RESEARCH ARTICLE

'.) Check for updates

ADVANCED
MATERIALS

INTERFACES

— D
www.advmatinterfaces.de

Ultrashort Peptides for the Self-Assembly of an

Antiviral Coating

Tan Hu, Michaela Kaganovich, Zohar Shpilt, Apurba Pramanik, Omer Agazani, Siyi Pan,

Edit Tshuva, and Meital Reches*

Antiviral compounds are important for generating sterile surfaces. Here, two
extremely short peptides, DOPA-Phe-NH, and DOPA-Phe(4F)-NH, that can
self-assemble into spherical nanoparticles with antiviral activity are pre-
sented. The peptide assemblies possess excellent antiviral activity against
bacteriophage T4 with antiviral minimal inhibitory concentrations of 125

and 62.5 pg mL™, for DOPA-Phe-NH, and DOPA-Phe(4F)-NH,, respectively.
When the peptide assemblies are applied on a glass substrate by drop-
casting, they deactivate more than 99.9% of bacteriophage T4 and Canine
coronavirus. Importantly, the peptide assemblies have low toxicity toward
mammalian cells. Overall, the findings can provide a novel strategy for the
design and development of antiviral coatings for a decreased risk of viral

infections.

1. Introduction

The continuous emergence of deadly viral outbreaks such as
the seasonal flu virus A, Ebola virus, and the novel coronavirus
2019 (COVID-19) have greatly increased the need for novel
effective antiviral technologies.' To date, numerous antiviral
compounds have been successfully developed and approved
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for clinical use. These compounds inhibit
essential enzymatic processes that are
involved in viral replication and entry/
fusion (e.g., Oseltamivir and Zanamivir)
while others are immunomodulatory
drugs (e.g., interferon).>®! However, the
currently available antiviral compounds
exhibit low or no efficacy against viral
infections according to the increasing
number of reports on viral resistance, co-
infections, and the emergence of viral epi-
demics such as COVID-19.5-8 Therefore,
there is a high demand for developing
novel antiviral agents and approaches that
can serve as a supplement or an alterna-
tive to existing drugs.

Many research efforts have been made
toward the development of vaccines and drugs against novel
viruses due to COVID-19 pandemic outbreak.’3] However, it
is still challenging to reduce the risk, at the early stage of the
viral outbreak, with these approaches. Viral pathogens espe-
cially respiratory infection viruses can be transmitted through
respiratory droplets, aerosols, or contacts." These viruses
can adhere and survive on surfaces, both in healthcare settings
and on common surfaces, for days and months.'>"] Touching
contaminated surfaces poses a great risk for viral transmission
via the surface route. Therefore, it is an urgent need to develop
effective antiviral coatings that prevent the survival of viruses
on surfaces. It has been reported that coatings modified by anti-
viral natural extractions,® antiviral polymers,'”! metal ions,
oxides,’?% and nanomaterialsi?!! show excellent antiviral activity
to reduce viral infection. However, some of them pose potential
hazards to the environment and human health.

Peptides can be exploited as new and improved antiviral
agents due to their biocompatibility and low cytotoxicity.?>%"]
Daher et al. demonstrated an antimicrobial peptide (o~defensin)
that inhibits herpes simplex virus types 1 and 2, cytomegalo-
virus, and vesicular stomatitis virus.?®l Xia and his colleagues
designed a 36-residue peptide termed EK1 as an antiviral pep-
tide against SARS-CoV, MERS-CoV, and three SARS-related
CoVs.[?

Still, to be applied as a coating these peptides need to
adhere to the surface, and have low manufacturing cost for
adequate large-scale production.?% The shorter the peptide is,
the easier it is to synthesize and the production is much less
expensive. Therefore, extremely short peptides that exhibit
effective antiviral activity can be utilized for generating anti-
viral coatings.

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 1. The scheme illustrates the formation of peptide-based assemblies and peptide coatings with antiviral activity.

