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Bacteria killing behavior based on physical effects is preferred for
biomedical implants because of the negligible associated side
effects. However, our current understanding of the antibacterial
in practice,
nanoarchitectures that are created on orthopedics should also
promote osteogenesis simultaneously. In this study, tilted and
vertical nanolamellar structures are fabricated on semi-crystalline

activity of nanostructures remains limited and,

polyether-ether-ketone (PEEK) via argon plasma treatment with or
without pre-annealing. The two types of nanolamellae can physi-
cally kill the bacteria that come into contact with them, but the
antibacterial mechanisms between the two are different. Specifi-
cally, the sharp edges of the vertically aligned nanolamellae can
penetrate and damage the bacterial membrane, whereas bacteria
are stuck on the tilted nanostructures and are stretched, leading to
eventual destruction. The tilted nanolamellae are more desirable
than the vertically aligned ones from the perspective of peri-
implant bone regeneration. Our study not only reveals the role of
the arrangement of nanostructures in orthopedic applications but
also provides new information about different mechanisms of
physical antibacterial activity.
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Tuning the arrangement of lamellar
nanostructures: achieving the dual function
of physically killing bacteria and promoting
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a

© and Huaiyu Wang

New concepts

Tuning the arrangement of nanolamellar structures for both bacterial
eradication and bone regeneration is proposed, and the related mechan-
isms are discussed in detail. To investigate the biological effect of
differently arranged nanolamellae, tilted and vertical nanolamellar struc-
tures are readily formed on PEEK implants, which yield physical anti-
bacterial effects via different mechanisms. Different from the vertical
nanolamellae, which kill bacteria through physical penetration of the
bacterial membrane, the tilted nanostructures lead to bacterial stretching
and deformation via strong interactions. Furthermore, the tilted nanola-
mellae perform better than the vertically aligned ones from the perspec-
tive of peri-implant osteogenesis. The concept proposed in this work
offers a new strategy for designing nanostructures in the application of
implantable biomaterials.

Introduction

Bacterial infections are one of the main challenges for clinical
operations that involve open wounds, for which the common
solution is postoperative antibiotic therapy." However, the
overuse of antibiotics has spurred the drug resistance of
bacteria, consequently compromising their therapeutic effects
and even leading to surgical failure.>* Recently, antibiotic-free
strategies have aroused interest in therapies against bacterial
infection. For instance, the physical killing of pathogenic
bacteria via photothermal treatment and electrical stimulation
can circumvent the bacterial resistance caused by the overuse
of antibiotics and can provide broad-spectrum antibacterial
activity.*® Nevertheless, these physical antibacterial strategies
are only effective for the treatment of superficial bacterial
infections within a limited tissue depth, but in many clinical
operations, artificial prostheses are implanted deep inside the
human body and are prone to postoperative bacterial infec-
tions. Hence, the development of new strategies to endow
implants with the capability of physically killing bacteria is
imperative.”

It is well recognized that incomplete disinfection of medical
devices before surgery and the invasion of pathogenic bacteria
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into open wounds are the two primary reasons for the post-
operative infection of long-term implants.® In both cases,
although the number of pathogens reaching the artificial
implants tends to be limited, a few of them can multiply rapidly
if the surface conditions on the implants are favorable for
bacterial colonization.” Hence, the construction of specific
nanoarchitectures on surgical implants has been proposed to
mitigate or eliminate bacterial infections.'® This strategy is
desirable as it can kill harmful germs that come into contact
via physical interactions, without leading to drug resistance.*
In particular, surface modification is an effective approach to
optimize the biological, chemical, and physical properties of
implants while preserving their favorable bulk mechanical
properties. To this end, various nanostructures (nanorods,
nanoknives, and so on) have been fabricated on implants made
of titanium, magnesium, and other biomaterials to produce
physical antibacterial characteristics.'®'*™*

In general, most of the antibacterial nanostructures reported
so far have sharp edges and/or burrs. At the microscopic level,
the physical bactericidal effects hinge on interactions between
the rigid nanostructures and elastic bacterial membranes.
When the stretching force induced by the bacteria-material
interaction is beyond the elastic limit of the bacterial
membrane, irreversible physical damage, such as membrane
rupture, can occur.'>'® However, these effects are less obvious
against Gram-positive bacteria, because there is a larger propor-
tion of peptidoglycan in the cell wall of Gram-positive bacteria
and the elasticity is greater than that of Gram-negative
bacteria.'” However, the sharp edges of nanostructures can have
a detrimental impact on normal cells and can consequently
compromise the healing of peri-implant tissue after surgery.'®
Therefore, these antibacterial nanostructures must be further
optimized to foster proper tissue growth, and an antibacterial
method that is different from direct piercing of the bacterial
membrane is anticipated. Because bacteria are tiny and simple
prokaryotes, and mammalian cells are larger eukaryotes with
much more complicated systems, their modes of migration and
propagation on solid surfaces are quite different, and this
difference may enable the possibility of striking the delicate
balance between the antibacterial activity needed and other
properties that are required for bone-implant integration.'**°

