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ABSTRACT

There is a growing interest in innovative strategies for effectively preventing implant-associated bacterial in-
fections. Here, we report on a simple-by-design approach for production of antibacterial coatings from doco-
sahexaenoic acid monoacylglycerol (MAG-DHA) and glycerol monooleate (GMO). In addition to its amphiphilic
nature, MAG-DHA is a safe precursor of docosahexaenoic acid (DHA) and has different beneficial health effects,
including antibacterial activities. Using binary combinations of MAG-DHA and GMO, we describe the structural
features and the antibacterial activities of antibiotic-free non-lamellar liquid crystalline (LLC) coatings. Small-
angle X-ray scattering (SAXS) and in situ grazing incidence small-angle X-ray scattering (GISAXS) were
employed to gain insight into the structural features of the fully hydrated coatings and the hydration-induced
dynamic self-assembly of MAG-DHA and GMO on model implants. In a lipid composition-dependent manner,
SAXS results revealed hydration-induced formation of different inverse LLC self-assemblies, including hexagonal
(Hy) and bicontinuous cubic (Q2) phases. Further, GISAXS analysis showed that lipid composition and employed
relative humidity level play important roles in controlling the out-of-equilibrium self-assembly properties.
Moreover, the coatings containing MAG-DHA displayed unique inherent antibacterial activities against Staphy-
lococcus aureus and Staphylococcus epidermidis strains. This study describes the first antibiotic-free coatings with

nanostructural architectures and inherent antibacterial activities for orthopedic implants.

1. Introduction

There is a rapid growth worldwide in the number of implantable
devices (> 500,000), including prosthetics, catheters, and scaffolds.
Therefore, it is becoming increasingly important for the orthopedic
community to introduce safe and efficacious strategies for combating
biofilm infections, which represent a major public health burden [1-3].
Among these devices, natural and synthetic orthopedic implants are
attractive for improving the patient life quality through simulating
regeneration of tissues and re-establishment of their functions [4,5].
However, surgical implantation procedures are typically associated with
development of persistent bacterial implant infections, which can spread
to adjacent tissues [6]. Further, such infections may lead to extended
treatment periods, increased morbidity among hospitalized patients,
and even implant failure [7-11].

Biofilms are dense 3D matrices built of polysaccharides, fibrous
proteins, and lipoproteins. They prevent penetration of antibiotics to the
encased bacteria and inhibit the immune responses [12,13]. It is,
therefore, challenging to treat biofilm infections. Over the past few de-
cades, about 50% of reported failures have been ascribed to poor inte-
gration of orthopedic implants with the surrounding tissues and
development of biofilm infections [14]. These infections account for
25% of clinical infections (including about 0.8-2% of infections asso-
ciated with prosthetic replacement surgeries) [15]. Further, within five
years of post-surgery complications, the caused mortality rate can reach
up to 21%, which is comparable to the reported mortality rates for breast
cancer and melanoma [2,11,15]. Systemic antibiotic treatments and
revision surgeries are considered gold standards for treating and pre-
venting biofilm infections [15,16]. Nonetheless, systemic antibiotics
often fail to achieve adequate local therapeutic antibiotic levels around
the implants due to tissue trauma and disrupted blood circulation [13].
Further, the typical administration of relatively high doses of antibiotics
for bacterial eradication may promote bacterial resistance, rendering the
infection treatment ineffective [4].

In recent years, there is a growing interest in introducing safe and
efficient antibiofilm strategies for overcoming the limitations of sys-
temic antibiotic treatment options. A promising strategy is the preven-
tion of early-onset infections by inhibiting initial bacteria attachment
and colonization on the implants during the implantation surgeries
[1,6,13,17]. In addition to implant surface modification for effectively
averting biofilm formation, implant coatings with antibacterial and
bone integration properties are attractive therapeutic options for use
[4-6,16,18]. However, it is important addressing different drawbacks of
existing polymeric and composite antibacterial coatings in orthopedic
surgeries, including toxic side effects, long-term instability, and limited
effectiveness [5,7,11,19-26]. Safe and biocompatible materials are
attractive for use in the development of antibacterial coatings. Among

these materials, omega-3 polyunsaturated fatty acids (-3 PUFAs),
including eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids,
have health promoting effects, including antibacterial and antibiofilm
activities against various bacterial pathogens [9,12,15]. Further, these
bioactive lipids have anti-inflammatory activities, and they may pro-
mote the bone health through minimizing the risks of osteoporosis
[2,6,15,27-29]. In a recent study [30], we reported on the inherent
antibacterial and antibiofilm activities of antibiotic-free nano-self-as-
semblies (hexosomes and vesicles) loaded with DHA against S. aureus
and S. epidermidis, which are among the major microorganisms associ-
ated with the development of biofilm infections on medical devices.

Non-lamellar lyotropic liquid crystalline (LLC) phases are attractive
for use in design of coatings owing to their inherent unique structural
architectures and their loading and sustaining drug release properties
[31-33]. In a recent study, we reported on the antibacterial and anti-
biofilm activities of colistin-loaded inverse bicontinuous Pn3m nano-
structures (double diamond phases) coated on model orthopedic
implants against Pseudomonas aeruginosa [34]. Here, it is worth noting
that new »-3 PUFA monoacylglycerols (such as MAG-DHA) are attrac-
tive for use in designing liquid crystalline coatings owing to their ten-
dency to display inverse hexagonal (Hy) phases on exposure to excess
water [35,36]. Further, they have health promoting effects and they may
find applications in treatment of different disorders, including cancer
[37-39]. It was, therefore, our interest to use binary combinations of
MAG-DHA and GMO for designing structurally tunable antibacterial
coatings and assess their potential antibiofilm activities.

It is the first report to our knowledge on the development of
antibiotic-free non-lamellar liquid crystalline coatings for preventing
biofilm formation on model orthopedic implants. In this work, we focus
on the role of lipid composition on modulating the structural features of
the produced surface patterns on the implants and their antibacterial
activities against two common biofilm-forming bacteria S. epidermidis
5D and S. aureus ATCC 29213. In the characterization studies, SAXS
experiments were conducted to gain insight into the structural features
of already prepared coatings; whereas the dynamic self-assembly
behavior of both lipids (MAG-DHA and GMO) during the coating pro-
duction was investigated by in situ GISAXS.