We have recently demonstrated that the tripeptides DOPA-
Phe-Phe-OMe and DOPA-Phe(4F)-Phe(4F)-OMe self-assemble
into spherical particles that when applied on surfaces provide
antiviral activity against both a DNA-based virus (bacteriophage
T4) and an RNA-based virus (canine coronavirus, (CCV)).’!
The antiviral activity results from the specific spherical supra-
molecular structure of the peptides. Reducing the length of the
tripeptides to a minimal two amino acids is of high interest and
relevance as it significantly reduces their cost and makes them
more appealing for use in many fields including agriculture,
food packaging, and cosmetics. Here, we present extremely
short peptides comprising only two amino acids with antiviral
capabilities. Importantly, we show that even a non-fluorinated
dipeptide can form an antiviral coating. Fluorinated polymers
are being widely used today due to their low surface tension,
hydrophobicity, and antifouling properties.3) However, it has
been reported that consuming a dose larger than 10 mg per day
of fluorinated compounds can be toxic and potentially results
in skeletal fluorosis and gastrointestinal side effects. Thus it
is highly important to avoid the leaching of fluorinated com-
pounds.B3Z Both dipeptides self-assemble into supramolecular
structures that show excellent antiviral activity in solution and
on a surface as a coating (Figure 1). These findings can provide
a novel strategy for the design and development of ultrashort
peptides as antiviral coatings for decreasing viral infections.

2. Results and Discussion

Two dipeptides, DOPA-Phe-NH, and DOPA-Phe(4F)-NH,, were
examined for their antiviral activity in solution and as a coating.
The two peptides comprise one 3,4-dihydroxy-L-phenylalanine
(DOPA) and one phenylalanine or fluorinated phenylalanine.
L-DOPA is the main constituent of mussel adhesive proteins
that can adhere to almost any substrate and can function under
harsh conditions.?3! Phenylalanine and fluorinated phenylala-
nine are aromatic amino acids that can mediate peptide self-
assembly through 77 stacking (Figure 1).

To investigate the antiviral activity of DOPA-Phe-NH, and
DOPA-Phe(4F)-NH, in solution, we performed an assay to iden-
tify the antiviral minimal inhibitory concentration (antiviral
MIC) of each peptide. We first dissolved the peptides in eth-
anol to a concentration of 100 mg mL™ and then diluted it with
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triple distilled water to several concentrations. Both DOPA-Phe-
NH, and DOPA-Phe(4F)-NH, exhibited antiviral activity against
bacteriophage T4 (Table 1). Bacteriophage T4 is one of the most
commonly used models for assessing antiviral activity against
DNA-based viruses.**3] It is a relatively large, nonenveloped
170 kbp double-stranded DNA virus.? The antiviral MIC was
125 and 62.5 pg mL™! for DOPA-Phe-NH, and DOPA-Phe(4F)-
NH,, respectively, indicating that DOPA-Phe(4F)-NH, had
better antiviral activity than DOPA-Phe-NH,. This suggests that
fluorinated residues can enhance the antiviral activity of the
peptide. It follows our previous report on self-assembled trip-
eptides that have a similar antiviral activity with antiviral MIC
of tens of pg mL~L13Y The antiviral MIC against bacteriophage
T4 for the tripeptides DOPA-Phe(4F)-Phe(4F)-OMe and DOPA-
Phe-Phe-OMe was 31 and 62 pg mL™, respectively. Although
the tripeptides and dipeptides show comparative antiviral MIC
against bacteriophage T4, the dipeptides are easier to synthe-
size and have a lower cost when compared with the tripeptides.

The importance of phenylalanine and fluorinated pheny-
lalanine in antiviral peptides has been reported before.B¢!
Incorporating one or several fluorine atoms into an organic
molecule can improve the pharmacokinetic and pharmaco-
dynamic properties such as absorption, tissue distribution,
secretion, the route and rate of biotransformation, toxicology,
bioavailability, metabolic stability, and lipophilicity.’®! Specifi-
cally, it was demonstrated that the peptide carbobenzoxy-D-
phenylalanine-L-phenylalanine-glycine acts as an inhibitor

Table 1. Antiviral MIC for L-amino acids and dipeptides.