With the deepening of research on bacterial behavior, there
is an increasing awareness that the adhesion of bacteria onto
solid surfaces is a multi-stage and sequential process that
includes initial reversible adhesion and subsequent irreversible
adhesion. Various physical effects such as van der Waals forces,
Brownian motion, and electrostatic interactions are dominant
during the initial reversible phase of bacterial adhesion,*!
whereas biomolecules such as adhesins and flagella and their
interactions on the material surface play leading roles in the
later irreversible stage. Moreover, the strength of the irreversi-
ble bacteria-material interactions that occur later is usually
higher than that of the initial reversible bacterial adhesion.*?
This difference should be taken into account when developing
techniques to modulate the antibacterial nanostructures on
biomedical implants.
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Herein, physical antibacterial effects are produced by con-
structing tilted nanolamellar structures on polyetheretherke-
tone (PEEK), and a better osteogenic performance can be
attained simultaneously to fulfill the multi-functional require-
ments of bone implantation materials. A simple and conveni-
ent technique of Ar plasma etching is combined with a pre-
annealing treatment to tune the orientation of the constructed
nanolamellae from vertical to tilted. This strategy is based on
the semicrystalline structure of medical-grade PEEK in which
the amorphous and crystalline phases are adjustable, resulting
in different directional resistance to the Ar plasma. The anti-
bacterial and osteogenic properties of the vertical and tilted
nanolamellae are systematically studied both in vitro and in vivo
and the antibacterial mechanisms are investigated. Different
from the physical bactericidal effects of vertical nanolamellae
via direct piercing of the bacterial membrane, the tilted nano-
lamellar structures can trap the attached bacteria through high
affinity to quickly enter the stage of irreversible bacterial
adhesion. As a consequence, the shearing force generated by
bacterial motility competes with the strong adhesion force of
the bacteria on the tilted nanolamellar structures, leading to
serious deformation of the bacterial membrane and the even-
tual production of physical antibacterial effects.

Results and discussion
Formation of nanolamellae and characterization

As shown in Fig. 1a, the lamellar nanostructures are generated
on PEEK through selective etching of the amorphous phase by
the plasma (Fig. 1b) and the plasma parameters and crystalline
phases of the substrate impact the formation of the nanola-
mellae. As the plasma processing time is increased to
45 minutes, tilted nanolamellae are formed gradually on the
annealed PEEK substrate (denoted as P-TL) (Fig. S1, ESIf).
However, under the same conditions, the nanostructures
formed on PEEK without annealing are vertically aligned
(denoted as P-VL). The scanning electron microscopy (SEM)
image of P-VL shows that the thickness of the nanolamellae is
20-30 nm and the space between two nanolamellae is about
2-3 times the thickness (Fig. 1c). By contrast, the tilted nano-
lamellae on P-TL are less sharp, and the PEEK sample treated
with the Ar plasma for only 5 minutes (denoted as Ar-5) shows a
smoother surface. Side views of both the P-VL and P-TL samples
were also obtained via SEM (Fig. S2, ESIT), from which the
vertical or tilted orientation of the constructed nanolamellae is
clearly shown.

Compared with using reactive O, or N, plasmas (Fig. S3,
ESIt), which produce side effects such as chain scission and
cross-linking in addition to etching of the polymer, unique
lamellar structures are produced when using an Ar plasma
since etching is the dominant process during this
treament.>>** After Ar plasma treatment, the surface roughness
and surface area are increased, as shown via atomic force
microscopy (AFM, Fig. 1d-f). At the same time, the water
contact angle measured on different samples is reduced from
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Fig.1 Sample preparation and characterization. (a) Preparation of the
different nanolamellae and representative structures. (b) Schematic illus-
trating the formation of lamellar nanostructures on PEEK. (c and d) SEM (c)
and AFM (d) images of the different samples. The scale bar in (c) is 200 nm,
and the red arrows indicate the nanolamellar structures in the P-TL
sample. (e and f) Average roughness (e) and surface area (f) of the various
samples. (g) Water contact angles of the different samples. (h) Zeta
potentials of the different samples. * denotes p < 0.05, ** denotes
p < 0.01 and *** denotes p < 0.001 compared with the PEEK group.

74.3° for PEEK to 37.9° or 29.4° after the formation of vertical or
tilted nanolamellae, respectively (Fig. 1g). The surface zeta
potentials follow the order of P-TL > P-VL > PEEK (Fig. 1h).

To analyze the chemical composition and formation mecha-
nism of the nanolamellae, X-ray photoelectron spectroscopy
(XPS), attenuated total-reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy, and X-ray powder diffraction (XRD)
were performed. As shown in Fig. 2a and b, only C and O are
detected. The C concentration decreases from 85% to 75-77%,
and that of O increases by about 10% after the plasma treat-
ment. According to the high-resolution C 1s spectra, the peak
originating from the m — =n* interaction almost disappears
from the modified samples (Fig. 2c) because of cracking of the
aromatic rings and damage to the polymer chain.**® The ATR-
FTIR spectra show similar peaks (Fig. S4, ESIt) confirming that
the chemical changes occur near the surface.

As mentioned earlier, the amorphous phase of PEEK is
eroded more easily than the crystalline phase by the plasma.
The XRD peaks at 18.8°, 20.8° 22.8°, and 28.9° from the
untreated PEEK sample are related to the (110), (111), (200),
and (211) planes, respectively (Fig. 2d).>” In the pre-annealing
step, chain relaxation/movement and rearrangement/crystal-
lization occur and so the XRD peak of PEEK at 18.8°
shifts slightly to a smaller diffraction angle after annealing,
indicating a larger interplanar spacing. However, the
interplanar spacing diminishes after formation of the lamellar

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Chemical and crystal properties of the different samples. (a) XPS
survey spectra. (b) C and O concentrations. (c) High-resolution C 1s XPS
spectra. (d) XRD spectra. (e) DSC curves. (f) Crystal degree determined via
DSC and /111/1500 determined using XRD.

nanostructures. This phenomenon is associated with lattice
distortion caused by annealing or plasma treatment.?® The
crystalline phases were also analyzed using differential scan-
ning calorimetry (DSC). As shown in Fig. 2e and f, the crystal-
linity of P-VL and P-TL is 29.09% and 33.02%, respectively,
which is larger than 27.74% for untreated PEEK. The 111/200
ratio (I;11/I,00) decreases from 1.438 to 0.776 after annealing,
probably related to the preferentially oriented growth of the
crystal and the change in the crystal morphology (Fig. 2f).*°
Both XRD and DSC verify the difference in crystal structures of
the various samples.

