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Microbial adhesion and formation of biofilms cause a serious problem in several areas including but not limited
to food spoilage, industrial corrosion and nosocomial infections. These microbial biofilms pose a serious threat to
human health since microbial communities in the biofilm matrix are protected with exopolymeric substances and
difficult to eradicate with antibiotics. Hence, the prevention of microbial adhesion followed by biofilm formation
is one of the promising strategies to prevent these consequences. The attachment of antimicrobial agents,
coatings of nanomaterials and synthesis of hybrid materials are widely used approach to develop surfaces having
potential to hinder bacterial adhesion and biofilm formation. In this study, epigallocatechin gallate (EGCG) is
attached on p(HEMA-co-GMA) membranes to prevent the bacterial colonization. The attachment of EGCG to
membranes was proved by Fourier-transform infrared spectroscopy (FT-IR). The synthesized membrane showed
porous structure (SEM), and desirable swelling degree, which are ideal when it comes to the application in
biotechnology and biomedicine. Furthermore, EGCG attached membrane showed significant potential to prevent
the microbial colonization on the surface. The obtained results suggest that EGCG attached polymer could be
used as an alternative approach to prevent the microbial colonization on the biomedical surfaces, food processing
equipment as well as development of microbial resistant food packaging systems.

1. Introduction

The majority of healthcare associated infections are consequence of
bacterial adhesion and biofilm formation especially on biomedical de-
vices such as intravascular catheters, urinary catheters and orthopedic
implants [1-3]. The formation of biofilms starts with adhesion of bac-
terial cell to surface and grow to build a community in a form of
microcolonies, produce exopolymeric substances which not only act as
structural backbone for biofilms but also protects the microbial com-
munities from the antimicrobial agents as well as environmental assaults
[4-6]. Hence, the strategies that can prevent the primary adhesion of
bacterial cells to the surface of biomedical devices are attracting
immense attention. Various chemical and physical strategies have been
employed to prevent the microbial adhesion to biomedical devices.
These strategies include surface modification, coatings of antibiotics or
antimicrobial agents, incorporation of nanomaterials with strong
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antimicrobial behavior and antiadhesive coatings using passive poly-
mers, hydrogel and zwitterionic polymers [7-14]. In addition to that
covalent adhesion of quaternary ammonium cations, antimicrobial
peptides, and molecules having strong potential of inhibiting bacterial
quorum sensing are widely explored [15-19]. The physical strategies
include the surface modification to achieve superhydrophobic charac-
teristics which could prevent the bacterial colonization by
superhydrophobic-hydrophobic interaction [20]. Most of these ap-
proaches except anti adhesive coatings are based on the bacteriostatic or
bactericidal activity of coatings of antimicrobials or nanomaterials such
as metallic nanoparticles. Although these coatings are efficient in terms
of preventing biofilm formation, they potentially enhance the possibility
of antimicrobial resistant development and undesired toxicity of host
cells due to the release of metal ions from the metallic nanoparticles.
Hence, search of novel antifouling strategy continues aiming for the
development of surfaces which could repeal bacterial cells from

0927-7765/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:pandit@chalmers.se
www.sciencedirect.com/science/journal/09277765
https://www.elsevier.com/locate/colsurfb
https://doi.org/10.1016/j.colsurfb.2022.113024
https://doi.org/10.1016/j.colsurfb.2022.113024
https://doi.org/10.1016/j.colsurfb.2022.113024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2022.113024&domain=pdf
http://creativecommons.org/licenses/by/4.0/

O. Acet et al.

surfaces, and efficiently prevent the bacterial colonization to biomedical
devices while being harmless to human cells.

In this context, new high-performance polymeric materials have
received much attention in the last few decades in biomedical applica-
tions such as wound healing and antibacterial studies, cancer diagnosis,
synthetic organs, tissue engineering and drug carriers for controlled
release etc [21-26]. The desired polymer selection depends on the type
of membrane to be used, and the final application of the synthesized
membrane [27]. Poly(hydroxyethyl methacrylate) (pHEMA)-based
polymers, which are non-toxic and biocompatible ones with high water
content and permeability, are extremely attractive polymeric networks
[28]. They are among the major synthetic polymers and approved by
FDA (Food and Drug Administration in the United States) for utilizing in
biomedical, pharmaceutical, and industrial applications [29]. In the
literature, there is a wide application area of pHEMA based materials in
different forms. It has found wide usage area not only in the biomedical
field, but also as a solid support material in different fields of both
environment and biochemistry [30-34].