Peptide sequences Antiviral MIC [ug mL™]

L-DOPA -
L-Phe _
L-Phe (4F) -
DOPA-Phe-NH, 125.00
DOPA-Phe (4F)-NH, 62.50

Diphenylalanine -
Phe (4F)-Phe (4F)-Ome -
CuNPs 2500

“~" represents no antiviral activity.
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of membrane fusion.’”! In addition, it was shown that the
fluoro-group at the phenyl ring in a triazole—dipeptide hybrid is
essential for the antiviral activity of the peptide.’”) To explore the
antiviral mechanism for the dipeptide assemblies, we also evalu-
ated the antiviral activity against bacteriophage T4 for L-DOPA,
L-phenylalanine(L-Phe), fluorinated phenylalanine (L-Phe(4F)),
diphenylalanine (Phe-Phe), and fluorinated diphenylalanine
(Phe(4F)-Phe(4F)-OMe). As shown in Table 1, a single amino
acid and the dipeptides Phe-Phe and Phe(4F)-Phe(4F)-OMe did
not decrease the viral titer. We included copper nanoparticles
(CuNPs) as a positive control in the antiviral MIC experiment.
We chose these particles over antiviral drugs as they are not
specific toward a certain viral strain and due to their similar
spherical morphology and size.l’) The antiviral MIC for CuNPs
is 2500 pug mL™! much higher than the peptides MIC. This
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means that the peptides are much more effective as antiviral
agents.

To investigate in what form the peptides exist in the solution
at the MIC concentration, a transmission electron microscope
(TEM) was used. The TEM analysis for the dipeptide DOPA-
Phe-NH, revealed that the peptide self-assembles into spherical
nanoparticles with a size ranging from several nanometers up to
20 nm (Figure 2a). Using scanning electron microscopy (SEM)
and atomic force microscopy (AFM) (Figure 2b,c) we were able
to detect spherical structures with a diameter of 10-50 nm.
Interestingly, there was no appreciable effect on the particle
size when comparing DOPA-Phe-NH, and DOPA-Phe(4F)-NH,,
indicating that fluorine modification on the benzene ring of
the Phe residue did not influence the peptide self-assembly
(Figure 2d—f). The slight difference in size between TEM and
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Figure 2. Characterization of the peptide assemblies in solution. a—c) TEM, SEM, and AFM images of DOPA-Phe-NH,, d—f) TEM, SEM, and AFM
images of DOPA-Phe(4F)-NH,, g) DLS size distribution for DOPA-Phe-NH, and DOPA-Phe(4F)-NH,, h) CD spectra, and i) FTIR spectrum (Amide I)

for DOPA-Phe-NH, and DOPA-Phe(4F)-NH,.
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Figure 3. TEM images at different magnifications of a,d) untreated T4 bacteriophages, b,e) treated with DOPA-Phe-NH,, and c,f) treated with

DOPA-Phe (4F)-NH,.

SEM analysis may result from the sample preparation proce-
dure where for TEM the sample is dried on a grid and nega-
tively stained using uranyl acetate. Dynamic light scattering
(DLS) analysis that is performed in solution revealed that the
size of the self-assembled structures ranges from 10 to 50 nm.
(Figure 2g). Circular Dichroism (CD) and Fourier-transform
infrared (FT-IR) spectroscopy were used to determine the sec-
ondary structure of the peptides (Figure 2h,i). The CD spectra
of both peptides exhibited a negative peak at =200 nm and a
positive peak at =215 nm. This result suggests a S-turn con-
figuration for the peptide assemblies.®® Furthermore, the
FT-IR spectra for DOPA-Phe-NH, and DOPA-Phe(4F)-NH,
showed a distinct peak at around 1668 and 1670 cm™, respec-
tively, implying a S-turn configuration.?”) Overall, these results
suggest that introducing fluorinated atoms into the peptide
sequence does not change the structure of the assemblies.
The ordered structures could be formed by the n—r stacking
between the aromatic residues, hydrogen bonds, and electro-
static interactions between the N- and C-termini.

