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Abstract: Antimicrobial peptide (AMP) coatings are promising alternatives to conventional antibi-
otics for the prevention of medical device- and implant-associated infections. Compared to covalent
immobilization methods, coatings relying on physical interactions are more versatile but usually
less stable. Previous work has developed stable noncovalent coatings on titanium and hydroxyap-
atite with a model AMP, GL13K, leveraging the strong hydrogen bonding between β-sheet-formed
self-assemblies and polar substrates. In this work, a different GL13K self-assembly process was
triggered with the formation of α-helices in ethanol/water cosolvent. We compared three different
coatings on titanium to investigate the roles of self-assembly and secondary structures, including
free GL13K in unordered structures, self-assembled GL13K with the formation of α-helices, and
self-assembled GL13K with the formation of β-sheets. X-ray photoelectron spectroscopy, Fourier
transform infrared spectroscopy, and water contact angle results confirmed the successful coatings
of all three physiosorbed GL13K conditions. Self-assembled GL13K, either in α-helices or β-sheets,
formed more effective antimicrobial coatings in killing Gram-positive Staphylococcus aureus than free
GL13K. These findings could help design more stable and effective antimicrobial coatings using
self-assembled AMPs.

Keywords: antimicrobial peptide; self-assembly; α-helices; β-sheets; amphiphilicity; antimicro-
bial coating

1. Introduction

Bacterial infection associated with medical devices and implants has been a global emerg-
ing problem with elevated healthcare costs and increased rates of morbidity and mortality.
Biomaterials’ surfaces are susceptible to bacterial adhesion and colonization and the for-
mation of biofilms, which are more difficult to kill compared to planktonic bacteria [1,2].
The increasing prevalence of bacterial resistance has further hampered the treatment by tra-
ditional antibiotics [3]. Instead of eradicating biofilms after the occurrence of device- and
implant-associated infections, antimicrobial coatings have been explored to prevent the biofilm
formation by direct contact killing and/or releasing antimicrobial agents [4].

Antimicrobial peptides (AMPs) are promising alternatives to overcome bacterial re-
sistance with broad-spectrum antimicrobial activity and have been developed as coatings
on devices and implants [5,6], including titanium implants [7–9], catheters [10,11], and
contact lenses [12,13]. Covalent immobilization of AMPs requires the rational designs of
chemical coupling strategies, the spaces between AMPs and substrates, and the peptide
orientations and flexibility [14]. In comparison, physical coating strategies, such as layer-by-
layer (LbL) [15] or the adsorption onto an intermediate layer (e.g., calcium phosphate [16]
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and TiO2 nanotubes [17]), provide a simpler fabrication process but usually result in low
coating densities and stability.

In previous work, we developed stable antimicrobial coatings using a model AMP,
GL13K, onto the surfaces of titanium [18], dentin [19], and mineralized collagen scaf-
folds [20]. As a cationic and amphiphilic peptide, GL13K was found to self-assemble
into twisted nanoribbons by partially neutralizing the positive charges in alkaline solu-
tions [21,22]. Using a quartz crystal microbalance with dissipation monitoring (QCM-D),
we quantitatively demonstrated a significant increase in the adsorption of self-assembled
GL13K on hydroxyapatite sensors compared to free GL13K [23]. Peptide self-assembly
is a hierarchical process starting with the formation of secondary structures, such as β-
sheets in the GL13K nanoribbons [24]. Thus, it is unclear whether the strong interactions
between GL13K and the substrate surfaces were mainly established by the self-assembled
nanostructures or the formed β-sheets.

It has been studied that the antimicrobial activity of AMPs is highly dependent on the
structures of AMPs, including size, charge, hydrophobicity, amphipathicity, and secondary
structures [25]. Recently, we demonstrated that the self-assembly dynamics of GL13K were
also closely related to the antimicrobial activity [21,22,26]. Though the exact mechanism
of action is still unknown, it is generally thought that AMPs might cause the permeation
and rupture of the bacterial cell membrane by interacting with the negatively charged
constituent phospholipids and peptidoglycan. The effects of self-assembly and secondary
structures on the interactions with the bacterial membrane are also difficult to decouple, as
the self-assembly process is usually associated with the change in secondary structures.

