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Abstract

Regeneration of functional polymer surfaces after damage or contamination is an unresolved
scientific challenge, and also of practical importance. In this proof-of-concept study, we present a
method to regenerate a functional surface property using a polymer multi-layer architecture. This
is exemplified using antimicrobially active surfaces. The idea is to shed the top layer of the
polymer layer stack, like a reptile shedding its skin. The proof-of-concept stack consists of two
antimicrobial layers and a degradable interlayer. Shedding of the top layer is enabled by degrading
that interlayer. The shedding process was analyzed by quantitative fluorescence microscopy,
ellipsometry, and FTIR spectroscopy. Antimicrobial assays revealed that the functionality of the
emerging antimicrobial layer was fully retained after shedding.

Functional surface coatings often fail because of damage or contamination. In particular,
contact-killing antimicrobial coatings become inactive when they get covered by dead
bacteria, proteins and other biomolecules. This enables incoming bacteria to settle,
proliferate, and form a biofilm. Once encapsulated in the biofilm, bacteria are inaccessible
for antibiotics or the immune system. This makes biofilms a severe infection threat, in
particular in the context of medical devices.1 Previous efforts to improve antimicrobial
coatings mostly focused on activity optimization, surface regeneration through washing, or
combination of antimicrobial and antifouling moieties.2 The perfect long term active
surface, however, has yet to be found.

We here present how we approached the aim of sustained surface activity from a different
perspective. We designed a system that is able to regenerate its surface functionality by
removing the worn-out top layer, and uncover a new, active layer - like a reptile shedding its
skin. While the idea is simple, the selective shedding of thin films from polymer layer multi-
stacks — either in one piece or in fragments - is so far an unresolved scientific problem. For
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example, work by David Lynn based on layer-by-layer (LbL) systems3 demonstrated that it
was not possible to selectively shed layers from LbL assemblies because of the notorious
layer inter-penetration of these systems.4 In our system, we enabled layer shedding by
sandwiching a degradable interlayer between two functional layers. When the interlayer
degrades, the top functional layer loses adhesion to the remaining layers, and is thus
removed. This is illustrated in Figure 1. This approach was also inspired by the sacrificial
layer technique used in microsystems fabrication.5 It works because it avoids the problem of
breaking adhesive forces between two adjacent functional layers. For ssimple erodible or
degradable materials, there is no control over surface morphologies and properties once the
degradation process starts. In this system, we dial in the surface properties of the emerging
layers during build-up of the stack, and can retrieve them by quantitative removal of the
upper degradable layer.

Designing a system that can perform as anticipated was far from trivial. We concluded from
the LbL work3 that non-electrostatic layer interaction and, importantly, somewhat thicker
layers were needed to achieve the aim of discrete single layer shedding (or shedding of
fragments originating from a single layer). Overall, we identified the following requirements
for our target system: First, we need a thickness well above the typical polymer thin film
roughness (a few nanometers) to obtain discrete layers that do not interpenetrate or undergo
mixing. We chose a thickness of about 100 nm to be well above this value. Next, to allow
layer shedding, covalent bonds between adjacent layers must be prevented. Consequently, all
interlayer forces needed to be based on physisorption, and had to be carefully adjusted. To
allow controlled layer shedding, the system had to be stable under aqueous conditions
without premature delamination or dissolution. Thus, the solubility of the polymers had to
be carefully chosen, and the water-soluble 100 nm ‘thick’ thin films in the stack had to be
stabilized internally by intra-layer cross-linking. This intra-layer cross-linking had to be
achieved by a selective process that would not induce interlayer crosslinks. Additionally, to
avoid delamination during build-up of the multi-stack, orthogonal solvents had to be used for
the individual layers. Finally, all layers needed features that enabled distinguishing them by
surface analytical techniques.

All these challenges were addressed in a proof-of-concept system consisting of three layers:
an antimicrobial surface-attached polymer network as the bottom layer, a degradable
interlayer, and a fluorescent antimicrobial polymer network as the top layer (Figure 2).

The antimicrobial layers were made from a special antimicrobial polymer - a
poly(oxonorbornene) based synthetic mimic of an antimicrobial peptide (SMAMP, 1 in
Figure 2). SMAMP polymers are facially amphiphilic like their natural archetype, the
antimicrobial peptide. They carry hydrophobic and hydrophilic, charged moieties that self-
segregate onto opposite faces of the molecule. This makes them highly active against
bacteria and at the same time compatible with mammalian cells.6 The additional advantage
of poly-(oxonorbornene) SMAMPs for our application was that they feature a double bond
in the backbone, which can be used for the desired selective intra-layer cross-linking. This
cross-linking process has been previously reported.2f, 7 As the degradable interlayer, we
chose poly(sebacic anhydride) (PSA 2, Figure 2), which is a water-insoluble polymer. It thus
has an orthogonal solubility to the SMAMP, and a bulk degradation rate on the order of days
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under physiological conditions, with non-toxic degradation products.8 It can be
distinguished from the SMAMP layer by the unique anhydride absorption band in FTIR-
spectroscopy.