The modification of the membrane surface lets its properties to be
improved while retaining the intrinsic bulk features, and imparting the
valuable properties of material at the nanoscale to the membrane con-
struction [35]. It is well known that pure polymeric materials usually
cannot be utilized in all areas for high performance applications without
being modified [36]. The real significance of a modification is that it
provides a technique to improve surface properties while maintaining
the original matrix efficiency. Surface modification techniques of poly-
meric materials can be divided into physical and chemical methods.
Chemical methods may be preferred to physical ones because covalent
bonding provides long-term chemical stability [37].

The epigallocatechin gallate (EGCG) is a constituent of polyphenols
abundantly present in tea extract and shown to have broad range of
antimicrobial behavior while being harmless to human cells [38,39].
The potential of EGCG to prevent the biofilm formation has been
demonstrated by previous studies [38-40]. The inhibitory effect of
EGCG to disrupt the quorum sensing of bacterial cells has been suggested
as a key mechanism to prevent the bacterial colonization to surfaces
followed by the biofilm formation [40]. To utilize the excellent anti-
biofilm efficiency of EGCG, the molecules was attached to p
(HEMA-co-GMA) membranes as functional active molecules to prevent
the microbial adhesion. Synthesized membranes were characterized by
FTIR, SEM and surface contact angle devices to get some important in-
formation about functional groups, surface morphology and surface
hydrophilicity of the membrane. The potential of membranes to prevent
microbial adhesion were tested against S. aureus. The obtained results in
this study demonstrate the antiadhesion potential of EGCG attached
polymeric membranes which can be potentially utilized in the
biomedical devices or food packaging systems to prevent the microbial
attachment.

2. Materials and methods
2.1. Materials

2-Hydroxyethyl methacrylate (HEMA) and N,N,N “N ’-tetramethyl-
ethylene diamine (TEMED) were obtained from Fluka A.G (Buchs,
Switzerland). Glycidyl methacrylate, N,N * -methylene-bis-acrylamide
(MBAm), ammonium persulfate (APS), and other chemicals having re-
agent grade were purchased from Sigma (St. Louis, MO, USA). Used
water during experiments was purified with a Barnstead ROpure LP®
reverse osmosis unit (Dubuque, IA, USA). The (-)-epigallocatechin
gallate (EGCG) was purchased from sigma Aldrich (Sweden).

2.2. Synthesis of p(HEMA-co-GMA) membranes

HEMA and GMA monomers (each as 850 pL) were taken into the
falcon tube. Next, 0.5 mL of MBAAm solution (20 mg/mL in ethanol)
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was added to the monomer solution as a crosslinker. In addition, 0.5 mL
of ethanol was added to the monomer mixture to create a porous
structure in the membrane. After adding 0.5 mL APS (0.1 g/mL in dH50)
and 50 pL. TEMED solutions as initiator and as catalyst, respectively into
the monomer mixture. The acquired mixture was vortexed for 1 min to
obtain a homogenous media. This prepared mixture was poured into a
glass petri dish with a diameter of 2.5 cm. After the lid was closed, it left
at room conditions for 1 day to complete polymerization. In order to
remove non-polymerized residues from the synthesized membrane, it
was washed several times with EtOH-dH,O (50:50), and dH50. It was
checked whether the washing process was completed with a UV
spectrophotometer.

2.3. Attachment of epigallocatechin gallate to p(HEMA-co-GMA)
membranes

For this, epigallocatechin gallate (EGCG) solutions were prepared at
concentrations of 100, 200, 400, 600, 1000 pg/mL with 0.05 M car-
bonate buffer at pH 11. Then, the synthesized membranes were wetted
in 0.05 M carbonate buffer of pH 11 for equilibration for 2 h. And finally,
certain amounts of equilibrated membranes were treated with different
concentrations of EGCG solutions of 20 mL for 2 h for attaching EGCG
molecules. In order to remove non-reacted residues from the mem-
branes, they were washed several times with dH20. A spectrophoto-
metric method was used to determine the amount of EGCG bound to the
membrane surface [41,42]. According to this method, the pre- and
post-reaction concentrations of EGCG solutions were determined spec-
trophotometrically at 275 nm.