Microbicidal activity of the lamellar nanostructures

The microbicidal activity determined via colony forming unit
(CFU) counting shows that both P-VL and P-TL can sterilize over
90% of the seeded Staphylococcus aureus (S. aureus), and the
antibacterial rate against Escherichia coli (E. coli) is even higher
due to its thinner cell wall (Fig. 3a). The antimicrobial efficacy
is confirmed by staining the viable bacteria with green fluores-
cence (Fig. 3b) and quantified through intracellular release
from the bacteria (Fig. 3c). Compared with the PEEK substrate,
significantly less viable bacteria are observed for the P-VL and
P-TL samples with lamellar nanostructures, and the intracellu-
lar release that is related to breakage of the bacterial membrane
increases.

Antibacterial mechanisms of the nanolamellae

The morphologies of bacteria cultured on the different samples
were examined using SEM. As shown in Fig. 4a, both the E. coli
and S. aureus cells on the planar PEEK sample maintained a
normal morphology, indicating that the surface of the unmo-
dified sample is friendly to bacteria. The morphology of the
bacteria cultured on Ar-5 also does not change, reflecting the
limited antibacterial activity of this sample treatment. By con-
trast, the bacteria on the P-VL and P-TL samples have different
shapes. In particular, some of the E. coli on P-TL are stuck on
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Fig. 3 In vitro antibacterial properties. (a) Antimicrobial efficiency and
pictures of the bacterial colonies after different treatments. (b) Fluores-
cence images of the viable bacteria cultured on the different samples
(scale bar = 20 pm). (c) Quantification of the intracellular substance
released from the bacteria after different treatments. * denotes
p < 0.05, ** denotes p < 0.01 and *** denotes p < 0.001 compared
with the PEEK group.

the obliquely aligned nanolamellae, leading to swelling and
deformation (yellow arrows). A similar phenomenon can be
observed for S. aureus on P-TL, albeit with less deformation
(magenta arrows). This is because S. aureus has a round shape,
a thicker cell wall, and a higher stiffness than E. coli.'” Com-
pared with P-TL, P-VL is more inhospitable for the bacteria as
the vertically aligned nanolamellae destroy the bacterial
membrane through physical penetration. The difference in
the bacterial morphology was also observed using transmission
electron microscopy (TEM, Fig. 4b). The bacteria on P-TL are
swollen with partially indistinct membranes, and the strong
interactions between the bacteria and the sample surface
produce irreversible bacterial damage. By comparison, the
physical damage observed for the bacteria on P-VL is more
significant, as manifested by the severe deformation and rup-
ture of the bacterial membrane as well as the leaked cytoplasm.

For a better understanding of the antibacterial mechanisms
of the different nanolamellae, bacteria were cultured on sam-
ples partially constructed with the P-VL or P-TL nanostructures
(Fig. S5, ESIt) and then visualized via Gram staining. As shown
in Fig. 4c, nearly all the seeded bacteria prefer to adhere to the
flat PEEK surface than the nanostructured P-VL. By compar-
ison, the bacteria are distributed evenly in the flat and P-TL
regions. Interestingly, most of the attached bacteria on the flat
PEEK surface can be removed by washing, but those in the P-TL
region can withstand the same washing, indicating that the
adhesion force of the bacteria on the flat and P-TL regions is
quite different.

To better understand the interactions between the bacteria
and the different surface morphologies, the surface zeta poten-
tials were measured after culturing E. coli on PEEK, P-TL, and
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Fig. 4 Investigation of antibacterial mechanism. (a) SEM images of E. coli
and S. aureus cultured on the different specimens, with the rightmost
column of each showing enlarged versions of the marked area in the
leftmost column. The yellow triangles indicate strong interactions
between E. coli and P-TL, leading to bacterial swelling, and the magenta
triangles show deformation of S. aureus. The scale bars are 2 um (leftmost
columns) and 500 nm (rightmost columns). (b) TEM images of E. coli
cultured on P-TL and P-VL. The black points are the nanolamellae scraped
from the samples. The scale bars are 100 nm. (c) Gram staining images for
E. coliand S. aureus attached to partial P-VL and partial P-TL samples. The
blue line represents the boundary between the PEEK region (left) and
lamellar structures (right). The scale bars are 10 um. (d) Zeta potentials for
E. coli cultured on the different specimens. (e) Molecular dynamics
simulations of the interactions between the PEEK nanoplates and the
simulated bacterial membrane at 0 ns and 60 ns. (f) E, g, between the
bacterial membrane and the nanoplates, determined via simulation.

P-VL for 6 hours. As shown in Fig. 4d, the surface potentials of
E. coli harvested from P-TL and P-VL are —22.5 mV and
—24.5 mV, respectively, which are less negative than that of
the control (—27.8 mV). This is in line with previous reports
that dead bacteria show a less negative zeta potential than
living bacteria,*>*" once again verifying the antibacterial effects
of P-TL and P-VL.

Molecular dynamics simulations were also performed to
assess the interactions between the bacteria and P-VL or P-TL.
The results show that the vertically aligned nanolamellae can
penetrate the cellular membrane of the bacteria upon contact,
but the tilted nanolamellae do not cause direct penetration of
the bacterial membrane (Fig. 4e). The van der Waals interaction
(Eyaw) between the bacterial membrane and the vertically
aligned nanolamellae increases gradually in the 60 ns dynamics
simulation, but that of the tilted nanolamellae remains at
about —5000 k] mol ™" throughout the stimulation (Fig. 4f).

This journal is © The Royal Society of Chemistry 2023
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These results suggest that the strong interaction between the
bacteria and the modified surface, rather than physical pene-
tration of the bacterial membrane by the nanopattern, is
responsible for the antimicrobial activity of P-TL with tilted
nanolamellae.

In vitro osteogenetic evaluation

The adhesion and proliferation of osteoblasts occurs in the
early stage of osteogenesis. Owing to the improved surface
hydrophilicity and surface roughness, the plasma-treated PEEK
facilitates cell growth in line with previous reports.***?