In this study, we distinguished the roles of self-assembly and secondary structures
by triggering a different self-assembly process with α-helices formation in ethanol/water
cosolvent. The antimicrobial activities were compared among GL13K coatings prepared
in three different conditions, including free and unordered GL13K, self-assembled GL13K
with the formation of α-helices, and self-assembled GL13K with the formation of β-sheets.

2. Materials and Methods
2.1. Preparation of Peptide Samples in Ethanol Solutions

GL13K (GKIIKLKASLKLL-NH2, MW of 1424 g/mol) were purchased from AAPPTec,
LLC (Louisville, KY, USA) or Bankpeptide, Ltd. (Hefei, China) with purity > 98%. A stock
solution of 10 mM GL13K was prepared in deionized (DI) water and further diluted to
0.1 mM in DI water or ethanol solutions with final ethanol volume fractions of 10%, 50%,
90%, and 99%.

2.2. Circular Dichroism (CD)

CD spectra of the prepared 0.1 mM GL13K solutions were measured using a Jasco
J-815 CD spectrometer (Tokyo, Japan) with a 1 mm pathlength quartz cuvette. Three
measurements were obtained over a wavelength of 190–260 nm and averaged for each
sample. Data with HT voltage > 900 V were excluded in the plots. All CD spectra were
corrected by subtracting the solvent background. Estimations for the secondary structure
fractions were performed using the CDPro software (https://www.bmb.colostate.edu/
cdpro/, accessed on 24 September 2022) with a reference set of 48 proteins. All estimations
were analyzed using three methods in the software package (SELCON3, CDSSTR, and
CONTIN) and averaged for each sample.

2.3. Transmission Electron Microscopy (TEM)

Nanostructures of GL13K in a 90% ethanol solution and a pH = 100.1 M carbonate–
bicarbonate buffer solution were visualized by TEM. TEM samples were prepared by
depositing 3 µL of 0.1 mM GL13K solutions on glow-discharged 400-mesh copper grids
with carbon films (Ted Pella, Inc., Redding, CA, USA) and stained with 5 µL of 0.75%
uranyl formate. TEM was operated using a FEI Tecnai G2 F30 instrument (Hillsboro, OR,
USA) at an accelerating voltage of 300 kV.

https://www.bmb.colostate.edu/cdpro/
https://www.bmb.colostate.edu/cdpro/


Coatings 2022, 12, 1456 3 of 10

2.4. X-ray Photoelectron Spectroscopy (XPS)

An EscaLab 250Xi X-ray photoelectron spectrometer (Thermo Fisher, Waltham, MA,
USA) with a monochromatic Al Kα X-ray source (45◦, 1486.6 eV, 50 W) was used to
determine the elemental composition of each sample under ultra-high vacuum (10−8 Pa).
Survey spectra of four samples in each group were measured at 0–1100 eV using a pass
energy of 280 eV with a step size of 1.0 eV.

2.5. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy was performed using a FTIR5700 Fourier
infrared spectrum analyzer (Thermo Fisher, Waltham, MA, USA). The infrared spectra were
measured over a wavelength range of 2000–1400 cm−1.

2.6. Preparation of Coatings on Titanium

Commercially pure titanium discs (Ø8 mm × 0.7 mm) were purchased from Xijing
Medical Equipment Co., Ltd. (Taiyuan, China). Ti discs were etched in 5 M NaOH at 60 ◦C
for 12 h, washed with DI water and acetone, air dried, and immediately used for coatings
(eTi). Three coating solutions were prepared by diluting the 10 mM GL13K stock solution to
1 mM in DI water, 90% ethanol solution, and 0.1 M carbonate–bicarbonate buffer (pH = 10),
respectively. The etched Ti discs were incubated in the coating solutions overnight at room
temperature (RT), rinsed with DI water, and dried under a stream of air.