2. Materials and methods
2.1. Materials

Docosahexaenoic acid monoacylglycerol (MAG-DHA; >99% of pu-
rity) was purchased from Larodan (Solna, Sweden). Capmul GMO-90
EP/NF (mainly consisting of glycerol monooleate and therefore
referred below as GMO) was kindly donated by Abitec Co. (Columbus,
USA). This commercial distilled monoacylglycerol product consists of
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monoglycerides (97%, mainly GMO (88.5%)), and diglycerides
(~2.7%). Tryptic soya broth (TSB) was purchased from Oxoid (Roskilde,
Denmark). Luria-Bertani (LB) broth and the agar plates were supplied by
the Department of Immunology and Microbiology (Substrate and Sterile
Centre, University of Copenhagen). In addition to NaOH pellets (>99%
purity), the organic solvents ethanol absolute (>99.8% purity) and
acetone (>99.5% purity) were purchased from Sigma-Aldrich (Darm-
stadt, Germany). 10 mM phosphate buffered solution (PBS, pH 7.4) was
prepared from the following salts: sodium chloride (8 g/L), potassium
chloride (0.2 g/L), sodium phosphate dibasic dihydrate (1.8 g/L), and
potassium phosphate monobasic (0.245 g/L). These salts were pur-
chased from Sigma-Aldrich (Darmstadt, Germany). All chemicals were
of analytical grade and used without further purification. Regular
stainless-steel discs (SS) with a diameter of 15 mm and a thickness of 0.3
mm were purchased from Holzura (Wuppertal, Germany) and used as
model metallic implants. p-type silicon wafers (Si-wafers) with di-
mensions of 20 mm x 15 mm were purchased from Ossila Ltd. (Sheffield,
UK) and used in the GISAXS study.

2.1.1. Preparation of fully hydrated LLC phases

The LLC phases were prepared in excess buffer (10 mM PBS, pH 7.4)
at different lipid compositions as recently described [34]. Briefly, an
ethanol stock solution of MAG-DHA was prepared at MAG-DHA/ethanol
weight ratio of 60:40. At appropriate amounts, melted GMO was then
added to produce ethanol solutions of MAG-DHA/GMO at the following
MAG-DHA/GMO volume ratios: 63:37, 36:64, and 16:84. Ethanol stock
solution of GMO alone was also prepared as described above. For
vaporization of ethanol, these solutions containing GMO, MAG-DHA, or
binary MAG-DHA/GMO mixtures were left for drying under vacuum by
using PELCO® Mini Hot Vac Desiccator (California, USA). Then, the
produced dry lipid films were exposed to 2 mL of 10 mM PBS (pH 7.4),
and the samples were kept rotating by using Intelli-mixer rotorarm
(Riga, Latvia) at room temperature (RT) for at least 72 h prior to SAXS
characterization studies.

MAG-DHA is highly susceptible to oxidation; it was therefore
important to conduct all investigations on fresh coatings. The dry lipid
films were also flushed with nitrogen gas and incubated in the dark at
4 °C before use. It is worth also noting that the antibacterial activities of
the coatings were also tested on dry films left for prolonged period at
4 °C. There was no indication of any decrease in their antibacterial ef-
ficacy (data not shown).

2.1.2. Structural characterization of LLC phases by small angle x-ray
scattering (SAXS)

In addition to the described below in situ out-of-equilibrium GISAXS
experiments on coatings, it was important to conduct SAXS experiments.
It was our interest to gain insight into the influence of the lipid
composition on the structural features of the already prepared LLC
phases based on MAG-DHA or its binary combination with GMO under
full hydration conditions. The SAXS measurements were conducted at
RUCSAXS (Roskilde University Interdisciplinary X-ray Scattering Hub,
Roskilde, Denmark) with a Xenocs Xeuss 3.0 UHR XL instrument (Gre-
noble, France) equipped with an Eiger 2R 1 M detector from Dectris
(Baden, Switzerland). The source is a Xenocs GeniX 3D Cu-Koa HFVL X-
ray tube with focusing optics and X-ray wavelength of 1.54 A. The
sample-to-detector distance was 600 mm (calibrated with a silver
behenate standard). The scattering vector (q = (4n/A)sin(6), where A and
0 are the wavelength and the scattering angle, respectively) was in the
range of 0.5-4.0 nm™!. The fully hydrated LLC phases were mounted in
sandwich sample holders with both sides of each spacer disk covered
with Kapton foils. Eight samples with a thickness of 1 mm were mounted
in the sample holder in a 4 x 2 array. All measurements were performed
at 37 £ 1 °C using a Julabo Dyneo water circulator (Seelbach,
Germany).

The recorded 2D SAXS data were analyzed with BioXTAS RAW 2
[40]. They had been background (scattering from an empty cell with
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Kapton windows) subtracted after the employed azimuthal averaging.
Lorentzian fitting was then employed to determine the g-values of the
detected Bragg peaks. The interplanar distance, d, for each peak was
calculated and used to determine the corresponding lattice parameters
of the identified LLC phases (Hy and Pn3m nanostructures). In line with
previous studies on the behavior of different monoacylglycerols, the
SAXS patterns of the inverse micellar solution (Ly phase) displayed
single broad peaks [32,36,41].

The characteristic distances (d = %) of these Ly phases were calcu-
lated. Further, the lattice parameters of the non-lamellar phases (H, and
cubic Pn3m self-assemblies), respectively, were calculated by using the
following equations [42,43]:

Lattice parameter of the Hy phase:

4r
a= vV h? + hk + k? 1
qraV'3

Lattice parameter of the cubic Pn3m phase:

0= e E @

qhkt

where gy is the length of the scattering vector and h, k, and [ are the
Miller indices of the detected Bragg peaks.

2.1.3. Dry lipid film coating preparation

Before employing the lipid coating procedure, the SS discs were
cleaned in an ultrasonic cleaner (Branson Ultrasonics, Connecticut,
USA) for 10 min by sequentially using acetone, ethanol, and deionized
water (DI). Then, the discs were sonicated in 5 M NaOH aqueous solu-
tion for 30 min, rinsed with DI water, and kept in ethanol until use. To
dry these cleaned discs, an air stream was used at RT. The same protocol
was used for Si-wafers, however, these were stored in acetone after the
surface cleaning procedure. Then, they were coated through directed
self-assembly of MAG-DHA alone or its combination with GMO on their
surfaces.

The dry lipid film coatings were prepared as recently described [34].
The ethanol solutions of MAG-DHA alone, GMO alone, and their binary
mixtures (at MAG-DHA/GMO volume ratios of 63:37, 36:64, and 16:64)
were prepared as described above. 40 pL of these solutions were used to
coat the SS discs by using a spin coater (Mutech pcoater, Bariloche,
Argentina) for 20 s at 4000 rpm. Then, the coated discs were left for
drying overnight to remove ethanol and subsequently used in the
employed antibacterial activity assays. The same procedure has been
employed to produce dry lipid films on Si-wafers for the in situ GISAXS
out-of-equilibrium structural characterization study. To minimize the
background scattering, Si-wafers are preferred as substrates for grazing
incidence X-ray studies. They have excellent optical properties and
ultra-low surface roughness [44,45].

