improved the stability of
the grafted coating since the mass change tended to be constant.

The purpose of ATR-FTIR characterization was to determine the
functional groups and chemical bond types of different coatings.
(Fig. 1d). A significant —CHj stretching absorption peak at 2959 c¢m ™!
was found in all grafted samples, which is unique to methyl groups of
borneol molecules. In addition, all grafted samples showed character-
istic peaks of polyacrylate at 1720 cm ™! for C=0 and 1160 cm™for
C—O0. Meanwhile, compared with the peaks of the P1¢g sample, the P,
Pys, Pso, P75 samples appeared a new peak at 1100 cm™?, corresponding
to the signal of C-O-C stretching, which is the characteristic peak of
polyethylene glycol. It is worth noting that as the proportion of mono-
mers changes, the characteristic peaks corresponding to the two

monomers show regular changes. As expected, the two monomers were
successfully grafted to the PAN surface in the corresponding proportion.
However, the characteristic peak of -C = N (2240 cm’l), which is
unique to the PAN substrates, was detected in the blank and group P;¢o
but not in Py, Pas, P50, P7s. Therefore, it implied that the graft coating of
P00 has not been completely covered with grafting polymer, while the
graft coating of Py, Pas, Pso, P75 had a continuous coverage.

EDS was used to measure the C, O, N elemental composition of the
coatings and the control group. Fig. 1le shows that with the increase
content of PEGDA monomer, the percentage of O element has a regular
upward trend, which is because the PEGDA monomer contains more O
atoms than BA monomer. Similarly, the N element in the P1o9 group
further proves that the PBA-grafted coating is a discontinuous coverage.
This is consistent with ATR-FTIR result.

The water CA (WCA) was used to exhibit the wettability of the
coatings. Fig. 1f shows the blank group a hydrophilic WCA of 81.6°. In
the sequence from Pigp to Py, the WCA exhibits an enhancement of
hydrophobicity in the order of 91.8°, 95.0°, 91.9°, 90.1° and 86.8°,
respectively. This phenomenon can be attributed to an increase in the
content of PEGDA units on the surface. Since BA units have a large hy-
drophobic carbon cage structure, while the PEG unit is hydrophilic,
when PEGDA units increased in the coating, the hydrophilic properties
should gradually improve. But, an interesting phenomenon is that the
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Fig. 3. (a) Schematic illustration of “Landing experiment” experiment for A.niger repelling assay of coatings. Contamination of surfaces of different materials (b) and

their micrographs (c).

surface of P75 showed higher hydrophobic WCA than P;(. On one hand,
the poor modified quality of P;go could not completely cover the PAN
substrate. The exposure of the PAN substrate results in a relatively lower
hydrophobicity. On the other hand, the addition of PEGDA increases the
grafting degrees of P75 (from 8.4% to 27.0%). In another word, far more
BA units are grafted to the surface of the group Pys. Thus, P75 exhibits
the highest hydrophobicity among all groups.

In order to confirm the structural morphology of coating, the samples
were characterized by AFM and SEM. The height and phase images of
these surfaces were obtained via AFM (Fig. 2a). The AFM height images
showed the surface roughness. In the sequence from Ppgg to Py, the
roughness Rq were 201, 46.1, 40.3, 45.2, and 36.8 nm, respectively. The
Rq of the blank sample was 23.5 nm. P1¢( group has a relatively higher
roughness, while there is no significant difference in roughness and
surface morphology of the group to which the PEGDA was added. The
corresponding phase images further provide more information of the
surface structure. Compared with the blank group, all coatings appeared
microphase separation phenomenon. Due to the exposure of the sub-
strate, P1oo can observe larger separation domains. However, Py also has
separation domain, which may be due to the formation of hydrophilic
polyethylene glycol segments and hydrophobic polyester segments. It is
worth noting that after the two monomers are grafted onto the surface of
the substrate, slight microphase separation structure was appeared in
Py5 and Psp, while large size separation domains were observed in the
Pys group. Thus the ratio of BA/PEGDA in the coating played an
important role in the appearance of microphase separation. When the
ratio of BA/PEGDA was 1/1 or 1/3, the two polymers in the coating are
uniformly dispersed. With the gradual increase of BA addition, the two
polymers cannot be well dispersed. When pure BA is grafted on the

surface, the continuous phase structure cannot be formed. This is
because pure BA has low grafting efficiency. BA is grafted onto the
surface of the substrate in the form of a polymer island, meanwhile a
large number of polymers exist as homopolymers without being grafted
on the surface. Similarly, it can be seen from the SEM (Fig. S2) results
that the coatings of Pys, Psg, Pas and Py have relatively smooth struc-
tures, while the surface of the group of Py is uneven. Fig. 2b shows the
cross-section SEM images of different coatings. Compared with the blank
group, all samples containing PEGDA monomer can clearly see the
uniform and continuous graft coatings. However, ungrafted substrate
was observed in the Py group. This is consistent with the structure of
the discontinuous phase grafted by the pure BA we previously
speculated.