2.7. Water Contact Angle (WCA) Measurement

WCA was measured using a contact angle goniometer (SL200KS) with CAST3.0
software (Kino Scientific Instrument Inc., Boston, MA, USA). A droplet of 1.0 µL DI water
was deposited on a Ti disc and tracked for 20 s. WCA measurements were performed on
two separate positions of four samples for each group (N = 8).

2.8. Bacterial Culture

Gram-positive Staphylococcus aureus (ATCC 25923) was used for the antimicrobial test in
this study. S. aureus was inoculated in Trypticase Soy Broth (TSB; BD, Franklin Lakes, NJ, USA)
and incubated in air at 37 ◦C and 100 rpm overnight. For enhancing antimicrobial activity, all
samples were coated with D-GL13K (Gkiiklkaslkll-NH2, purity > 98%, Bankpeptide biological
technology Co., Ltd., Hefei, China) [18]. Ti discs were UV-sterilized for 20 min on each side
and then placed in the wells of a 48-well plate. Each sample was incubated in 1 mL TSB for 20
min first, then replaced with 1 mL diluted bacterial solution (OD600 = 0.02). The samples were
incubated in the bacterial solution in air at 37 ◦C and 100 rpm for 10 h.

2.9. ATP Assay

Viable bacteria on Ti discs after incubation were quantified using a BacTiter-Glo™
Microbial Cell Viability Assay (Promega, Madison, WI, USA). Samples were washed by
1× PBS twice, transferred to a new 48-well plate, and washed one more time. The washed
samples were incubated in a mixture of 200 µL BacTiter-Glo™ Reagent and 200 µL PBS in
the dark at RT for 5 min. Afterwards, 200 µL of the mixture was transferred into a black 96-
well plate to detect luminescence using a Tecan multimode microplate reader (Männedorf,
Switzerland). An abiotic mixture was used a control. Fifteen samples were tested for
each group in two independent experiments (N = 15 per group). ATP luminescence was
normalized to the average of the control group in the same experiment.

2.10. LIVE/DEAD Assay

Biofilms on Ti discs were stained using a LIVE/DEAD BBcellProbeTM N01/PI bacterial
viability kit (BestBio Inc., Shanghai, China) in the dark at RT for 15 min and washed with a
0.9% sterile saline solution. Fluorescent microcopy was performed using a Leica confocal
laser scanning microscope (CLSM; Wetzlar, Germany) at 10× magnification. Micrographs
were taken in four different fields per group and processed with the Leica LAS X software.
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2.11. Cytotoxicity Test

RAW 264.7 cells were used to evaluate the cytotoxicity of each group. Cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) at 37 ◦C in a 5% CO2 humidified incubator. The medium was refreshed
every third day. At passage 5, cells were passaged and seeded on the sample surfaces
at a density of 10,000 cells/cm2 and cultured for 1, 3 and 5 days. At each time point, a
CCK-8 kit (Dojindo, Shanghai, China) was used to determine cellular metabolic activity,
following the manufacturer’s instructions. Briefly, the medium was replaced with fresh
medium containing 10% CCK-8 reagent. After 2 h incubation, supernatant was transferred
to a 96-well microplate and read at 450 nm with a microplate reader (Biotek, Winooski, VT,
USA). The absorbance measured for each group was normalized against the noncoated
control group.

2.12. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics 25. Levene’s test deter-
mined equal variances for the WCA, ATP assay, and CCK-8 assay results, so one-way
ANOVA with Tukey HSD post hoc tests were performed.