2.1.4. In situ synchrotron grazing incidence small-angle X-ray scattering
(GISAXS) study for real-time monitoring of hydration-induced production of
LLC coatings

The exposure of the dry lipid films coated on the SS discs to bacteria
suspensions, as described below, leads to their simultaneous hydration.
With an attempt at mimicking the conditions and gaining insight into
the hydration-mediated formation of inverse LLC phases or micellar
solutions, a set of in situ GISAXS experiments were conducted. In this
study, dry lipid films of MAG-DHA alone (or GMO alone) and their bi-
nary combinations were coated on Si-wafer surfaces. The employed
GISAXS set-up is shown in Fig. 1.

In GISAXS investigations, a monochromatic X-ray beam typically hits
the sample at a low angle (in the range of 0.10-0.50°) around the critical
angle for total reflection [46,47]. A 2D detector measures the scattered
photon intensity in the directions parallel (g,) and perpendicular (g:) to
the sample surface [46,48]. From the obtained 2D image on the recip-
rocal space, it is possible to identify the sample’s structure [49,50]. In
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Fig. 1. The employed in situ GISAXS set-up for monitoring in real-time the structural alterations occurring during hydration-mediated formation of inverse self-
assemblies (Ly, Hp, and cubic nanostructures). The GISAXS experiments were conducted by exposing the dry lipid films coated on Si-wafers to air with different
relative humidity (RH) levels at RT by using a supersonic humidifier. The grazing incidence angles used in the experiments ranged from 0.35° to 0.47°.

this study, the GISAXS measurements were conducted at the Austrian
SAXS beamline at Elettra Synchrotron (Trieste, Italy) [51]. The sample-
to-detector distance was 1217 mm, resulting in a g-range of 0.5 nm ™! <
q < 5.5 nm™ L. As depicted in Fig. 1, the dry lipid film coated substrate
(Si-wafer) was placed in a metallic custom-made humidity chamber,
which was equipped with two Kapton windows with a thickness of 13
pm to allow pass through the incident and the scattered beam. The
wavelength, A, was 0.154 nm, and the 2D GISAXS patterns were
collected with a Pilatus3 1 M detector (Dectris, Baden, Switzerland) at a
specific grazing angle. The angular scale of the detector was calibrated
with silver behenate. The measurements were conducted at different
relative humidity (RH) levels. At any given temperature, the RH is
defined as the ratio of the actual water vapor pressure to the water vapor
pressure under saturation conditions. In this study, a custom-made
setup, consisting of an ultrasonic humidifier and two RH sensors, was
employed to precisely regulate the RH level by mixing highly humidified
air (>95% RH) with dry air (<3% RH) in a pre-chamber before deliv-
ering into the humidity chamber. A humidity sensor, which was coupled
with a proportional-integral-derivative (PID) controller, maintained the
target RH level, while a secondary sensor in the humidity chamber
monitored the RH levels during X-ray irradiation. Further detailed in-
formation on the used chamber is presented in the previous report of
Sharifi et al. [52]. The GISAXS experiments were conducted by gradu-
ally increasing the RH level from 15% to 95% at a controlled rate of 1% /
min (with deviation <1%). The X-ray exposure time was 2 s every 2 min.
Additional experiments were conducted for 30 min at the highest RH
level (95%) with an X-ray exposure time of 2 s every 2 min to further
investigate the effect of hydration on the structural features of the films.
The recorded 2D GISAXS diffraction patterns were radially integrated
with the data reduction pipeline available at the SAXS beamline [53] to
obtain the scattering vector (Intensity, I5). The resulting 1D curves were
further analyzed with BioXTAS RAW 2 [40] to identify the phases and
determine the lattice parameters and the characteristic distances of the
inverse LLC phases and inverse micellar solutions (L phases),

respectively. The peak positions were analyzed using the standard Born
approximation (BA). Since the grazing incident angles (ranging from
0.35° to 0.47°) were sufficiently larger than the critical angle for Si-
wafer (=~ 0.22°), the distorted wave Born approximation (DWBA) cor-
rections for refraction could be neglected, as already reported by Ritt-
man et al. [54]. Due to the difficulty in thermostating the investigated
coatings at 37 °C, when varying the humidity level, the GISAXS exper-
iments were only conducted at 25 °C.

2.1.5. Bacterial strains and growth conditions

The overnight cultures of S. aureus ATCC 29213 and S. epidermidis 5D
strains were prepared by transferring a loop of frozen bacteria to 5 mL
TSB media. At 37°C, they were shaken overnight at 160 rpm by using
IKA HS 501 orbital shaker (Staufen, Germany). Prior to the antibacterial
activity evaluation, the bacterial cultures (~10° Colony Forming Unit
(CFU)/mL) were diluted in TSB medium to obtain a bacterial suspension
of ~10°CFU/mL.

2.1.6. In vitro antibacterial activities of the LLC coatings based on MAG-
DHA and MAG-DHA/GMO binary mixtures

The coated SS discs with dry lipid films were incubated at 37°C in 12-
well microtiter plates (Greiner Bio-One GmbH, Kremsmiinster, Austria),
containing 1 mL of S. aureus ATCC 29213 (or S. epidermidis 5D) sus-
pension with ~10° CFU/mL. They were then shaken at 160 rpm for 24 h
by using IKA HS 501 orbital shaker (Staufen, Germany). To determine
the antibacterial activities of the hydration-mediated LLC coatings after
24 h of incubation of the dry lipid films in the bacterial suspensions, 100
uL of these suspensions was then subsequently transferred to a 96-well
microtiter plate, and the optical density was measured at 600 nm
(0OD600) by using PerkinElmer 2030 Multilabel Reader VICTOR X4 UV-
spectrophotometer (Shelton, USA). In this study, the coated SS discs (n
= 3) with dry GMO films and overnight bacterial cultures of S. aureus
ATCC 29213 and S. epidermidis 5D were used as controls (n = 3).
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2.1.7. Time-kill assay

Dry lipid films of MAG-DHA and MAG-DHA/GMO binary coatings
(produced at MAG-DHA/GMO volume ratios of 63:37, 36:64, and 16:64)
coated on SS discs were prepared as described above. They were incu-
bated in bacterial suspensions of S. aureus ATCC 29213 and
S. epidermidis 5D at 37 °C and shaken at 160 rpm. The conducted time-
kill experiments were performed to evaluate the antibacterial activities
of the coatings at different post-incubation time points (0 min, 15 min,
30 min, 1 h,2h,4h, 6h, and 24 h). In this study, 50 pL of the incubation
medium was collected at these time points and subsequently serially
diluted in 0.9% (w/v) sterile saline solution to achieve appropriate
concentrations for CFU counting. 10 pL of the last 3 dilutions were
plated on LB agar and incubated overnight at 37 °C. Then, the formed
colonies were counted and expressed as logjp CFU/mL. The killing
curves were obtained by plotting the colony count (log;o CFU/mL) as a
function of time. In this study, the bacterial cultures S. aureus ATCC
29213 and S. epidermidis 5D, which are kept overnight, were used as
controls.