In order to calculate the amount of EGCG bound to the surface of the
membranes, the difference between the concentration of the initial and
post-reaction (including washing solutions) solutions of EGCG was
computed by using Eq. 1.
g= M e))

m

Here, q presents the amount of bound EGCG per gram (ug/g). C; and
Cy represent the EGCG concentrations (ug/mL) for initial and final so-
lutions, respectively. V is the solution volume (mL), and m is the weight
of the membrane used (g).

Methods such as elemental analysis and FTIR are also used to
determine the amount of active molecule bound to a polymeric surface.
However, certain conditions must be provided for the implementation of
these methods to calculate the concentration of active molecules on the
membrane. For example, in order to establish a stoichiometric equation
in the use of elemental analysis, different atoms must be present in the
polymeric structures and the bonded molecules. In this study, elemental
analysis method could not be used because the atoms in the polymeric
membrane and EGCG structures are similar. In the case of non-
homogeneous distribution of the active molecules attached to the sur-
face, the use of FTIR method for quantitative analysis may not give ac-
curate results. Against such analysis risks, it should be emphasized that
active substance determination in initial and final solution for the
quantification of attached molecule on the membrane used in this study
is more reliable.

A putative representation of EGCG attachment on p(HEMA-co-GMA)
membrane is shown in Fig. 1.

2.4. Characterization of p(HEMA-co-GMA) membranes

Synthesized p(HEMA-co-GMA) based membranes were character-
ized to investigate their functional groups and surface morphology by
using fourier transform infrared (FTIR) instrument (Perkin Elmer,
Spectrum 100, USA), multipoint Brunauer-Emmett-Teller (BET)
method (Quantachrome, Nova 2200E, USA), and scanning electron
microscopy (SEM, EVO LS 10 ZEISS 5600 SEM, Tokyo, Japan) devices
respectively.
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Fig. 1. Attachment reaction of epigallocatechin gallate on p(HEMA-co-GMA) membrane.

In addition, the synthesized p(HEMA-co-GMA) based membranes
were also tested for free and bound water content to calculate their
porosity. For this aim first, the water-saturated membranes were placed
in a known volume of deionized water in a graduated vessel, and the
volume change obtained before (Vp) and after (V,) addition of the
membranes was calculated (i.e., V,=V, —V;). The water-saturated
membranes (m,,) were subjected to two types of tests. In the first test,
the water in the swollen membranes was squeezed between two fingers
and the weights (m;) of the compressed membranes were recorded, and
the free water content (FWC) (porosity) of the membranes was calcu-
lated from Eq. 2. Here, p is the density of water.

Fwe =" """ 00 )

wYo

For calculation of total water content of the membrane, the following
Eq. 3 is used. Here mq is weight of membranes dried in an oven at 60 °C.

m,, — my
TWC =4
PV

W

x100 3

Water content bound inner and outer surface of the membrane was
computed from difference of two equations.

Contact angle measurement studies of plane and 100 ug/mL EGCG
attached p(HEMA-co-GMA) membranes were tested using the Kriiss
DSA100 (Hamburg, Germany) device. For this aim, 1 drop of dH,0 was
added on the synthesized p(HEMA-co-GMA) membrane surface, and
contact angles were taken with the sessile drop method. At least 10
different photographs were recorded from different parts of the mem-
brane surface, and an average value was computed.

2.5. Biofilm formation assay

Control and EGCG attached membranes were cut to achieve a piece
of 0.7 x 0.7 cm. The antibiofilm potential of EGCG attached membranes
was evaluated against S. aureus CCUG 10778. The overnight grown
S. aureus culture was diluted to fresh tryptic soy broth to obtain a final
inoculum of 2-5 x 10 CFU/mL. To grow biofilm, pieces of control and
EGCG attached membranes were placed in 24 well plate containing
1 mL of inoculum, and incubated for 4 h and 24 h at 37 °C. After
respective time of bacterial growth, surfaces were dip-rinsed with sterile
water and collected in 0.89% of NaCl to evaluate the number of adhered
bacterial cells. The colonized bacterial cells in membranes were
removed and homogenized by sonication (15 s; 10% of amplitude). The
homogenized solution was serially diluted and plated in agar plates to
count the colony forming unites (CFUs). The bacterial adhesion to
membranes were further examined by scanning electron microscope as
described previously [43]. Briefly, after 4h and 24 h of bacterial
growth, adhered bacterial cells on membranes were fixed using 3% of
glutaraldehyde for 2 h. The fixed samples were dehydrated using graded
series of ethanol (40, 50, 60, 70, 80, and 90 v/v%) each for 10 min and