To better understand the mechanism of the antiviral activity,
we incubated a solution of bacteriophage T4 with the peptide
assemblies at the antiviral MIC for 24 h and performed a TEM
analysis (Figure 3b,c,e and f). As a control, a solution of bac-
teriophage T4 without any peptide was analyzed (Figure 3a,d).
In this control sample, the bacteriophages exhibited a typical
structure of the viral head, tail, and long tail fibers. In contrast,
when the bacteriophages were exposed and incubated with
the peptide assemblies, the tail was detached from the head
(Figure 3b,cie and f and Figure S3b—j, Supporting Informa-
tion). This detachment was detected with both types of peptide
assemblies (marked with an arrow). The head of bacteriophage
T4 is attached to the tail via the neck proteins gp13 and gpl4;
subsequently, six 500 A long, trimeric “whisker” fibers (gpWac)
are attached to the neck.”! Based on this information, we sug-
gest that by interacting with the neck proteins, the peptide
assemblies can disturb the protein structure. Moreover, sig-
nificant damage to the morphology of the head could also be
observed (Figure 3b,c,e and f); the head did not exhibit an elon-
gated icosahedron compared with the bacteriophages that were
not exposed to the assemblies. We suggest that the damage to

Adv. Mater. Interfaces 2023, 10, 2202161 2202161 (4 of 8)

the morphology of the head could be due to the interaction and
disruption between the bacteriophage capsid and the peptide
assemblies.*!] Importantly, the long tail fibers were also sepa-
rated from the T4 tail. It has been reported that the long tail
fiber consists of four proteins (gp34, gp35, gp36, and gp37)
that recognize the receptor-binding site on the host cell.*!l The
destruction of the long tail fibers could lead to unrecognition
for Escherichia coil 11303 and could cause deactivation.”l As a
positive control, we also examined the morphology of bacteri-
ophages exposed to copper NPs (CuNPs) at an antiviral MIC.
TEM analysis indicates that the CuNPs can also destroy the
viral structures (Figure S1, Supporting Information).

To further utilize the self-assembled particles to generate
an antiviral coating, we used a protocol we reported before.l!l
A peptide solution of DOPA-Phe-NH, or DOPA-Phe(4F)-NH,,
at a concentration of 10 mg mL™, was drop-casted three times
on a clean glass substrate. This process resulted in trans-
parent surfaces (Figure 4a). SEM analysis reveals aggregates
of spherical nanoparticles formed by DOPA-Phe-NH, on the
surface (Figure 4c). This aggregation is probably due to the
high concentration of assemblies and the drying process. AFM
topography images show that the aggregates are not uniform
(Figure 4d). Similar aggregated structures were obtained by
DOPA-Phe(4F)-NH, (Figure 4e,f). The attenuated total reflec-
tance fourier transform infrared (ATR-FTIR) spectra of the
assemblies formed on the surface by the peptides are shown in
Figure 4b. The IR region 1800-1500 cm™! is associated with the
stretching band of amide I and indicates the secondary struc-
ture of the peptides (Figure S2, Supporting Information). The
ATR-FTIR spectrum of a glass substrate coated with DOPA-
Phe-NH, had one main peak at 1666 cm™, indicating a S-type
structure.®* For the DOPA-Phe(4F)-NH, coating, a similar
peak appeared at 1669 cm™; this suggests that both peptides
form similar assemblies on the surface.