3. Results and Discussion
3.1. Self-Assembly with α-Helices Formation in Ethanol Solutions

CD spectra revealed a mostly unordered (random coil) secondary structure for GL13K
in water or a low-concentration (10%) ethanol solution with a negative band at 199 nm
and very low ellipticity above 215 nm (Figure 1). In high-concentration (90% and 99%)
ethanol solutions, GL13K presented a typical α-helix structure with negative bands at
222 nm and 208 nm and a positive band at 193 nm [27]. The θ222/θ208 ratios for GL13K
in 90% and 99% ethanol solutions were around 0.6, indicating isolated α-helices without
bundle formation [28]. When the ethanol and water volume fraction was 1:1 (50% ethanol),
CD spectra showed a mixture of unordered and α-helix structures with a shifted negative
band at 202 nm and the other unchanged negative band at around 222 nm. Estimations
of secondary structures using CDPro confirmed the largely increased α-helix fractions
(~70–75%) of GL13K in ≥50% ethanol solutions (Table 1). We used TEM to further explore
whether the formation of α-helix was caused by the reorganization of a single peptide
molecule in the cosolvent or triggered by the self-assembly of the peptides into helical
nanostructures, as a single peptide (MW = 1400 g/mol) cannot be visualized by TEM at the
operating magnification.
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Table 1. Fractions of secondary structures of GL13K in ethanol solutions estimated by CDPro.

Ethanol Volume
Fraction (%) α-Helix (%) β-Sheet (%) β-Turn (%) Unordered (%)

10 1.3 ± 0.7 9.9 ± 5.3 6.6 ± 3.2 81.8 ± 9.1
50 75.5 ± 12.1 5.8 ± 8.8 5.0 ± 4.8 16.0 ± 5.3
90 75.1 ± 4.6 0.9 ± 3.0 7.5 ± 1.5 19.0 ± 12.9
99 70.3 ± 6.9 5.1 ± 4.6 7.6 ± 2.4 17.5 ± 10.5

In the 90% ethanol solution, thin nanofibers were observed with a diameter of ~3 nm
and a length > 100 nm (Figure 2A), demonstrating that the α-helix structure of GL13K was
formed in a self-assembled state, but not as free peptides. In comparison, thick nanoribbons
were present in a pH = 10 buffer solution with diameters of 10–40 nm that were consistent
with previous studies [21,22]. Many AMPs are α-helical peptides, and their helicity was
studied to be highly related to the antimicrobial activity and cytotoxicity against mam-
malian cells [29–31]. However, helical self-assembly of AMPs has been scarcely reported.
E. Y. Lee et al. found that the association of three α-helical AMPs (LL37, melittin, and
buforin) with DNA formed self-assembled protofibrils. The AMP–DNA complex presented
immunomodulatory activity by amplifying Toll-like receptor 9 (TLR9) activation [32].
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The different secondary structures and self-assembled morphologies in alkaline so-
lutions or ethanol solutions were probably due to the different driven forces. In alkaline
solutions, positive charges of Lys residues in GL13K are partially neutralized, resulting in a
reduced electrostatic repulsion to trigger self-assembly [33]. For the α-helical self-assembly
in the ethanol/water mixtures, hydrophobic interactions between peptide assemblies were
enhanced by ethanol molecules [28]. Ethanol molecules can promote the hydrogen bond-
ing among water molecules and remove water from the hydrophobic hydration shell of
peptide assemblies. Similar self-assembled peptides with the formation of α-helices could
be observed in 2,2,2-trifluoroethanol (TFE)/water cosolvent [34]. The exclusion of water
molecules from the assembly hydration shell by TFE molecules was demonstrated using
molecular dynamics simulation [35].