with 100 v/v% for 15 min. The dehydrated samples were dried at room
temperature for overnight and sputter coated with gold (5 nm). The SEM
images were acquired using JEOL JSM 6301 F (Carl Zeiss AG, Jena,
Germany). Furthermore, the density of live and dead bacterial cells on
membrane surfaces was examined by using fluorescence microscopy as
described previously [44]. Briefly, the bacterial cells adhered on the
surfaces (after 4 h of growth) were stained with the mixture of 6.0 pM
SYTO 9 and 30 uM potassium iodide from Live/Dead BacLight Viability
kit L13152 (Invitrogen, Molecular Probes, Inc. Eugene, OR, USA).
Fluorescence microscopic images of the stained biofilms were acquired
by using a Zeiss fluorescence microscope (Axio Imager.Z2m Carl Zeiss,
Jena, Germany). The acquired images were further analyzed for the
quantification of different color intensities using ImageJ (National
Institute of Health).

2.6. Statistical analysis

All data are presented as the mean + standard deviation from at least
three different biological replicates. Intergroup differences were esti-
mated by one-way analysis of variance (ANOVA), followed by a post hoc
multiple comparison (Tukey) test to compare the multiple means. Dif-
ferences between values were considered statistically significant when
the P-value was < 0.05.

3Results and discussions
3.1. Characterization of p(HEMA-co-GMA) membranes

FT-IR spectra studied for both characteristic functional groups of p
(HEMA-co-GMA) membranes, and EGCG attached ones are given in
Fig. 2. The FT-IR spectra of plain membrane, the membranes treated
with the lowest and highest concentration of EGCG are shown in Fig. 2A
and B, C, respectively. Here, some useful characteristic infrared bands
for aromatic compounds were observed. The C-H stretching bands of
aromatic EGCG appear around 3000 em!. Aromatic C=C stretching
bands in skeletal vibrations are seen around 1450 cm . Bands around
920 cm ! were attributed to C-O groups in epoxy molecules in plain
membranes. And, as the amount of EGCG attaching onto membrane
increased, the amount of epoxy groups decreased. Bands between 1700
and 1730 cm ™! are due to stretching of C=0 groups of the both plain
membrane and EGCG. O-H groups produce their characteristic bands
around 3500-3600 cm*. All obtained data approved that EGCG mole-
cules were attached to p(HEMA-co-GMA) membranes successfully.

p(HEMA-co-GMA) membranes were also characterized by using SEM
to get some important knowledge about surface morphology and
membrane structures. The represented SEM images are shown in Fig. 3
with different levels of magnification.

As seen from the surface (Fig. 3A-F), synthesized membranes have a
porous structure, which is a desirable feature for membranes, especially
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Fig. 2. The FTIR spectra of p(HEMA-co-GMA) (A), and p(HEMA-co-GMA) membranes treated with EGCG at a concentration of 100 (B) and 1000 (C) ug/mL,

respectively.

Fig. 3. SEM micrographs of p(HEMA-co-GMA) membranes with different magnifications.

when they are used for therapeutic purposes [23]. In addition, p
(HEMA-co-GMA) membranes synthesized in this study have small
pores mostly in the range of 3-10 um (Fig. 3F), and this feature gives the
membranes a large surface area for active substance binding, high water
retention and mechanical strength [45,46]. The internal pore structure
of the synthesized membranes is also given in Fig. 3B and C. As can be
seen from these microphotographs, the internal structures of the mem-
branes also have super-porous structures which increase the usable area
of the polymer [47]. For porosity investigation, free water content
(porosity) and the total water content of the synthesized p

(HEMA-co-GMA) membranes were evaluated using deionized water
and found as 71% and 81%, respectively. These results suggest that 71%
of the total volume of the synthesized membranes consists of macropores
and 10% of the volume is micropores [48]. According to BET analysis,
the specific surface area of the p(HEMA-co-GMA) membranes was
determined as 47 m?/g. The contact angle value gives information about
the hydrophilicity of the surface. Contact angle measurements of plane
and EGCG (100 pg/mL) attached p(HEMA-co-GMA) membranes are
given in Fig. 4.