Fig. 5a and b indeed show better adhesion and proliferation
of osteoblasts on the modified samples. After culturing for 3
and 7 days, the cell viability shows the following order of Ar-5 >
P-TL > P-VL > PEEK. Moreover, the osteoblasts on the
modified surfaces are more stretched and show nuclei and a
higher coverage (Fig. 5a). In individual cases, the morphology
of the cells on P-VL is different from that on Ar-5 and P-TL. The
magnified SEM images reveal that the vertically aligned nano-
lamellae with sharp edges have a strong impact on the mor-
phology of some cultured cells, which are wrinkled and
irregular in shape (Fig. S6, ESIT). By contrast, the tilted nano-
lamellar arrangement on P-TL imposes less stress on the
attached cells and is thus more receptive to cell attachment
and proliferation (Fig. 5b). This is in line with the results from
the flow cytometry analysis of cells cultured on different
samples, which show that the ratio of normal cells in the

Fig. 5 In vitro characteristics of osteoblasts. (a) Morphology of osteo-
blasts cultured on the different samples for 1 day. The second row shows
enlarged versions of the marked areas in the first row, with the cells shown
as a pseudo-color. The scale bars are 20 pm (first row) and 2 pm (second
row). (b) Viability of osteoblasts cultured on the different samples for 1, 3
and 7 days. (c) ALP activity of osteoblasts cultured on the different samples
after osteogenic induction for 3 and 7 days. (d) Mineralization of osteo-
blasts cultured on the different samples after osteogenic induction for
14 days. (e—g) Osteogenic gene expression levels including (e) ALP, (f)
OCN, and (g) OPN for osteoblasts cultured on the different samples after
osteogenic induction for 14 and 21 days. * denotes p < 0.05, ** denotes
p < 0.01 and *** denotes p < 0.001 compared with the PEEK group.
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P-TL group is slightly higher than that determined for the
PEEK and P-VL groups (Fig. S7, ESIT).

Osteogenic differentiation was further evaluated, where
alkaline phosphatase (ALP) activity is one of the early biomar-
kers of osteogenesis.>* As shown in Fig. 5c, the ALP activity on
P-TL is higher than the other groups after osteogenic induction
for 3 and 7 days. Besides the ALP activity, the mineralization of
osteoblasts determined via alizarin red staining shows the
highest level on P-TL (Fig. 5d and Fig. S8, ESIt). These are
similar to the results of qPCR, showing that the levels of
osteogenesis-related genes, including ALP, osteocalcin (OCN),
and osteopontin (OPN), are highest on the P-TL sample after
osteogenic induction for 14 and 21 days (Fig. 5e-g). Although
osteogenic differentiation of the cells on P-VL is higher than
that on the PEEK control, the outcome is not satisfactory
because the ALP and OCN gene expression levels are lower
than that on Ar-5. All in all, the in vitro results disclose that the
nanomorphology of P-TL favors the adhesion and proliferation
of osteoblasts and subsequently promotes osteogenic differen-
tiation and mineralization.

In vivo evaluation

The biological properties were evaluated in vivo by monitoring
the antibacterial/anti-inflammatory response and osseointegra-
tion. First, the bacteria-contaminated samples were implanted
subcutaneously into rats and, as shown in Fig. 6a and b, the
fibrotic capsules elicited by the P-VL and P-TL implants were
thinner than those surrounding the PEEK implant after 7 days,
corroborating that the vertical and tilted nanolamellae are
biocompatible and can even relieve the inflammatory response
in vivo by eradicating peri-implant bacterial infection.*®

Fig. 6 In vivo antibacterial/anti-inflammatory characteristics and
osseointegration. (a) H&E staining of the peri-implant tissues 7 days after
subcutaneous implantation, with the fibrous layers marked by blue arrows.
The right column shows enlarged versions of the marked areas in the left
column. The scale bars are 200 um. (b) Thickness of the fibrous layers in
the different groups. (c) 2D and reconstructed 3D micro-CT images of the
peri-implant tissues 8 weeks after bone implantation. (d—f) Quantitative
micro-CT data for (d) BV/TV, (e) Tb.N, and (f) Tb.Sp. (g) Histological
observation of the peri-implant tissues after Van Gieson and H&E staining,
with the new bone marked by blue arrows. The scale bars are 200 um. (h)
BIC calculated from the histological images. * denotes p < 0.05, **
denotes p < 0.01 and *** denotes p < 0.001 compared with the PEEK

group.
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Furthermore, the samples were implanted into defects in
the rat tibia and evaluated systematically 8 weeks after implan-
tation. As shown in Fig. 6c, a large amount of new bone is
formed surrounding the P-TL implant, but that surrounding
the PEEK and P-VL implants is less dense. Bone regeneration
based on the bone volume/total volume (BV/TV) and the
trabecular number (Tb.N) is more substantial on P-TL with a
relatively low trabecular separation (Tb.Sp), indicating that
peri-implant bone remodeling of P-TL is better than that of
PEEK and P-VL (Fig. 6d-f).>® Osteointegration was further
evaluated through Van Gieson and hematoxylin-eosin (H&E)
staining. As shown in Fig. 6g, the bone layer in contact with the
PEEK and P-VL implants is discontinuous and thin, but that on
the P-TL implant is continuous and thick. According to the
quantitative assessment, the percentage of bone-implant con-
tact (BIC) for P-TL is 80.55%, which is high than 61.38% for
PEEK and 68.19% for P-VL (Fig. 6h). Therefore, both the
lamellar nanostructures and their tilted arrangement contri-
bute to better osteogenesis on P-TL.