2.1.8. Data analysis

All experiments were conducted in triplicates, and the analysis was
done by one-way ANOVA test. p < 0.05 was statistically considered
significant. Each value is presented as mean =+ standard deviation (SD).
MS Excel 365 was used for plotting the graphs and performing statistical
analysis.

3. Results and discussion

3.1. Structural characterization of fully hydrated self-assemblies: SAXS
study

To gain insight into the structural features of the fully hydrated LLC
phases generated from MAG-DHA alone, GMO alone, and binary MAG-
DHA/GMO mixtures (at MAG-DHA/GMO volume ratios of 63:37, 36:64,
and 16:64), SAXS experiments were conducted at 37 °C. The SAXS
curves are shown in Fig. 2, and the calculated lattice parameters of the
identified inverse LLC phases are presented in Table 1. In line with
previous studies [32,35,36,55,56], MAG-DHA and GMO tend to display
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Table 1

Structural parameters of already prepared fully hydrated LLC phases (SAXS
analysis), and phases identified at different lipid compositions and employed RH
levels (the out-of-equilibrium GISAXS study). The SAXS and GISAXS experi-
ments were conducted at 37 and 25 °C, respectively.

Lipid In situ GISAXS results SAXS findings
it
composition Conditions Phase d, a, nm Phase a,
nm nm

RH: 15% Ly 277 -
RH: 95% Ly 320 -

MAG-DHA RH: 95% (after L 3.25 Ha 450
30 min) 2 ) -
RH: 15% Ly 296 -

MAG-DHA/GMO  RH: 95% Ly 353 - . 504
(63:37) RH: 95% (after ~ 412 2 :
30 min) 2 )

150 _
RH: 15% ;2 3.09 iy 555
MAG-DHA/GMO  RH: 95% 2 B ’
(36:64) He - 463
: RH: 95% (after H B 436 H, 5.34
30 min) 2 ’
RH: 15% tz s -
. _ _
MAG-DHA/GMO  ppy. g5, la3d - 9.34  Pn3m 791
16:84) RH: 95% (after
1700 la3d - 9.50
30 min)
RH: 15% Lz 381 -
Le -
GMO RH: 95% Ia3d - 10.12  Pn3m  8.71
RH: 95% (after
30 min) la3d - 10.23

(crystallographic space group: Pn3m (Q?%%%), respectively (Fig. 2, red
and black SAXS patterns, respectively). The lattice parameters of these
H; and cubic Pn3m phases were 4.50 and 8.71 nm, respectively
(Table 1). As shown in Fig. 2, combining MAG-DHA with GMO led in a
lipid composition-dependent manner to a phase transition in the
following order: a neat Hy phase — biphasic feature of two coexisting Hy
phases + Hy phase — cubic Pn3m phase. The identification of the Hy
phase was based on the detection of its first three characteristic Bragg
peaks with distinct spacing ratios of v/1:1/3:1/4; whereas the first six

inverse H; and bicontinuous double-diamond cubic phases
10°
e 110
111
0’ 200 211
/ 2290
102
GMO
e N MAG-DHA/GMO: 16:84
: \ :
< w MAG-DHA/GMO: 36:64
G 100
c A
P:J 05 MAG-DHA/GMO: 63:37
102 110 200
MAG-DHA
1073
0.5 1.0 15 20 25 30 35 4.0
g(nm7)

Fig. 2. Effect of lipid composition on the structural features of the fully hydrated LLC phases at 37 °C. These self-assemblies were produced on exposure of single
amphiphiles (MAG-DHA (red) and GMO (black)) and three of their binary combinations to excess PBS (pH 7.4). These binary mixtures were prepared at MAG-DHA/
GMO volumetric ratios of 63:37 (blue), 36:64 (green), and 16:64 (purple). At a MAG-DHA/GMO ratio of 36:64, the SAXS curve (green) indicated the formation of a
biphasic feature of two coexisting H, phases. The detected peaks characteristic for the second H, phase are marked with an asterisk (*). The scattering intensity was
scaled by an arbitrary constant for better visibility. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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characteristic Bragg peaks of the cubic Pn3m phase had distinct spacing
ratios of v/2:1/3:v/4:v/6:v/8:1/9 [35,55,57-60]. 2D SAXS images of fully
hydrated LLC bulk phases at 37 °C are presented in Supporting Infor-
mation, Fig. S1. They prepared using binary MAG-DHA/GMO mixtures
at the following MAG-DHA/GMO ratios: 63:37, 36:64, and 16:84.

3.2. Real-time monitoring of hydration-induced production of LLC
coatings: In situ GISAXS study

In addition to SAXS characterization studies, it was important for
evaluating the antibacterial activities of the self-assembled nanocoatings
to mimic the biological milieu and gain insight on the hydration-induced
dynamic self-assembly on exposure of the dry lipid films coated on
model implants to the bacterial suspensions. Therefore, a set of GISAXS
experiments were conducted at 25 °C. It is worth noting that SAXS in
transmission geometry is not optimal for studying nanostructured sur-
faces and thin films. This is due to the X-ray absorption of the substrate
(Si-wafer) and the presence of very small volume in the thin lipid film’s
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geometry, hindering a successful data analysis with acceptable signal to
noise ratio. To overcome such limitations, there is a growing interest in
conducting GISAXS experiments at equilibrium and out-of-equilibrium
conditions [47,61,62]. By performing small-angle scattering experi-
ments in a reflection geometry using an X-ray beam with an angle of
typically ~0.1-0.5°, the large footprint of the beam on the sample
significantly increases the illuminated sample volume. Likewise, the
substrate’s absorption is avoided, when analyzing the scattering of the
beam reflected from the sample and the substrate surface [62]. In this
study, the GISAXS measurements were performed at grazing incidence
angles of 0.47°, 0.44°, 0.36°, 0.47°, and 0.35° for MAG-DHA alone, bi-
nary MAG-DHA/GMO mixtures at ratios of 63:37, 36:64, 16:64, and
GMO alone, respectively.