3.2. Resistance to fungal adhesion

The resistance to fungal adhesion of different coatings against
A. niger was investigated, as shown in Fig. 3. A visual “landing experi-
ment” model (Fig. 3a) is designed. Briefly, samples with different coat-
ings were co-cultured with A. niger, and recorded the contamination of
the material surface at regular intervals. Fig. 3b shows the inhibition
results of A. niger landing. By the fourth day, the surface of the blank
group had been contaminated with A. niger and a large number of spores
were adhered. Ppgo, Pys5 and Py showed different degrees of spore
adhesion on their surface. In the Pos and Psg groups, spores were found
only at the edges and most of the surfaces were clean enough. After 8
days, the spore adhesion on the blank, P1gg, P75 and Py surface was
aggravated, but the surfaces of the Po5 and Psg groups were still clean
besides the edges. A microscope was used to more accurately observe the
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Scheme 2. Schematic representation of the fungal repelling mechanism of P, (a) Po (b) and Psq (c) coatings.

adhesion of spores on the surface after 8 days. As shown in Fig. 3c,
spores adhesion were seen on the central of the surface of blank, P;qo,
P75 and Py, and sporadic spores were also observed on the surface of the
P,s5 coating; while no spores adhesion was found on the surface of the P55y
coating. From the previous characterization, the Pso and Py5 coatings
have a more uniform continuous phase structure, which can effectively
prevent the adhesion of A. niger. An emergent phenomenon is that the
coatings of P1gp and Py cannot completely resist spore adhesion; when
equivalent PEGDA and BA are added (Fig. 3c, Psp), the anti-adhesion
effect is the best. These results indicated that BA and PEGDA have a
synergistic effect against the adhesion of A niger.

3.3. Fungal repealling mechanism

As a filamentous fungus, A. niger can grow from any spore and
contaminate many substrates. Due to the stereochemical structure,
borneol cage has been shown to have anti-adhesion properties when it
was grafted on substrates [14,16]. However, limited by reaction effi-
ciency of the BA monomer, the island pattern of the Py coating will
cause the exposure of the hydrophilic substrate, thus cannot resist the
adhesion of A. niger (Scheme 2a). In contrast, the P, coating can effec-
tively form a continuous grafted coating structure, but because of its
hydrophilicity (Scheme 2b), it provides a suitable wet surface for
A. niger, and even the unique glycol coil stereochemical structure is not
enough to completely inhibit A. niger adhesion. However, the copolymer
coating formed by BA and PEGDA is a hydrophilic/hydrophobic com-
bination, and this strategy has been considered to be effective in the field
of microbe repelling [32-34]. Our work indicated the coating formed by
borneol cage and glycol coils possesses the continuous coating. The

unique amphiphilic stereochemical coating (Scheme 2c¢) can effectively
prevent the fungal active adhesion on its surface.

4. Conclusion

The starting point of this study was to build a uniform and stable
fungal repelling coating with stereochemical strategy by surface pho-
tografting. We first tried to graft the monomer BA onto the surface of
substrate, but the fungal repelling effect was not good due to the poor
grafting ratio. PEGDA has the good grafting ratio, but the hydrophilic
surface showed unsatisfied anti-adhesion property. From the perspective
of binary cooperation, PEGDA was introduced as another functional
monomer to synthesize a composite coating with BA. Under the modu-
lated ratios of the bi-molecules, high quality continuous coatings can be
realized. They all show a certain resistance to fungal adhesion, but when
the ratio of the two monomers is 1:1, the anti- adhesion effect is the best,
which is not available when each monomer is used alone. This case
provided a deeper insight into the area of fungal repelling strategy based
on surface stereochemistry. That is, for the first time, the combination of
stereochemical bi-molecules, borneol (with a cage molecular structure)
and glycol (with a coil molecular structure), has proven to be efficient
and simple to form an amphiphilic coating by surface photografting with
powerful fungal repelling performance. Based on the understanding of
this amphiphilic stereochemical antimicrobial strategy it is promising to
design and develop new microbial anti-adhesion materials and surfaces
for the wide biomedicine and biosafty applications.
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