The surface morphology is an important factor in the design
of biomedical implants, in order to satisfy the different require-
ments including bacterial resistance.’”’*° In this study, differ-
ent nanolamellae were created on PEEK through annealing and
Ar plasma treatment. In addition to the lamellar structure,
treatment with reactive O, or N, plasma generates bumpy
surfaces via etching as well as the combined effects of chain
scission and surface functionalization (Fig. S3, ESIt). By con-
trast, treatment with Ar plasma mainly introduces physical
etching effects for preferential ablation of the amorphous
component in the polymer.*>*' As a consequence, a zigzag
lamellar structure can be formed. The role of the crystalline
phases in the formation of the nanolamellae was analyzed by
performing the same Ar plasma treatment on amorphous PEEK
and polyphenylene sulfide (PPS). The modified surfaces are
quite smooth without any obvious microstructures (Fig. S9,
ESIt). Therefore, it can be inferred that the nanolamellae are
generated via preferential etching of the amorphous domain in
the semi-crystalline PEEK and surface reconstruction of the
polymer components. The annealing pretreatment modifies the
crystal structure of PEEK through preferentially oriented crystal
growth, which is responsible for the formation of the different
nanolamellae. These results show that the presence and
arrangement of crystalline and amorphous phases in the
semi-crystalline PEEK are both critical to the construction of
different nanostructures via Ar etching.*>*?

Pathogenic bacteria are invasive and can sense and adhere
to favorable surfaces for unrestrained growth.** Unlike P-VL,
which resists the adhesion of pathogenic bacteria, more E. coli
attach to PEEK and P-TL with time, indicative of more ‘bacteria-
friendly’ surfaces (Fig. S10, ESIt). Furthermore, different from
the normal shape of bacteria on PEEK, some defects at the
poles are observed from the bacteria on P-TL after incubation
for only 1 and 3 hours (Fig. S11, ESIt), which can be ascribed to
the strong interactions between the bacteria and the tilted
nanolamellae (Fig. 4c). The E. coli cells cultured on the PEEK
control and the P-TL sample have different diameters and
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lengths (Fig. S11 and S12, ESIY), further confirming that P-TL
is detrimental to bacterial growth after attachment. In order to
elucidate the possible antibacterial mechanism for P-TL, a
short Ar plasma treatment (5 min) was performed, and the
modified Ar-5 sample without lamellar nanotopography also
showed a stronger bacterial affinity than PEEK, even after
flushing (Fig. S13, ESIf). This is probably due to the highly
negative surface zeta potential of PEEK (Fig. 1h), which leads to
a weak interaction with the negatively charged bacteria. How-
ever, the antibacterial characteristics of Ar-5 are far from
satisfactory (Fig. 3), meaning that the surface affinity and the
lamellar nanotopography are both indispensable for bacterial
killing on P-TL. It is possible that the attached E. coli cells try to
migrate on the surface of P-TL in a run-and-tumble manner but
are stuck on the nanostructures instead, leading to the stretch-
ing and rupture of the bacterial membranes.*>™” As for
S. aureus, the bacteria do not have pili or flagella and use
another strategy called colony spreading for their motility.*®
Consequently, the swelling and deformation of S. aureus are
not as obvious as for E. coli on the P-TL sample. With regard to
the interactions between the bacteria and P-VL, it is easy to
understand that the vertically aligned nanolamellae with sharp
edges can kill the attached bacteria directly through piercing,
as previously reported. However, with regard to P-TL, a totally
different mechanism is proposed, for the first time, in which
bacterial affinity and motility are involved in the physical
antibacterial process of bacteria-material interactions.

Another key point is the different adaptability of osteoblasts
and bacteria on surfaces with specific nanostructures. As
demonstrated in our study, osteoblasts adapt better than
bacteria on both P-TL and P-VL. This is because the cytoskele-
tons of prokaryotic and eukaryotic cells and their regulation
mechanisms are different. The cytoskeleton of bacteria consists
of filaments, which lack motor proteins and can only be driven
via polymerization/depolymerization of the filaments. However,
as for the eukaryotic cells, the cytoskeleton has a more complex
and stable polymeric filamentous structure that includes actin
based microfilaments, tublin based microtubules, intermediate
filaments, and dynamic structures such as tubulin-derived
microtubular structures and actin filaments, which can assem-
ble, disassemble, and redistribute rapidly in the cells in
response to subtle or drastic changes in the external
environment.*® Therefore, even when P-TL and P-VL samples
are contaminated by bacteria, they can rapidly inactivate the
bacteria in contact with them and enable cell growth thereafter
(Fig. S14, ESIT). What is more, of the two kinds of sample that
have a physical bacteria-killing capability, only P-TL can facil-
itate osteogenesis in vitro and in vivo because the tilted nano-
lamellae created on P-TL are not too inhospitable. A delicate
balance between the antibacterial capability and osteogenesis
required for bone-implant integration is thus attained. All in
all, our work reveals a simple and effective strategy to produce
multiple functions on PEEK that can fulfill the diverse and
strict requirements of bone implantation, which is also inspira-
tional pertaining to the surface functionalization of biomater-
ials in other disciplines.

This journal is © The Royal Society of Chemistry 2023
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Conclusions

Nanolamellar structures with different arrangements were con-
structed on PEEK, and their antibacterial and osteogenic prop-
erties were investigated systematically. The Ar plasma
treatment can be used for nanolamellar construction by taking
advantage of the different etching effects of the amorphous and
crystalline phases, and the arrangement of the nanolamellae
from being vertical to tilted is tailored through pre-annealing.
Both the vertical and tilted nanolamellae show physical anti-
bacterial effects but their mechanisms are totally different. The
vertical nanolamellae with sharp edges puncture the bacterial
membrane upon contact, whereas the tilted nanolamellae lead
to bacterial inactivation on account of the strong interactions
and stretching forces. In addition, the tilted nanolamellae
create a favorable environment for the attachment, prolifera-
tion, and osteogenic differentiation of osteoblasts that conse-
quently promotes integration of the bone implant. Our results
provide a better understanding of the antibacterial mechan-
isms and osteogenic properties of different surface nanoarch-
itectures to aid the design and fabrication of advanced multi-
functional biomaterials.
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A. Materials and methods