The three layer target system was constructed as follows: the substrate was a silicon wafer
functionalized with the benzophenone cross-linker 3 (Figure 3).9 We spin-cast a mixture of
the SMAMP polymer 1 (in its Boc-protected form) and the tetrathiol cross-linker 4 (Figure
3) onto that wafer. UV irradiation then enabled two simultaneous reactions — first, the
surface immobilization of the polymer by a CH-insertion reaction with the benzophenone
moiety 3, and secondly, intra-layer cross-linking through a thiol-ene reaction between the
polymer double bonds and the SH groups of cross-linker 4 (Figure 3).7, 10

This yielded the desired surface-attached network as the bottom layer of our polymer stack.
The SMAMP bottom layer was deprotected with HCI to remove the Boc protective group.
The second layer was applied by spin-casting a solution of PSA onto the surface-attached
SMAMP network. Since PSA is insoluble in water, no intra-layer cross-linking was needed
to stabilize this layer. The top layer of the stack was obtained by spin-casting of a solution of
the novel NBD-dye-labeled poly(oxonorbornene) SMAMP (in its deprotected form, 5in
Figure 2) and cross-linker 4 onto the PSA layer, followed by UV irradiation. This yielded an
internally cross-linked network with no covalent bonds to the PSA layer. Due to the
fluorescent NBD group, this polymer could be analytically distinguished from the bottom
SMAMP layer. All polymer synthesis steps and the layer assembly are described in detail in
the Supporting Information.

We could show by immersion into water that the three-layer system was stable, i.e. no
shedding and no layer thickness loss was observed. Under physiological conditions (HEPES
buffer with 100 mM NaCl), degradation of the interlayer was observed; however quantitative
degradation was extremely slow even in the thin film (> 60 hours). To study degradation of
this model system in a more reasonable time-frame, the three-layer system was therefore
immersed into aqueous HCI. Since we had dye-labeled the top layer of our system, we were
able to follow top layer shedding in situ using quantitative fluorescence microscopy. The
fluorescence data revealed an exponential decay of fluorescence intensity within 40 min (see
Supporting Information). The first layer of the stack, the whole three-layer system before
degradation, and the degraded system after HCI treatment were compared using
ellipsometry, fluorescence microscopy, and FTIR measurements (Figure 4). Fluorescence
microscopy indicated a near-quantitative loss of the top layer: the fluorescence intensity of
the degraded system was very close to the intensity of a single SMAMP layer, and
significantly lower than that of the strongly fluorescent three-layer system (Figure 4, center
column). Ellipsometry measurements confirmed this result (Figure 4, left column). The
different thickness loss rates of the system in water, HEPES and HCI indicated that the top
layer is shedding through degradation of the interlayer, and not through leaching out of the
interlayer as a result of delamination.

We further investigated the three samples using FTIR spectroscopy (Figure 4, right column).
For the three-layer system, we found the expected two signals in the carbonyl stretching
vibration region: the one at 1810 cm™! corresponded to the asymmetric stretching vibration
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of the PSA anhydride; the one with the maximum at 1740 cm™! and a shoulder at 1705 cm'?
was an overlay of the symmetric PSA anhydride stretching vibration and the carbonyl
stretching vibration of the SMAMP esters. After degradation, only one peak at 1730 cm-?
remained, which matched the FTIR data obtained from a SMAMP single layer. These results
indicate that the top two layers of the system had been successfully removed.

To prove the antimicrobial activity of the emergent SMAMP layer, we conducted a
standardized antimicrobial activity assay using standardized methods.10-11We sprayed the
degraded system and the non-degraded three-layer system with £. coli bacteria (108
bacteria/mL) and quantified the surviving bacteria. The results indicate that the degraded
system was as active as the pristine top layer of the three-layer system, with 0 £ 0 surviving
colony forming units (CFUSs) each, whereas the negative control on a blank silicon wafer had
1059 + 115 CFUs. The positive control with chlorhexidine digluconate (CHX) also had 0

+ 0 CFUs. We thus could show that the remaining layer of the degraded system fully
retained its original antimicrobial activity after layer shedding. This is only possible if a
complete or near-quantitative shedding of the interlayer has occurred, as surface
irregularities would adversely affect antimicrobial activity.

In conclusion, we illustrated in this proof-of-concept study that it is feasible to shed the top
layer from a thin film multi-stack, and showed that we can fully regenerate the intended
functional property of the material by this process. This is not only scientifically interesting,
but may be useful for applications where retained or regenerated surface properties are
needed, e.g. lasting antimicrobial properties for urinary catheters, whose surfaces often fail
due to biofilm formation.

We are aware of the fact that there are still open questions, for example: Does the top layer
shed as a whole, or is it torn into pieces by mechanical forces when the interlayer underneath
degrades? Can the process work in the presence of bacteria under physiological conditions?
Even though bacteria in a biofilm can induce low pH similar to our HCI conditions,
complete degradation under physiological conditions is of course more relevant for practical
applications. We therefore may have to move to a faster degrading poly(anhydride) as the
interlayer for biomedical applications. Additionally, the question remains whether we can
generalize the shedding principle to selective and sequential layer shedding from a multi-
stack with more layers, and to different functionalities. While we are addressing these and
other issues in ongoing work, we hope that this communication will inspire research in
related fields.

Supporting Information

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Inspired by nature: just like a reptile sheds its skin, the three-layer polymer sheds its

exhausted top layer, and in so doing uncovers a new functional layer. The shedding is
enabled by degrading the interlayer (light blue) between the two functional layers (red).
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Figure 2.
System components: The bottom layer of the proof-of-concept stack consists of the

antimicrobial polymer 1, the poly(sebacic anhydride) interlayer 2, and the 2-(4-nitro-2,1,3-
benzoxadiazol-7-yl) (NBD) labelled antimicrobial polymer 5.
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Figure 3.

Formation of the bottom layer: the antimicrobial polymer 1 was mixed with cross-linker 4,
and spin-cast onto a benzophenone-functionalized silicon wafer substrate 3. UV irradiation
yielded the surface-attached polymer network.
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The bottom layer (top row), the three layer system (middle row) and the degraded system
(bottom row) were studied using ellipsometry (layer thickness data, left column),
quantitative fluorescence microscopy (image recording time and recorded fluorescence
intensity (a.u.), middle column) and FTIR spectroscopy (absorption bands of the carbonyl

region, right column).
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