It is worth noting that technical limitations hampered direct com-
parison of SAXS and GISAXS results. It was not possible to conduct the
GISAXS experiments at 100% RH, and it was not feasible to mimic the
physiological conditions and conduct them under full hydration and
equilibrium conditions. Further, it was not feasible to conduct the in situ
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Fig. 3. GISAXS patterns (I-q) of films prepared with MAG-DHA alone (A), MAG-DHA/GMO binary systems at ratios of; 63:37 (B), 36:64 (C), 16:84 (D), and GMO
alone (E). They were obtained under constantly increasing RH level and after 30 min of incubation at 95% RH (marked with an asterisk). At all investigated lipid
compositions and the highest RH level of 95%, the patterns are shown after 30 min of incubation in the humidity chamber (F). Further, the corresponding 2D GISAXS
maps of the films (corresponding to the patterns marked with an asterisk are shown (see insets, Fig. 3A-E). To guide the eye, red vertical dashed lines are given in
Fig. 3A-E to show the influence of hydration (by augmenting the RH level) on swelling of the inverse micellar L, phases (shifting the single broad peaks to lower q
values) and induction of transitions from L, phases to non-lamellar liquid crystalline phases. These phase transitions are detected upon partial replacement of MAG-
DHA by GMO. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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GISAXS studies at 37 °C and use PBS (pH 7.4). Regarding the effect of the
aqueous medium composition on the structural features of the self-
assemblies, we do not expect that the dissolved ions in the buffer
would affect the structural features of the coatings, as the membranes
based on GMO alone, MAG-DHA alone, or their binary combinations are
electrically neutral.

In the initial time-resolved GISAXS experiments, the structural fea-
tures of the dry MAG-DHA film coated on a Si-wafer were investigated at
RT by augmenting the RH level from 15% to 95% at a rate of 1%/min. At
the lowest investigated RH level (15% RH), a single broad peak at q
value of about 2.27 nm ™! was detected (a corresponding characteristic
distance, d, value of 2.77 nm). This detected broad peak was shifted to
lower g values on augmenting the RH level (15% < RH < 95%)(Fig. 3A).
At 95% RH, the detected broad peak had q ~ 1.93 nm~! (a corre-
sponding d value of 3.25 nm). There were no indications of any
hydration-induced structural transitions after 30 min at 95% RH (Fig.
S2A, Supplementary Information). The characteristic distances of the
identified Ly phases and the lattice parameters of cubic and Hy phases
are given in Table 1.

The obtained GISAXS map most likely indicates hydration-induced
swelling of the Ly phases on increasing the RH level (Fig. 3A). This is
in line with previous studies on the tendency of MAG-DHA and other »-3
PUFA monoacylglycerols (including docosapentaenoic acid (MAG-DPA)
and eicosapentaenoic acid (MAG-EPA) to display inverse micellar so-
lutions (Ly phases) under limited hydration conditions [35,36]. At a
water content of 15.0 wt%, the reported characteristic distances of the
Ly phases of MAG-DHA and MAG-EPA were 3.30 and 3.58 nm, respec-
tively [35,36]. It was also reported on direct Lo-H phase transitions on
significantly augmenting the solubilized water content in samples based
on MAG-DHA, MAG-DPA, or MAG-EPA [36]. Thus, it was evident from
the formation of the Ly phases that the employed experimental time of
30 min at the highest RH level of 95% was not sufficient to trigger a
significant increase in water uptake, and therefore a transition from
swollen micelles to Hy phase was not detected (Fig. 3F, the red colored
GISAXS pattern).

As the lipid composition plays an important role in modulating the
structural features of self-assemblies, it was worth conducting the
GISAXS experiments on films produced from binary mixtures of MAG-
DHA and GMO. At MAG-DHA/GMO volume ratio of 63:37 (Fig. 3B),
increasing the RH level led to a hydration-induced swelling of the Ly
phase: augmenting the RH level from 15% to 95% was associated with
an increase of about 20% in the characteristic distance of the Ly phase
(Table 1). At the highest RH level (95%), the time-resolved GISAXS
measurements indicated the persistence of the broad peak, but it
continued to shift to lower q values under initial conditions (<4 min).
After 4 min, a newly formed coexisting H, phase with lattice parameter,
a, of 4.12 nm was started to evolve and its first two characteristic peaks
(100 and 200 reflections) were detected at g ~ 1.77 nm ™! and ¢ ~ 3.52
nm ! (corresponding spacing ratios of \/ 1 and \/ 4, marked with black
arrows, Fig. S2B). The lattice parameter of this coexisting Hy phase was
unchanged on increasing the time up to 30 min. Further, an additional
characteristic peak with a spacing ratio of \/ 3 started to emerge after 10
min (this peak is marked with red arrow, Fig. S2B).

A similar behavior, including the induction of Lp-H» phase transition,
was detected at a higher GMO content (MAG-DHA/GMO volume ratio of
36:64). However, two characteristic peaks of the H, phase (at ¢ ~ 1.73
nm ! and q~3.43 nm ™, marked with green arrows, Fig. 3C) with a =
4.21 nm started to evolve at a lower RH level (91%). A further increase
in the RH level to 95% led to formation of Hy phase with corresponding
characteristic peaks at ¢ values of 1.71 nm ' and 3.41 nm™!, respec-
tively (a = 4.25 nm, Fig. 3C). However, the GISAXS map indicated the
structural heterogeneity of the film as a second coexisting Hy phase with
two characteristic peaks was detected at g values of 1.57 nm ™" and 3.13
nm~! (marked with a triangle, Fig. 3C). Fig. S2C shows the obtained 2D
GISAXS map within 30 min of incubation of the dry film in the humidity
chamber at RH of 95%. The coexisting second Hy phase had vanished,
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and the time-resolved GISAXS investigations indicated transition from a
neat Hy phase with a lattice parameter of 4.44 nm after 2 min to a
biphasic feature of two coexisting Hy phases at different time points
between 4 and 28 min (Fig. S2C). The lattice parameters of these two
phases were 4.45 and 4.57 nm at 4 min (Fig. S2C). These time-
dependent structural alterations are most likely attributed to a slight
increase in the hydration level of the produced liquid crystalline phases.
After 30 min of placement of the film in the humidity chamber at RH of
95%, a neat Hy phase with a = 4.36 nm was detected (Fig. 3C).