We investigated the antiviral activity of the peptide-based
coatings against both bacteriophage T4 and CCV. A solution of
bacteriophages at a concentration of 1.0 x 10° plaque-forming
units (PFU) mL™! was applied on the peptide-based coating
and incubated for 24 h. Then, the virus titer was determined
by counting the number of plaques. As shown in Figure 4g, no

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. Characterization of the peptide assemblies on the surface and their antiviral activity against bacteriophage T4 and CCV. a) Images of surfaces
(1 %1 cm) coated by DOPA-Phe-NH, (on the left) and DOPA-Phe(4F)-NH; (on the right), b) ATR-FTIR spectrum for coatings formed by DOPA-Phe-
NH; or DOPA-Phe(4F)-NH,, c,d) SEM and AFM images for coatings of DOPA-Phe-NH,, e,f) SEM and AFM images of DOPA-Phe(4F)-NH,, g) Antiviral
activity for the peptide-based coatings against bacteriophage T4, h) Antiviral activity for peptide-based coatings against CCV, i-k) Representative
infected cells on bare glass, DOPA-Phe-NH, and DOPA-Phe(4F)-NH, coatings. “*” represents that ANOVA and Duncan’s test were used to indicate
the statistically significant differences among values (p < 0.05). “ND” represents “no virus was detected.”

viruses were detected on the coatings formed by either DOPA-
Phe-NH, or DOPA-Phe(4F)-NH,. On a bare glass, the viral titer
was 29000 £+ 2000 PFU mL ! and from that, we can deduce that
the peptide-based coatings can reduce the viral titer by nearly
4 logs. This suggests that both peptide coatings can deactivate
more than 99.9% of the viruses (p < 0.05). A surface with T4
bacteriophage was treated by UV inactivation for 3 h and served
as a positive control. A bare glass washed with ethanol was
used as a negative control to confirm that the antiviral activity is
from the peptide itself. The virus titers treated by UV light were
below the limit of detection.

Importantly, we carried out an antiviral activity assay against
CCV. To examine the antiviral activity of the peptide with coro-
navirus, we used a corona surrogate CCV. This is an enveloped,
positive-stranded RNA virus with specific sequence homology
to SARS-CoV-2. As shown in Figure 4h, no virus could be
detected for both peptide-based coatings. When we compared
the peptide-based coatings with a bare glass (log (TCIDs,
per mL) = 4.04 + 0.39), the peptide coatings could reduce the
amount of CCV by more than 99.9% (p < 0.05). This indicated
that the coating inactivated both bacteriophage T4 and CCV.

Adv. Mater. Interfaces 2023, 10, 2202161 2202161 (5 of 8)

Our previous work showed that a coating formed by tripep-
tides can also inactivate these viruses.? Therefore, these
DOPA-based di-/tripeptide coatings can serve as an efficient
way to block viral transmission.

The cytotoxicity of the peptides was measured toward both
colorectal adenocarcinoma (HT-29) and ovarian carcinoma
(A2780) cancer cell lines. The cytotoxicity was tested by using
the MTT (3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium
bromide) assay after incubation of the cells with the peptides
for 24 h. Both peptides showed very low cytotoxicity toward
HT-29 cells (Figure 5a). The viability of the more sensitive cells,
A2780, was slightly lower for both peptides and reached a pla-
teau at around 60% at high concentrations (Figure 5b). These
results suggest that both peptides have low cytotoxicity toward
the cells.

3. Conclusion

We show that extremely short peptides, DOPA-Phe-NH,, and
DOPA-Phe(4F)-NH, can spontaneously self-assemble into

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Viability of a) HT-29 and b) A2780 cells based on the MTT assay. Error bars indicate the standard deviations of three independent experi-

ments, n = 3, with triplicates N = 3.