Preparation of the nanolamellar structures

To prepare the tilted structure, the medical grade and semi-crystalline PEEK plates
(GEHR Plastics Hong Kong Ltd., China) with dimensions of @15 x 2 mm were annealed (10°C
min-1 to 180°C) and cooled in an argon atmosphere (denoted as P-Anneal). No annealing was
performed in the preparation of the vertically aligned lamellae. The annealed and un-annealed
PEEK samples were polished with 2000 and 4000 grade silicon carbide papers, ultrasonically
cleaned in 96% ethanol and pure water sequentially, and dried with flowing nitrogen. For
fabricating P-VL and P-TL samples, the annealed and un-annealed PEEK were then subjected
to an Ar plasma treatment for 45 minutes using the AJA International, Inc. system equipped
with a radio frequency source at a pressure of 1.6x102 Torr. Afterwards, the samples were
cleaned in a water bath ultrasonically and then dried with flowing nitrogen. For comparison,
the semi-transparent and amorphous PEEK film (Goodfellow Corporation, UK) was treated
under the same conditions. To prepare the partial P-VL and P-TL samples, two regions of the
PEEK substrates were shielded by silicon wafers with only the middle region exposed to the
plasma as shown in Figure S4.
Material characterization

The surface topography was examined by scanning electron microscopy (SEM, XL30
FEG, Philips, Netherlands) and atomic force microscopy (AFM, NanoScope V MultiMode,
Veeco, USA). The static contact angles of water or diiodomethane (4 uL) were measured by
the sessile drop method on a Rame'-Hart instrument (USA) under ambient conditions and the
surface energy was determined accordingly. X-ray photoelectron spectroscopy (XPS, K-
Alpha*, Thermo Fisher Scientific, USA) with Al K, excitation (72 W) and attenuated total-
reflection Fourier transform infrared spectroscopy (ATR-FTIR, Frontier, PerkinElmer, USA)
were employed to analyze the chemical structure. X-ray powder diffractometry (XRD, D2
Phaser, Bruker, Germany) was performed in the 2 theta range from 10° to 50° and 0.02° per
step and differential scanning calorimetry (DSC, 404 F3 Pegasus, Netzsch, Germany) was
carried out from 30 to 400°C at a heating rate of 10°C/min. The crystalline degree was
determined using the melting enthalpy AH,, of the samples and the ideal crystalline PEEK (130
J g1). The zeta potential was measured using 1 mM KCI solution with adjusted pH (0.05 M

HCI/KOH) on an electrokinetic analyzer (Surpass3, Anton Paar, Austria).
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In vitro antibacterial assays

Gram-positive Staphylococcus aureus (S. aureus) and Gram-negative Escherichia coli (E.
coli) were obtained from the American Type Culture Collection (ATCC) and used in the
antibacterial assays. Initially, the plate counting method was used to evaluate the antibacterial
activity on the different samples. The bacteria were cultured in the Luria-Bertani (LB) medium
in a shaker at 37 °C to reach an optical density at 600 nm (ODggo) = 0.1. After diluting 103
times with the sterilized physiological saline, 100 pL of each bacteria suspension was added to
the sterilized samples on a 24-well plate (NEST Biotechnology, China) and cultured for
different periods of time. Subsequently, 900 uL of the sterilized physiological saline were
added to each well to elute the bacteria and 10 pL of the bacterial eluent were added to an agar
plate and incubated at 37°C for 24 hours before colony forming unit (CFU) counting. The
antimicrobial efficiency was evaluated according to the following equation:

CFUcontroI — CFUtest x100%
CFU

Antimicrobial efficiency =

control

Fluorescent staining was performed to visualize the viable bacteria on the different
samples. 100 pL of the bacterial suspension (107 CFU mLt) were added to the samples,
incubated for 6 hours, washed twice with the phosphate buffered saline (PBS, pH = 7.4), and
stained by the Live/Dead Baclight bacterial viability kit (Thermo Fisher Scientific, USA) in
the dark for 15 min. Afterwards, the unstained dye was rinsed with PBS three times and the
viable bacteria were observed under an inverted fluorescent microscope (Axio Observer Z1,
Zeiss, Germany). To assess the integrity of the bacterial membrane, the bacteria were detached
from the different samples by ultrasonic elution. The detached bacteria were centrifuged at
5,000 revolutions per min (rpm) and the absorbance of the released cytoplasm in the
supernatant was measured at 260 nm using an ultraviolet spectrophotometer (TU-1080PC,
Persee, China).
Bacterial morphology

To analyze the morphological change on the bacteria, 100 uL of the bacterial suspension
(107 CFU mL-1) were added to the different samples and cultured for up to 6 hours. Afterwards,
the samples with bacteria were rinsed thrice with PBS, immobilized with 4% glutaraldehyde
solution, dehydrated with gradient ethanol, and dried at 37 °C prior to SEM observation. In
addition, 100 uL of the bacteria media (10° CFU mL-1) were cultured on the different samples
for 6 hours, immobilized with 4% glutaraldehyde solution, and then harvested from the sample

surface using a sterile surgical skin prep blade. The bacteria were immobilized again with 4%
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osmium tetroxide, rinsed twice with PBS, dehydrated with gradient ethanol and acetone,
embedded in epoxy resin, and sliced into thin sections. After uranyl acetate staining, the
sections were loaded on a copper mesh and observed by transmission electron microscopy
(TEM, H-7650, Hitachi, Japan).
Bacterial interactions with different nanolamellae