Surfaces with contact angle degree between 0 and 90° show
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Fig. 4. Contact angle measurements of plane p(HEMA-co-GMA) (A) and EGCG attached p(HEMA-co-GMA) (B) membranes. Data is the average of 3 measurements.

hydrophilic character. Surface hydrophilicity decreases as the contact
angle approaches 90°. And surface shows hydrophobic character over
90°. As seen from Fig. 4, contact angle values for plane and EGCG
(100 pg/mL) attached p(HEMA-co-GMA) membranes were obtained to
be 52.3° + 0.5 and 59.1° + 0.7, respectively. There was a 13% increase
in the surface contact angle of the membrane interacting with EGCG at a
concentration of 100 pg/mL. This enhancement in hydrophobicity may
be due to the presence of aromatic groups on EGCG molecules which are
attached to membrane surface.

3.2. Studies to prevent bacterial colonization of EGCG attached p(HEMA-
co-GMA) membranes

The antibacterial efficiency of EGCG attached membranes was
examined by evaluating the numbers of colonized bacterial cells in terms
of CFUs, scanning electron microscopy and fluorescence microscopy
analysis. Since the potential of EGCG for biofilm formation is widely
accepted, EGCG was attached on p(HEMA-co-GMA) membrane to
develop antifouling surfaces. The antiadhesion potential of membranes
with different concentrations of EGCG were tested against a Gram-
positive bacterium S. aureus. S. aureus was chosen in this study since it
is the most common opportunistic pathogen to cause nosocomial in-
fections, and widely used as a model Gram positive bacterium for bio-
film studies. The concentration of free EGCG > 50 ug/mL in solution
was demonstrated previously to efficiently inhibit the biofilm formation
by S. aureus [49]. Hence > 100 pg/mL of EGCG was attached on p
(HEMA-co-GMA) membranes in order to achieve higher efficiency to
prevent the bacterial colonization.

As shown in Fig. 5, the extent of S. aureus colonization was found to
be significantly reduced on EGCG attached p(HEMA-co-GMA) mem-
brane, compared to bare p(HEMA-co-GMA) membrane. The percentage
of S. aureus adhesion was observed to be correlated with the concen-
tration of attached EGCG. Specifically, the colonization of S. aureus was
inhibited in a fraction of 25.9 4 17.2%, 35.4 4 12.3%, 47.1 & 5.2%,
58.6 &+ 4.8% and 71.0 + 4.5% on surfaces of 100 pg/mL, 200 pg/mL,
400 pg/mL, 600 pg/mL and 1000 pg/mL of EGCG attached p(HEMA-co-
GMA) membrane in compared to control samples after 4 h of bacterial
growth (Fig. 5A). Whereas 11.6 + 7.6%, 24.1 + 3.1%, 38.1 + 5.9%,
51.2 + 5.8% and 62.5 £ 4.0% of inhibition in S. aureus colonization was
observed respectively on surfaces of 100 ug/mL, 200 ug/mL, 400 pg/
mL, 600 ug/mL and 1000 pg/mL of EGCG attached p(HEMA-co-GMA)
membrane in compared to control samples after 24 h of bacterial
growth (Fig. 5B). Considering the specific surface areas of the mem-
branes, and the different EGCG concentrations in the reaction medium,
the amounts of EGCG attached to the membranes were found to be
3.65mg/g, 8.72mg/g, 19.30mg/g, 31.82mg/g and 35.62 mg/g,
respectively. As seen here, amount of EGCG attached to membrane was
increased as the parallel to concentration of EGCG in the media. In order
to confirm the results obtained from CFUs counting, the membranes
were examined under SEM after 4 h and 24 h of bacterial growth. The
representative SEM images clearly demonstrate the significantly
reduced density of S. aureus colonization on the EGCG attached polymer
surfaces after both 4h and 24 h of bacterial growth in compared
respective control (Fig. 6A & 6B). The surface of p(HEMA-co-GMA)
membrane without EGCG is mostly covered with adhered bacterial
cell in the form of microcolonies even with the 4 h of bacterial growth
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Fig. 5. Efficiency of EGCG attached p(HEMA-co-GMA) membrane against S. aureus adhesion after 4 h (A) and 24 h (B) of growth. Data represents mean + standard
deviation of three independent biological replicates. * P < 0.05, ** P < 0.001, *** P < 0.0001.
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Fig. 6. Representative SEM images depicting bacterial colonization on the surface of control and different concentrations of EGCG attached p(HEMA-co-GMA)