spherical nanoparticles (=tens of nanometers in diameter).
These particles exhibit excellent antiviral activity against bac-
teriophage T4. Although the fluorinated peptide shows better
antiviral activity when compared with DOPA-Phe-NH,, our
results demonstrate that fluorine is not a necessity for anti-
viral activity. This is of high importance for some applications.
According to the TEM results, the mechanism underlying the
antiviral activity could act by disturbing the attached protein
between the tail and the head, destroying the long tail fibers
that recognize the host cells.[**?] We applied the peptide assem-
blies on a surface by drop-casting to generate a peptide-based
coatings. The coating formed by either DOPA-Phe-NH, or
DOPA-Phe(4F)-NH, exhibited excellent antiviral activity and
reduced the number of phages by =4 logs. Moreover, the cell
viability assay showed that both peptides have very low toxicity
against both ovarian carcinoma and colorectal adenocarcinoma
cells. Overall, our findings indicate for the first time the use of
dipeptide-based assemblies as antiviral agents. This work pro-
vides new insights for developing antiviral agents by peptide
self-assembly.

4. Experimental Section

Materials:  Phe(4F)-Phe(4F)-OMe, DOPA-Phe-NH,, and DOPA-
Phe(4F)-NH, were purchased from GL Biochem (Shanghai) Ltd.
with a purity >95%. L-DOPA with a purity >98% was purchased from
Tokyo Chemical Industry Co., Ltd. L-Phenylalanine, L-Phe(4F), and
Diphenylalanine (H-Phe-Phe-OH) were purchased from Bachem AG
(Bubendorf, Switzerland) Co., Ltd. with a purity of 98%. Methanol,
sodium dodecyl sulfate (SDS), ethanol, Roswell Park Memorial Institute
(RPMI) 1640 medium, 3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium
bromide (MTT) and Isopropanol were obtained from Sigma Aldrich.
were purchased from Sigma Aldrich (St. Louis, Missouri, USA).
Escherichia coli strain B (Migula) Castellani and Chalmers (ATCC 11303)
and E. coli bacteriophage T4 (ATCC 113030-B4) bacteria were purchased
from the American Type Culture Collection (ATCC, Manassas, Virginia,
USA). Agar and LB broth were purchased from Merck (New Jersey,
USA) and Becton Dickinson (New Jersey, USA), respectively. Ovarian
carcinoma A2780 was purchased from the European Collection of
Authenticated Cell Cultures and colorectal adenocarcinoma HT-29 was
purchased from American Type Culture Collection. Fetal Bovine Serum,
1% Penicillin-Streptomycin, and 1% L-Glutamine were purchased from
Biological Industries (Beit Haemek, Israel).

Adv. Mater. Interfaces 2023, 10, 2202161 2202161 (6 of 8)

Preparation of the Peptide Assemblies and Peptide Coating: The
dipeptide assemblies were prepared by dissolving the peptide powder
in ethanol at 100 mg mL™; then they were diluted using triple distilled
water (TDW) according to our previous work.Bl The peptide coatings
were prepared by drop-casting, on the substrate, 3 times a drop of
100 pL from a solution of 10 mg mL™" peptide assemblies.

Antiviral ~ Minimal  Inhibition — Concentration — (MIC)  against
Bacteriophage T4: A series of two-fold diluted peptide solutions
(1000, 500, 250, 125, 62.5, 31.25, 15.625, and 7.8125 ug mL7") was
prepared to measure the antiviral MIC. Next, 100 UL T4 bacteriophage
(10° PFU mL™") and 100 pL diluted peptide solutions were transferred
into 800 uL LB phage; then, the samples were shaken at 150 rpm at
room temperature. After 24 h incubation, the samples were centrifuged
at 14000xg for 10 min to precipitate the peptide particles. Supernatants
were collected and then tenfold diluted once. Next, the 20 pL
supernatants were mixed with 25 uL bacteria (E. coli. ATCC11303) in
1 mL of warm 0.6% agarose. The mixture was spread on a 1.5% LB agar
to form an agar layer. The plate was incubated at 37 °C for 18 h. The
lowest concentration of peptides that prevented viral growth is defined
as the antiviral minimum inhibitory concentration (MIC). L-DOPA,
L-phenylalanine, L-Phe(4F), Phe(4F)-Phe(4F), and diphenylalanine were
used as controls.