To determine bacterial chemotaxis and selective adhesion on the samples, the PEEK
substrates partially modified (constructed with P-VVL/P-TL nanolamellae or plasma-treated for
5 min) were cultured with E. coli and S. aureus for 6 hours, respectively. The samples were
rinsed gently with PBS twice, fixed with 4% paraformaldehyde, stained by the Gram stain kit
(BKMAN, China), and observed by optical microscopy (BX53M, Olympus, Japan). During
the test for bacterial adhesion, a part of the partial P-TL and Ar-5 samples with bacteria were
rinsed with the PBS buffer using a parallel-placed syringe. The zeta potential was measured
on the Zetasizer Nano ZS (Malvern, UK) after ultrasonically collecting the attached bacteria
from the samples. To analyze the other interaction factors, molecular dynamic simulation was
performed on the simulated bacterial membrane composed of a mixture of palmitoyloleoyl-
phosphatidylethanolamine and palmitoyloleoylphosphatidylglycerol (3:1 ratio) and PEEK
nanoplates as the models. The martini coarse grain force field, one of the commonly used and
extensively validated force field and periodic boundary conditions, was adopted in the
computation 1. The PEEK nanoplates with different orientations (6 = 90°or 30°) were put under
the simulated bacterial membrane and a time duration of 60 ns with a coupling constant of 2 fs
was applied to the isothermal-isochoric ensemble. In the simulation, the temperature was
maintained at 298.15 K by the Berendsen method with the coupling constant of 1.0 ps 2. In
each run, the SHAKE algorithm and particle mesh Ewald method were used to determine the
bond lengths and long-range electrostatic interactions, respectively. A 20 A cut-off was used
for the van der Waals forces and Coulomb interactions and the simulation was performed using
the Groningen MAchine for Chemical Simulation (GROMACS)3. The generated trajectories
were evaluated by the GROMACS inbuilt tools and the results were visualized using visual
molecular dynamics 4.
In vitro cell culture

The osteoblasts (MC3T3-EL1 cells) obtained from ATCC were cultured with Dulbecco’s
modified eagle medium (DMEM, Hyclone, USA) containing 10% fetal bovine serum (FBS,
Gibco, USA) in an incubator at 37 °C under 5% CO,, and 90% moisture. Before the
experiments, the cells were detached from the culture dishes, centrifuged (1200 rpm, 5 min),

and diluted to about 2x10* cells mL! with the fresh medium. In osteogenic induction, the
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culture medium was supplemented with 50 pg/ml ascorbic acid, 10 mM B-glycerophosphate
and 100 nM dexamethasone.
Cell viability and morphology

1 mL of the cell suspension (2x10* cells mL*) were added to each sample on the 24-well
plate and incubated for 1, 3 and 7 days. At each time point, the culture medium was replaced
with DMEM containing 10% 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
and incubated for another 4 hours for formazan formation. Subsequently, the formazan product
was dissolved by dimethyl sulfoxide and the absorbance at 570 nm was measured. Cell
apoptosis/necrosis was analyzed by using the Annexin V-FITC/PI assay kit (Beyotime, China)
and a flow cytometer (CytoFLEX, Beckman Coulter, USA). Briefly, 1 mL of the cell
suspension with a density of 5x10* cells mL* was added to each sample and incubated for 1
and 3 days, respectively. Afterwards, the cells on each sample were harvested and stained with
FITC and PI following the manufacturer’s instructions, and finally analyzed by flow cytometry.
Before examining the cell morphology by SEM (SEM, XL30 FEG, Philips, Netherlands), the
cells were cultured for 1 day, rinsed twice with PBS, immobilized with 4% glutaraldehyde
solution, dehydrated with gradient ethanol, dried at 37 °C and sputtered with platinum.
Alkaline phosphatase (ALP) assay and alizarin red staining

After osteogenic induction for 7 and 14 days, the cells in the different groups were treated
with the cell lysis buffer (Beyotime, China) and the ALP activity and total intracellular protein
were determined using the ALP Assay Kit (Beyotime, China) and BCA Protein Assay Kit
(Beyotime, China), respectively. The ALP activity was normalized to the total protein content
and quantitatively presented as nmol/min/mg protein. The degree of mineralization was
evaluated by alizarin red staining. After osteogenic induction of osteoblasts on different
samples for 14 days, the attached cells were washed three times with PBS, fixed in 75% ethanol
for 1 hour, and stained with 1% alizarin red solution (pH 4.2, Solarbio, China) for 10 min.
Afterwards, the unbound dye was removed by flushing with water and the stained samples
were observed using a stereoscopic microscope (Stemi SV11, Zeiss, Germany). In the semi-
quantitative analysis, the bound stain was eluted with 10% acetic acid and the absorbance at
405 nm was monitored by a microplate reader (Multimode microplate reader, Bio Tek, USA).
Quantitative real-time polymerase chain reaction (qPCR)

After osteogenic induction for 14 and 21 days, the total RNA was extracted from the cells
in different groups by adding Trizol reagent (Invitrogen, USA). The complementary DNA
(cDNA) was synthesized from 1000 ng of total RNA using a PrimeScript RT Master Mix kit

(TaKaRa, Japan) following the manufacturer’s instructions. The expressions of osteogenic

S6



genes including ALP, osteocalcin (OCN), and osteopontin (OPN) were quantitatively analyzed
by performing qPCR on a CFX96 detection system (BioRad, USA) using a mixture of
TransStart Green qPCR SuperMix UDG Kit (TransGen Biotech, China). B-actin was selected
as the housekeeping gene and the 2-22¢t method was employed to calculate the relative gene
expression levels. The target genes (ALP, OCN, OPN and B-actin) and corresponding primer
sequences are listed in Table S1.
Co-culture of bacteria and osteoblasts

For co-culturing bacteria and osteoblasts on different samples, 100 uL of the bacterial
suspension (105 CFU mL-1) was initially added to each sample on the 24-well plate and cultured
for 3 hours. Afterwards, each sample was rinsed twice with PBS, and then 1 mL of the cell
suspension (2x10* cells mL-1) was added. After 1 day of co-culture, each sample was rinsed
twice with PBS, immobilized with 4% glutaraldehyde solution, dehydrated with gradient
ethanol, dried at 37 °C, sputtered with platinum and observed by SEM (Phenom Pro G6,
Thermo Scientific, China). After 1 and 3 days of co-culture, each sample was rinsed twice
with PBS, immobilized with 4% glutaraldehyde solution, stained for the cell nuclei with 5
ug/mL Hoechst 33342 (Yeasen Biotechnology, Shanghai, China) and examined by fluorescent
microscopy (BX53, Olympus, Japan).
In vivo experiments