membrane after 4 h (A) and 24 h (B) of bacterial culture.

(Fig. 6A). The reduced numbers of bacterial cells, and lesser extent of
microcolonies can be seen in 100 pg/mL, 200 ug/mL of EGCG attached
polymer surface in compared to control. Whereas a dramatic decrease in
adhered bacteria and very few microcolonies are observed at 400 ug/mL
and 600 pg/mL of EGCG attached polymer surface. As expected, very
few bacterial adhesions were observed on the surface of 1000 pg/mL of
EGCG attached polymer surface. Interestingly, on the 1000 pg/mL of
EGCG attached surface, the adhered cells are found independent instead
of aggregated cells or formation of microcolonies, suggesting the strong
antiadhesion efficiency. The significant reduction in bacterial attach-
ment was observed at the > 200 pg/mL of EGCG attached polymer
surfaces after 24 h of bacterial growth (Fig. 6B). After 24 h of bacterial
growth, the polymer surface without EGCG (control) was mostly filled
with densely packed microcolonies. Whereas decrease in density of
bacterial cells and microcolonies was detected with the increasing

concentration of EGCG on the polymer surface (Fig. 6B). Simply put, the
results from SEM analysis are consistent with the result obtained from
CFUs counting.

Although in general EGCG has been shown to be bacteriostatic and
efficient in preventing the biofilm formation by inhibiting the quorum
sensing regulator at lower concentrations, higher concentrations have
been suggested to be bactericidal [38,40,50]. Hence, to elucidate how
EGCG attached p(HEMA-co-GMA) membrane is preventing the micro-
bial colonization, the colonized cells were stained with live/dead
viability stain and examined under fluorescence microscope. Fig. 7A
shows the representative fluorescence microscopic images depicting the
strong inhibitory efficiency of EGCG attached membrane on the bacte-
rial colonization after 4 h of bacterial culture. The acquired fluorescence
images were quantified and presented in Fig. 7B. Like SEM results,
decreasing density of bacterial cells was observed on the membrane
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Fig. 7. Representative fluorescence microscopic images depicting the bacterial colonization and live-dead bacteria on control and different concentrations of EGCG
attached p(HEMA-co-GMA) membrane (A). Green color denotes live bacteria and red color denotes dead bacterial cells. (B) Quantification of fluorescence color

intensity of images acquired from live/dead viability staining.

surface having higher concentrations of EGCG. The lesser extent of
bacterial aggregation and fewer microcolonies were found on the sur-
face of higher concentrations of EGCG attached membranes in compared
to control membranes. Interestingly, no dead bacterial cells were found
on the membrane surfaces with EGCG at concentrations of 600 pg/mL or
less, suggesting that observed inhibition in microbial colonization is not
associated to bactericidal activity. However, a few dead cells were
observed at 1000 ug/mL of EGCG attached surfaces (Fig. 7A & 7B). This
observation suggests that polymer surface having higher concentration
of attached EGCG not only prevents the microbial colonization but also
could deactivate the attached bacterial cells.

4. Conclusion

In summary, various concentrations of EGCG were successfully
attached on p(HEMA-co-GMA) membrane. The obtained result in this
study suggests that the right concentration of EGCG attached to polymer
surfaces can strongly enhance the antiadhesion properties of the surface
and prevent bacterial colonization. To the best of our knowledge, this is
the first demonstration on the possibility of EGCG attachment on p
(HEMA-co-GMA) membrane surface to prevent the adhesion of bacte-
rial cells. This observation could be useful to design new polymer based
biomedical devices with the ability to prevent the bacterial colonization.

In addition to that it could also provide a new insight on the develop-
ment of microbial resistant polymer surfaces.
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