Transmission Electron Microscopy (TEM) for the Peptide Assemblies: The
peptide assemblies at the antiviral MIC (125 and 62.5 g mL™ for DOPA-
Phe-NH, and DOPA-Phe(4F)-NH,, respectively) were characterized
using Tecnai 12 TEM 120 kV (Phillips, Eindhoven, the Netherlands). A
carbon Formvar-coated copper grid was placed on a drop of peptide
solution. Then, the samples were negatively stained by adding 5 pL of
2% uranyl acetate for 40 s and dried at room temperature.

Scanning Electron Microscopy (SEM) for the Peptide Assemblies and
Coating: SEM analyses were performed by an extra high-resolution
scanning electron microscope, Magellan TM400L, operating at 1 kV.
A solution of the peptide assemblies at the antiviral MIC (125 and
62.5 g mL™" for DOPA-Phe-NH, and DOPA-Phe (4F)-NH,, respectively)
was drop cast on a glass surface and allowed to dry at room temperature.
Then, the peptide assemblies and coatings were coated with gold using
a Polaron SC7640 sputter coater and then observed.

Atomic Force Microscope (AFM) for the Peptide Assemblies and Coating:
The peptide assemblies were prepared at antiviral MIC (125 and
62.5 g mL™" for DOPA-Phe-NH, and DOPA-Phe (4F)-NH, respectively)
and then were drop-casted on the clean glass substrate. All AFM images
of the peptide assemblies and coatings were taken using AC mode with
a Si3N, tip with a spring constant of 3 N m~' by |PK NanoWizard.

Dynamic Light Scattering (DLS): A Malvern dynamic light scattering
(DLS) instrument (Zetasizer Nano ZSZEN3600) was used to determine
the size distribution of the peptide assemblies. The size distribution of
peptide assemblies at antiviral MIC (125 and 62.5 ug mL™' for DOPA-
Phe-NH, and DOPA-Phe (4F)-NH,, respectively) was performed.
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Circular Dichroism (CD): The CD spectra were collected by a J-810
spectropolarimeter (JASCO, Tokyo, Japan), using a 0.1 cm pathlength
quartz cuvette for far-UV CD spectroscopy (in the spectral range
between 190 and 260 nm with a step width of 0.05 nm) at 20 °C. The
peptides were dissolved in TDW (0.1 mg mL™") and then filtered by using
a 0.22 um filter. The spectra for each sample was collected three times,
averaged, and the background (TDW) was subtracted.

Fourier Transform Infrared Spectroscopy (FT-IR): FT-IR was recorded
using a Nicolet 6700 FT-IR spectrometer with a deuterated triglycine
sulfate (DTGS) detector (Thermo Fisher Scientific,c, MA, USA) at a
4 cm™ resolution and averaged after 2000 scans. Peptide solutions were
deposited on a CaF, plate and dried by vacuum. The peptide deposits
were resuspended with D,O and subsequently dried, forming thin films.
The resuspension procedure was repeated twice to ensure maximal
hydrogen-to-deuterium exchange.

Attenuated Total Reflection Fourier-Transform Infrared (ATR-FTIR): ATR-
FTIR spectra were collected with an applied force of 350 N, at 4 cm™
resolution with 3000 scans averaged signal and an incident angle of 65°.

Transmission Electron Microscopes (TEM) for T4 Bacteriophages: The
phage stock solution at a concentration of 1x 10° PFU mL™" was diluted
to 6 x 107 PFU mL™" in DDW and added to either the peptide solution
or TDW. The final concentration of the peptides DOPA-Phe-NH,
and DOPA-Phe(4F)-NH, was 25 and 12.5 mg mL", respectively. The
solutions were incubated for 24 h at 37 °C,120 rpm. Then, a 10 pL drop
of each sample was added to the grid for 30 s and the excess was blotted
with filter paper. The samples were negatively stained by adding 5 pL of
2% uranyl acetate for 40 s and the excess was blotted with filter paper.