The animal experiments were approved by the Ethics Committee for Animal Research of
Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences. 12-week-old
male Sprague Dawley (SD) rats with weight of 250-300 g were maintained under specific
pathogen free conditions and used in the following in vivo experiments for 6 rats in each group.
To evaluate the anti-infective performance in vivo, 100 pL of the E. coli solution (106 CFU
mL-1) were seeded onto the samples (pristine PEEK, P-VL and P-TL) with dimensions of 10
x 1 mm and cultured for 1 hour. Afterwards, the contaminated samples were subcutaneously
implanted into the two backsides of the depilated rats and the incisions were carefully closed.
After 7 days, the rats were sacrificed and the specimens were harvested and H&E staining was
performed to evaluate the inflammatory response of the peri-implant tissues. In the
osteogenesis assessment, a horizontal defect (2 mm in diameter) was drilled in the tibia in the
back-legs of each rat and the implants were inserted into the openings. The experimental rats
were sacrificed after 8 weeks and the femurs containing the implants were harvested and fixed
in paraformaldehyde. The peri-implant newly formed bone was imaged by micro-CT (SkyScan
1176, Bruker, Germany) and the 3D images were reconstructed using the NRecon software
(Skyscan) and CTvol program (SkyScan). A hollow cylinder with a thickness of 50 um from
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the implant surface and length of 6 mm of the implant was defined as the volume of interest.
Quialitative analyses of bone volume/total volume (BV/TV) and trabecular number (Tb.N) are
more substantial on P-TL with a relatively low trabecular separation (Th.Sp) conducted by 3D
bone morphometric analysis.  The fixed tissue and implant were decalcified in
ethylenediaminetetraacetic acid for 1 month and embedded in paraffin to prepare the bone
tissue sections. Finally, the thin sections were stained with Van Gieson and hematoxylin and
eosin (H&E) to assess peri-implant bone regeneration. To observe the bone-implant interfaces,
Van Gieson staining was carried out on the longitudinal slices prepared from the un-decalcified
samples.
Statistical analysis

The experiments were performed at least in triplicate. The data were analyzed by the one-
way ANOVA and shown as mean + stand deviation (SD). A difference of *p < 0.05 was
considered to be significant and that of *p < 0.01 or ™p < 0.001 was considered to be highly

significant.
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B. Supplementary Figures

P-Anneal o 5 min ' 15min

Fig. S1. Formation of the nanolamellar structure on the annealed PEEK as the argon plasma

treatment is increased (scale bar = 500 nm).
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P-VL
Fig. S2. The SEM images of PV-L and PT-L observed from side view at an angle of 45° (scale

bar = 200 nm).
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Fig. S3. SEM images of the nano-morphology on PEEK after treatment with the nitrogen
plasma (N-PEEK) and oxygen plasma (O-PEEK) using the same parameters as the Ar plasma

treatment (scale bar = 500 nm).
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Fig. S4. ATR-FTIR spectra acquired from the different samples showing the absence of new
functional groups after the Ar plasma treatment.
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Fig. S5. (a) lllustration of the preparation of the partial P-TL and partial P-VL samples: Two
regions of the substrates are shielded by silicon wafers and a middle region is exposed to the
Ar plasma. (b) Pictures of the partial P-TL and partial P-VL samples showing different

reflections from the middle regions.
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Fig. S6. SEM images showing the behavior of osteoblasts on (a) P-TL and (b) P-VL (scale bar
=1 um).
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Fig. S7. Flow cytometry analysis (cell apoptosis and necrosis) of osteoblasts cultured on

different samples for 1 and 3 days.
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Fig. S8. Images showing mineralization of osteoblasts on the different samples after osteogenic
induction for 14 days with the large-area images shown in the insets on the top-right (scale bar
=500 pm).
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Fig. S9. SEM images of (a) Amorphous PEEK, (b) PPS after the Ar plasma treatment (scale
bar = 500 nm); (c) XRD spectrum of PEEK; (d) DSC curve of PPS.
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Fig. S10. Gram staining images of E. coli on PEEK and P-TL after incubation for 1, 3 and 6
hours (scale bar = 20 um).
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Fig. S11. SEM images of E. coli on PEEK and P-TL after incubation for 1 and 3 hours with
the red triangles indicating defects at the poles of the cultured bacteria due to the initial

destructive effect [scale bar (left column) =5 pm; scale bar (right column) = 1 um].
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Fig. S12. (a) Diameters and (b) Lengths of E. coli on PEEK and P-TL after incubation for 3
hours with the bacteria size measured by ImageJ software. *** p < 0.001 was considered to be

highly significant.
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Fig. S13. Gram staining images of E. coli and S. aureus attached to the partial Ar-5 samples
before and after PBS washing (scale bar = 10 um). The blue line represents the boundary

between the PEEK regions (left) and Ar-5 regions (right).
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Fig. S14. (a) SEM images of bacteria and osteoblasts co-cultured on different samples for 1
day, red arrows indicate the presence of bacteria (scale bar = 20 um). (b) Fluorescent staining
images of bacteria and osteoblasts co-cultured on different samples for 1 and 3 days, white

arrows indicate the growth and division of osteoblasts (scale bar = 50 pum).
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Table S1. Primer sequences for the qPCR analysis.

Primers Sequences (5'-3’)

Forward: CGTAAAGACCTCTATGCCAACA

B-actin
Reverse: AGCCACCAATCCACACAGAG
Forward: TCAGAAGCTAACACCAACG
ALP
Reverse: TTGTACGTCTTGGAGAGGGC
Forward: GCAAAGGTGCAGCCTTTGTG
OCN
Reverse: GGCTCCCAGCCATTGATACAG
Forward: TCACCTGTGCCATACCAGTTAA
OPN

Reverse: GGCTCCCAGCCATTGATACAG
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