3.2. Ti Coatings with Free or Self-Assembled GL13K

We next investigate how the self-assembly and the formed secondary structures affect
GL13K coatings. Alkaline-etched Ti surfaces (eTi) with activated hydroxyl groups were used as
the model polar substrate. GL13K was prepared in water, 90% ethanol solution, and pH = 10
buffer to present as unordered free peptides, self-assembled peptides with the formation
of α-helices, and self-assembled peptides with the formation of β-sheets, respectively. XPS
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results showed characteristic N1s peaks from peptides (Figure 3A) and FTIR spectra revealed
the presence of amide I and II peaks at 1660 cm−1 and 1558 cm−1, respectively (Figure 3B),
indicating the successful immobilization of GL13K on all three coatings. These results are
consistent with the previously reported physiosorbed GL13K on Ti [9,18].
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As a result of the amphiphilicity of GL13K, all three coatings turned the highly hy-
drophilic Ti surface (WCA < 15◦) into hydrophobic surfaces (Figure 4). It is noted that
there was a significant difference in the change in WCAs of the three coated surfaces,
with WCA of 82.2 ± 15.8◦ for unordered GL13K, 132.5 ± 7.2◦ for self-assembled α-helices,
and 107.1 ± 19.5◦ for self-assembled β-sheets, indicating a varied coating density and/or
organization of hydrophobic and hydrophilic resides in GL13K coatings.
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Both coatings with self-assembled GL13K, either in α-helix structure or β-sheet struc-
ture, had a significantly higher WCA than the coating with unordered free GL13K (Figure 4).
The increased hydrophobicity was probably related to a higher coating density of GL13K
as self-assemblies, leveraged by the strong hydrogen bonding between self-assembled
GL13K and the polar substrate (i.e., etched Ti) [23]. When further comparing these two
self-assembled GL13K coatings, the one with α-helices was more hydrophobic than the one
with β-sheets (Figure 4), which might be due to a higher segregation of hydrophobic and
hydrophilic residues in α-helices [36].
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3.3. Antimicrobial Activity and Cytocompatibility of Different Coatings

The antimicrobial activity of the different GL13K coatings was tested against S. aureus,
one of the most detected pathogens in implant infections [37]. Compared to the noncoated
Ti control, all three GL13K coatings significantly reduced the viable bacteria on the surfaces
(Figure 5A). Accordingly, bacteria with compromised membrane (stained red) were ob-
served on the GL13K-coated surfaces compared to the noncoated surface with almost all
live bacteria (stained green; Figure 5B). This indicated that physically coated GL13K main-
tained the antimicrobial activity irrespective of its self-assembling status or the secondary
structures in the coatings.
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Figure 5. Antimicrobial test of the different coatings against S. aureus. (A) Normalized ATP lumi-
nescence intensity and (B) representative LIVE/DEAD CLSM images of colonized S. aureus on the
Ti surfaces with no coatings or GL13K coatings prepared as unordered peptides, self-assembled
α-helices, and self-assembled β-sheets. Scale bars are 50 µm. N = 15 for each group. * p-value < 0.05,
**** p-value < 0.0001.

The two self-assembled GL13K coatings (α-helices and β-sheets) had slightly less vi-
able bacteria on the surfaces compared to the coating with unordered free GL13K (Figure 5).
However, the difference was trivial, which might be due to the relatively short bacterial
incubation period and/or testing against a single bacteria strain instead of multispecies.
Furthermore, there was no obvious difference between the coatings with self-assembled
α-helices and β-sheets, indicating that the secondary structure might not affect the antimi-
crobial activity of AMP coatings. We speculate that the increased antimicrobial activity
of self-assembled GL13K might be related to a higher coating density, as we observed
by QCM-D in our previous work [23]. The long-term coating stability and the in vivo
antimicrobial activity need to be further assessed in future work [18]. All physiosorbed
GL13K coatings were cytocompatible with RAW 264.7 cells, with no significant differences
in proliferation after 1, 3, and 5 days (Figure 6).

The new strategy of preparing self-assembled AMPs in ethanol solutions to form
stable antimicrobial coatings envisions a simple and safe in situ coating method. Many
applications require direct coatings on sites, such as implant-retention surgeries [38,39]
or priming dentin in resin composite restorations [19,40], which would not be feasible by
the intense covalent immobilization methods. Furthermore, the significantly enhanced
hydrophobicity leveraged from the self-assembled α-helices might promote the coating
resistance to waterborne degradation of peptides by proteases.
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4. Conclusions

We triggered AMP self-assembly with the formation of α-helices in ethanol/water
cosolvent which presented a different morphology from the β-sheet-formed self-assembly
in alkaline solutions. Physical AMP coatings were formed on alkaline-etched Ti by GL13K
in three different conditions: unordered free peptides, self-assembled α-helices, and self-
assembled β-sheets. The XPS and FTIR results confirmed the successful coatings of all three
physiosorbed GL13K conditions. Compared to the unordered free GL13K, self-assemblies
with either α-helices or β-sheets enhanced the coating hydrophobicity and antimicrobial
activity, which might be due to a higher coating density.
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