The samples were analyzed by using Tecnai 12 TEM 120 kV (Phillips,
Eindhoven, the Netherlands) equipped with a Phurona camera and
RADIUS software (Emsis GmbH, Miinster, Germany).

Antiviral Activity against Bacteriophage T4 for Peptide Coatings: The
antiviral activity performance was measured according to our previous
work.B Briefly, 10 decimal serial dilutions of the viral suspension
were prepared by LB Broth. The aqueous suspensions for the T4
bacteriophage inactivation experiments contained sample surfaces with
dimensions of 1 x 1 cm and T4 phage at 1.0 x 10° PFU mL™". Next, the
phages were incubated under humid conditions at room temperature
(25 °C) in a dark room for 24 h. After incubation, the phages were
harvested by shaking them with 2 mL SCDLP broth for 15 min to stop
the incubation. The T4 bacteriophage in the SCDLP was diluted with
LB broth tenfold. Subsequently, samples and bacteria were mixed
with 0.6% agarose. Then, the mixture was spread on 1.5% LB agar to
form an agar layer. The plate was incubated at 37 °C for 18 h to form
the plaques. The antiviral activity was defined and calculated as
follows: The initial virus titer (No) and the virus titer after incubation
(N) were calculated by counting the plaque number. For each sample,
9 repeats were performed to assess the antiviral activity.

Antiviral activity =logo (N/Ng ) 1M

Antiviral Activity against CCV: The antiviral activity against CCV was
performed according to our previous work.®" Briefly, a drop of 16 uL viral
suspension was inoculated onto the coated and uncoated glass surface
and incubated for 3 h at room temperature. As a positive control, 16 UL of
the viral suspension were added to the glass and incubated for 3 h under
UV irradiation (long-wave ultraviolet 365 nm). After the contact time,
2 mL of SCDLP was added to remove the viruses from the surface. From
this mixture, a tenfold dilution series was prepared and a TCIDsy per mL
value was determined. Each experiment contained three coated surfaces
and three uncoated surfaces, and three experiments were performed.

Cell ~ Culture and Cell  Viability = Measurements:  Colorectal
adenocarcinoma (HT-29) and Ovarian carcinoma (A2780) cancer cell
lines were cultured as monolayers at 37 °C in a 5% CO, atmosphere,
in RPMI 1640 medium, supplemented with 10% Fetal Bovine Serum,
1% Penicillin-Streptomycin, and 1% L-Glutamine. Cytotoxicity was
measured by the previously reported MTT method.*”! The cells were
seeded in a 96-well plate, at a density of =10000 cells per well, and
allowed to attach overnight under the conditions mentioned above. The
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peptides DOPA-Phe-NH, and DOPA-Phe(4F)-NH, were dissolved in
ethanol to 291 and 276 mwm, respectively, and then diluted in TDW to a
concentration of 2 mm. The samples were then serially diluted to create
a concentration gradient, with pure TDW as the control, and added
to the cells so that the highest concentration was set to 100 um. The
plate was incubated for 24 h under the same conditions. MTT, 0.1 mg in
20 pL, was added to each well, followed by an additional 3-h incubation.
The medium was removed and 200 pL of isopropanol were added to
each well, and the absorbance at 550 nm was measured (Spark 10 m
multimode microplate reader spectrophotometer, Tecan Group Ltd.,
Mannedorf, Switzerland). Cell viability was calculated by comparing
the formazan absorbance in the treated wells to the untreated control
wells. Each measurement was repeated in three wells per plate, and at
least on three different days, to total at least 9 repetitions. The relative
IC50 values and the standard error of the means were determined by
nonlinear regression of a variable slope (four parameters) model, using
the GraphPad Prism 5.0 software.

Statistical Analysis: All measurements were carried out in triplicates
on three different days (total of 9 repeats). Values given in the tables
and figures are the means of these nine repeats, and error bars indicate
the standard deviation. The statistical significance of differences among
means was evaluated by Duncan’s test at p < 0.05. Statistical analysis
was performed using SPSS software version 22.0.
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