Hydration-induced generation of inverse bicontinuous phases occurs
at relatively high content of GMO. At MAG-DHA/GMO ratio of 16:84
and 15% RH, the GISAXS pattern of the film, similar to the aforemen-
tioned patterns, displays a single broad peak with g ~ 2 nm™! (corre-
sponding to d value of 3.11 nm). Further, two additional peaks (first and
fourth characteristic peaks of a solid crystalline (L.) phase with g values
of approximately 1.29 nm ! and 3.81 nm !, marked with black arrow,
Fig. 3D) were detected. The latter phase with a lattice parameter of 4.88
nm may contain a residual amount of ethanol. It started to vanish at
around 50% RH. In addition to the gradual water-swelling behavior of
the micellar phase at 15% < RH < 90%, an additional liquid crystalline
phase started to be developed at RH of 91% RH. Its first peak was
detected at ¢ ~ 1.69 nm ™}, and an additional peak with ¢ ~ 1.94 nm™!
was detected on increasing RH level to 92% and 93% (Fig. 3D). Both
peaks are characteristic for an inverse bicontinuous gyroid cubic phase
(crystallographic space group: Ia3d (Q%3%). At RH of 95%, four addi-
tional characteristic peaks were detected. The g values of all peaks were
1.65, 1.90, 2.51, 2.70, 3.01 and 3.15 nm ™, indicating the generation of
cubic Ia3d phase with a of 9.34 nm. The diffraction peaks further shifted
to lower g values as evident from the time-resolved GISAXS in-
vestigations at 95% RH (Fig. S2D). After 30 min, the hydration of the
film induced a slight increase in the lattice parameter of the cubic phase
to 9.50 nm (Fig. $2D). It is worth noting that the GISAXS patterns pre-
sented in Fig. S2D and Fig. 3D indicated the coexistence of an uniden-
tified phase (denoted as phase X, marked with green arrow). Considering
the tendency of MAG-DHA to display an inverse Hy phase, it is not
excluded that traces of Hy phase with a of about 4.2 nm are still present
in the hydrated film. The GISAXS analysis indicates, therefore, that the
interplay of hydration timescale and employed experimental sample
environment (see the discussion below) plays a crucial role in modu-
lating the structural features of the inverse self-assemblies and dictating
the phase transitions. As compared to SAXS experiments conducted on
the samples under full hydration and equilibrium conditions, the
detection of phase X in the out-of-equilibrium GISAXS investigations is
most likely attributed to presence of kinetically trapped intermediate
structures that may lose their stability upon prolonging the exposure
time at RH of 95%. In the absence of MAG-DHA, the sole GMO film
displays an inverse cubic Ia3d phase at relatively high RH levels (>75%).
In line with the behavior described above, the L. phase with 4 charac-
teristic peaks at 1.26, 2.53, 3.79 nm ! and 5.05 was detected together
with a micellar phase having a single broad peak at ¢ ~ 1.90 nm™* (d =
3.31 nm) at RH 15%. As shown in Fig. 3E, increasing the RH level (15%
< RH < 95%) was associated with disappearance of this crystalline
phase, swelling of the micellar phase (Fig. S2F), and appearance of the
cubic Ia3d phase. At 95% RH, a neat cubic Ia3d phase with at least 6
characteristic peaks at g values of 1.52, 1.76, 2.32, 2.49, 2.90 and 3.04
nm ! was generated. Its lattice parameter was very slightly increased
from 10.12 nm to 10.23 nm after 30 min of the film’s placement in the
humidity chamber (Fig. S2E). These results are consistent with those
recently reported on the tendency of GMO to display coated cubic Ia3d
phases with a lattice parameter around 11.5 nm at relatively high RH
levels (RH > 85%).

In our study, there was no indication of formation of inverse cubic
Pn3m and Hj phases at the employed RH levels on exposure of dry films
of GMO alone, or MAG-DHA alone, respectively (Fig. 3F, Table 1). This
is consistent with previous studies [35,36,55,63,64]. Duration with a
longer incubation time is most likely needed to induce the generation of
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these self-assemblies. For instance, cubic Pn3m phases were produced
after 3 h of incubation of dry GMO films coated on Si-wafers in excess
buffer [63]. Here, it is also worth noting that the water swelling rate of
dry films of lipids with propensities to display inverse bicontinuous
cubic or Hy phases (such as GMO

and MAG-DHA) is most likely affected by the employed experimental
sample environment. In contrast to most studies, typically reporting on
the structural features of films produced at a constant water-to-lipid
ratio, which are placed in a closed cell or immersed in an aqueous
environment, our GISAXS investigations were conducted in an open
environment with humidity control (Fig. 1) that may decrease the water
uptake by the dry lipid films within the investigated incubation time. In
addition, difficulties in a precise control of the humidity level [54,65]
may affect the water swelling rate and the dynamic self-assembly
behavior. At very high RH levels in the range of 96-98%, it was re-
ported using humidity scanning quartz crystal microbalance with
dissipation (HS-QCM-D) on hydration-induced liquid -crystalline
lamellar phase (L)-cubic Pn3m phase transition [66,67]. It is also worth
considering the following plausible factors that may affect GISAXS
patterns: orientation of the liquid crystalline domains, variations in the
film thickness and morphology (depending on coating composition and
the employed coating method), and the choice of the substrate surface
and its treatment (cleaning) and interactions with the self-assembled
layers [47,68-70].

3.3. Antibacterial activities of nanostructural coatings based on MAG-
DHA alone and its combination with GMO

The antibacterial activities of monoacylglycerols can be more potent
(up to 200 times) than their corresponding free fatty acids (FFAs)
[71-75]. It was, therefore, of our interest to evaluate the antibacterial
activities of a set of coatings produced using two single mono-
acylglycerols (MAG-DHA and GMO) and three of their binary combi-
nations (prepared at MAG-DHA/GMO volume ratios of 63:37, 36:64,
and 16:84). In this study, the five families of antibiotic-free simple-by
design LLC coatings were tested against S. aureus ATCC 29213 and
S. epidermidis 5D strains, which represent the most common bacterial
species causing orthopedic joint infections [25,26,76]. As shown in
Fig. 4, our results indicated unique inherent antibacterial activities of
the coatings based on MAG-DHA alone and those based on binary MAG-
DHA/GMO combinations of 63:37 and 36:64 against both strains. This
was evident by a complete bacterial eradication after 24 h of incubation
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of the corresponding dry lipid films coated on SS discs in the bacteria
suspensions. The control coating produced using GMO alone, and that
produced at MAG-DHA/GMO 16:84 did not exhibit any antibacterial
inhibition. Thus, these results suggest that MAG-DHA plays a decisive
role in the mode of action in targeting the bacterial cytoplasmic mem-
brane. Here, the nature of this w-3 PUFA monoacylglycerol most likely
plays an important role in disrupting the structural features of the bac-
terial membranes, leading to variations in their lipid compositions,
fluidities, and their membrane permeabilities, which eventually result in
the bacterial cell death. Clearly, our findings indicate that the mono-
acylglycerol form of DHA retains its potent antibacterial activity, and,
therefore, the findings are in line with different studies in the literature,
reporting on the potent antibacterial activity of DHA against the Gram-
positive bacteria S. epidermidis and S. aureus [2,8,15,30]. In addition to
the reported beneficial health effects of MAG-DHA (including anti-
cancer and anti-inflammatory properties, and high DHA bioavail-
ability) [37,77-80], this study reports for first time to the best of our
knowledge on the strong antibacterial activity of this specific bioactive
lipid.

Like other -3 PUFA monoacylglycerols [78-80], MAG-DHA most
likely acts as a safe precursor for generating DHA derivatives, which may
play an important role in mediating the antibacterial activity on expo-
sure of MAG-DHA to bacteria. It is worth noting that the mechanism of
action of DHA and other @-3 PUFAs is still unclear. The proposed mul-
tiple mechanisms on how ®-3 PUFAs can target bacterial cell mem-
branes for exerting their antibacterial effects are presented in Fig. 5.
These essential fatty acids exhibit a membrane-lytic behavior owing to
their nature [72,81,82]. Therefore, their interactions with bacteria can
induce a disruption of bacterial membranes, leading eventually to their
destabilization through most likely a pore formation mechanism. These
significant structural alterations in the bacterial membrane’s structure
can also be associated with disrupting key biological processes,
including the electron transport chain and the oxidative phosphoryla-
tion, which are essential for energy production in bacterial cells
[2,81,82]. Further, it was reported that -3 PUFAs can inhibit devel-
opment of S. aureus biofilms by preventing the activity of the ica genes,
which are responsible for producing polysaccharide intercellular adhe-
sins (PIA) [9,76,83]. These are the main extracellular polymeric com-
ponents of 3D matrices encasing the bacterial cells during the biofilm
formation [9,76,83]. In addition to the proposed antibacterial mecha-
nisms of w-3 PUFAs, it is important to note that the molecular shapes and
structures of the major amphiphilic lipid constituents of coatings may
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Fig. 4. (A) Representative SS discs coated with dry MAG-DHA and MAG-DHA/GMO binary lipid mixtures. (B) antibacterial activities of SS discs coated with MAG-
DHA alone, and MAG-DHA/GMO binary lipid combinations (prepared at different MAG-DHA/GMO ratios of 63:37, 36:64, and 16:84) against S. epidermidis 5D and
S. aureus ATCC 29213. After 24 h of incubation of the coated SS discs in bacterial cultures, the antibacterial activity was evaluated by measuring the bacterial density.
The SS discs (n = 3) coated with dry lipid films of GMO alone, and overnight bacterial cultures (OC) of S. aureus ATCC 29213 and S. epidermidis 5D were used

as controls.
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play an important role in modulating the antibacterial efficacy against
bacterial cell membranes. In line with recent studies [84], it is important
for elucidating the antibiofilm nanostructure-activity relationship to
consider that the inherent tendency of GMO and MAG-DHA to form
highly curved inverted topologies (cubic Pn3m and H; phases) may
enhance their bacterial cell membrane-disrupting capabilities. These
amphiphiles most likely contribute to the molecular mechanisms of
bacterial cell death through their tendency to induce significant alter-
ations in the structural and permeability properties, and fluidity of the
cell membranes and plausibly enhance solubilization of membrane
proteins.

In this study, it was our interest to produce structurally tunable
coatings with inherent antibiofilm activities and gain insight into the
structure-activity relationship. In particular, we aimed at shedding light
on the role of the structural features of inverse cubic and H; phases in
modulating the antibiofilm efficacy. Based on our antibiofilm in-
vestigations (Fig. 4), there was no evidence that the cubic phase, owing
to its relatively higher interfacial area and complex water channel net-
works, may facilitate a more effective presentation or release of MAG-

DHA component as compared to the Hy phase. The obtained results
indicated that the local concentration of MAG-DHA plays a crucial role
in enhancing the coating-bacterial membrane interactions and modu-
lating therefore the antibiofilm activity. However, based on SAXS ex-
periments at equilibrium and full hydration conditions and the out-of-
equilibrium GISAXS analysis, MAG-DHA induced, in a concentration-
dependent manner, phase transitions from inverse bicontinuous cubic
phases to phases with more negative spontaneous curvatures (inverse
discontinuous phases, including Hy phases). For a more reliable assess-
ment of the role of the structural features of inverse cubic and Hy phases
in modulating the antibiofilm efficacy, it is worth investigating the
antibiofilm activities by using coatings built of these self-assemblies,
which were produced at same concentration of MAG-DHA.

3.4. Time-kill assay for nanostructural coatings based on MAG-DHA
alone and its combination with GMO

Time-kill investigations were conducted at 37 °C for 24 h of incu-
bation of the coated SS discs in the bacteria suspensions. It was our
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interest to assess the killing dynamics of the nanostructural coatings
based on MAG-DHA alone, and its binary combinations with GMO
(prepared at MAG-DHA/GMO ratios of 63:37, 36:64, and 16:84) against
S. aureus ATCC 29213 and S.epidermidis 5D. In this study, the bacteria
suspensions were used as controls. As shown in Fig. 6A, the results of the
time-kill assays indicated no significant antibacterial effects against
S. aureus ATCC 29213 for any of the investigated coatings within 1 h of
incubation. After 2 h of exposure to the suspensions, a significant
reduction in CFUs (decreasing from 4 logi to 0 log;o) was observed for
coatings prepared using MAG-DHA alone or in combination with GMO
at the highest MAG-DHA content (MAG-DHA/GMO ratio of 63:37).
Further, the inherent antibacterial efficacies of these samples were
sustained for 24 h, with no bacterial growth detected at the end of the
experiments. At a lower MAG-DHA content (coatings prepared at MAG-
DHA/GMO ratios of 36:64 and 16:84), the obtained results indicated a
complete bacteria killing after 4 h of incubation, and the antibacterial
effect was maintained at least for 6 h of post-incubation. However,
bacterial regrowth started to evolve after 24 h of incubation of these two
LLC coatings. It is still worth noting that the regrowth was more pro-
nounced upon decreasing MAG-DHA content: an increase in the
regrowth level from 4 logjo to a complete regrowth (9 log;p) upon
decreasing MAG-DHA/GMO ratio from 36:64 to 16:83, respectively
(Fig. 6A).
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Fig. 6. Time-killing curves for nanostructural coatings based on MAG-DHA
alone, and its binary mixtures with GMO (at the following three different
lipid compositions (MAG-DHA/GMO ratios): 63:37, 36:64, and 16:84). The
investigations were conducted against S. aureus ATCC 29213 (A) and
S. epidermidis 5D (B). Each coating was tested in triplicate, and the data are
presented as means of CFU/mL. Bacterial cultures alone (in absence of any test
coatings) were used as controls.
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In the study of the antibacterial activities of LLC coatings against
S. epidermidis 5D, the ones with the lowest MAG-DHA/GMO ratio
(16:84) exhibited only limited bacteriostatic effects for up to 6 h (4
logio, Fig. 6B). After this incubation time, no significant inhibition was
detected, but instead an increase in the bacterial density was observed
(Fig. 6B). In contrast, a complete bacterial killing was observed upon
incubating LLC coatings containing a higher content of MAG-DHA.
Augmenting MAG-DHA content was associated with a complete bacte-
rial eradication within 1 h (at MAG-DHA/GMO ratio of 63:37), and 4 h
(at MAG-DHA/GMO ratio of 36:64 and MAG-DHA alone). After 24 h of
incubation, the antibacterial efficacies of LLC coatings based on MAG-
DHA alone, and its two binary combinations with GMO (MAG-DHA/
GMO ratios of 63:37 and 36:64) remained unchanged (0 log).

At the lowest concentration of MAG-DHA (at a ratio of 16:84), the
antibacterial activities of the LLC coatings against S. aureus and
S. epidermidis were different. These coatings exhibited bactericidal
(killing) effects against S. aureus, while showing bacteriostatic (inhib-
iting growth) effects against S. epidermidis. This is in line with recent
studies on the role of the lipid composition of the cell membranes of
Gram-positive bacteria in modulating the antibacterial activity of DHA
[2,30]. As compared to S. epidermidis species, S. aureus cell membranes
contain larger amounts of phospholipids, including phosphatidylgly-
cerols (PGs) and lysyl-phosphatidylglycerols (lysyl-PGs), which are po-
tential targets on exposure of the bacteria to DHA [2,30,85]. Regarding
the observed bacterial regrowth on exposure of different LLC coatings
containing relatively low MAG-DHA content (Fig. 6), it is most likely
attributed to the use of DHA at concentrations lower than the required
therapeutic doses (< 400 pg/mL). This may induce genetic alterations
and tolerant phenotypes of the exposed bacteria, promoting their
regrowth [2,10,29]. In the literature, it was reported on the tolerance
and survival of S. aureus when exposed to growth-inhibiting bactericidal
agents [86]. The regrowth observed at MAG-DHA/GMO ratios of 16:84
and 36:64 (Fig. 6A), seems to be caused by subpopulations of S. aureus
that exhibit tolerance to MAG-DHA when exposed to concentrations
below the required bactericidal concentrations. The tolerance mecha-
nisms are subject to further investigations. Further, we do not exclude
the possible presence of bacteria subpopulations that survived the initial
bactericidal effect. Here, it is worth noting that the antibacterial char-
acteristics of the investigated LLC coatings can be considered both time-
and dose-dependent. This is in line with recent studies reporting on the
dose-dependent antibacterial activity of DHA and EPA [8,30,87]. At
relatively high MAG-DHA content, the bacteria killing effect is rapid (<
2 h against S. aureus and < 4 h against S. epidermidis), whereas a longer
duration is needed for achieving a complete bacterial eradication, when
using coatings containing relatively low concentrations of MAG-DHA.

Returning to our study, it is worth mentioning the importance of
combining MAG-DHA with GMO for enhancing the durability of the
coatings at the solid interfaces of SS discs. MAG-DHA tends to display an
inverse micellar solution under limited hydration conditions, as was
evident from the GISAXS findings (Fig. 3); whereas GMO forms a dry
solid crystalline film. Thus, the observed difference in the antibacterial
activity on exposure of MAG-DHA coatings to S. aureus and S. epidermidis
(Fig. 6) can be attributed most likely to differences in the lipid compo-
sitions of the cell membranes of these species as mentioned above.
Further, possible dynamic spreading of the micellar solution of MAG-
DHA on the solid interface and its depletion in the initial incubation
stage may contribute to the observed differences in the bacterial activity
levels between MAG-DHA coatings and those based on the binary MAG-
DHA/GMO mixtures at a relatively high content of MAG-DHA (MAG-
DHA/GMO ratio of 63:37), particularly against S. aureus (Fig. 6).

4. Conclusion
LLC self-assemblies (including Q» and Hy phases) are promising

candidates in the development of safe and biocompatible antibacterial
coatings owing to their unique and inherent structural features,
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bioadhesive properties, and capability of sustaining the release of loaded
cargos [31,88-90]. However, their utilization for production of anti-
bacterial coatings for medical devices (including orthopedic implants) is
rarely investigated. Here, considering the recent interest in designing
biomimetic and flexible coatings for orthopedic implants, it was our
interest to report on the structural characterization and antibacterial
activities of a set of nanostructurally tunable coatings produced through
a directed self-assembly of GMO (a well investigated lipid with non-
lamellar liquid crystalline phase forming propensity) and MAG-DHA
(a bioactive lipid with wide therapeutic potential), without the use of
antibiotics. Further, the experimental findings may contribute to
fundamental understanding of dynamic self-assembly of amphiphilic
lipids on solid interfaces.

In this study, we focus through a simple-by-design approach on
production of antibiotic-free self-assembled coatings, and their thorough
structural characterization by using SAXS and in situ GISAXS in-
vestigations. Depending on lipid composition and RH level, the directed
self-assembly of MAG-DHA and GMO on the solid interfaces led to
generation of different self-assemblies (including swollen micelles and
LLC self-assemblies (Hp and Qs phases)). Further at relatively high
concentration of MAG-DHA, the produced coatings showed strong
inherent antibacterial activities against S. aureus and S. epidermidis
bacteria, which are two of the most common orthopedic implant-related
Gram-positive bacteria. These coatings are attractive for use to prevent
bacteria attachment and subsequent biofilm formation on implants.
They may find also applications in designing innovative multifunctional
implant coatings for co-delivery of DHA and antibacterial agents in
clinical settings, prior or during orthopedic surgeries.

In addition to their antibacterial properties, DHA and other w-3
PUFAs are reported to have beneficial effects on bone health by pro-
tecting osteoblasts (bone-forming cells) from bacterial infections, pro-
moting their differentiation and proliferation, and suppressing
osteoclasts (bone-resorbing cells) [15,27,28]. Regarding the typical
exposure of orthopedic implants to mechanical forces and frictions, the
corrosion-inhibiting properties of these essential fatty acids present an
additional advantage for their use in the design of implant coatings
[5,91,92].

Processing and storage may affect the oxidative stability of the
coatings. As MAG-DHA is highly prone to oxidation, it is important in
future investigations to assess the stability of the coatings against
oxidation in the presence and absence of antioxidants.
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