Full Paper

</ Macromolecular
iy X2 Journals

Macromolecular
Bioscience

Patterned Polypeptoid Brushes

Maximilian Schneider, Zian Tang, Marcus Richter, Claudia Marschelke,
Paul Forster, Erik Wegener, Thsan Amin, Heike Zimmermann,
Dieter Scharnweber, Hans-Georg Braun, Robert Luxenhofer,” Rainer Jordan*

Patterned polypeptoid brushes on gold and oxide substrates are synthesized by
surface-initiated polymerization of N-substituted
glycine N-carboxyanhydrides. Their biofouling resist-

ance is shown by protein and cell adhesion experi-
ments. The accessibility of the system to common
patterning protocols is demonstrated by UV-lithog-
raphy and a pCP approach. Moreover, the terminal
secondary amine group of the polypeptoid brushes is
functionalized with different fluorescent dyes to

demonstrate their chemical accessibility.

1. Introduction

The capability to control the adsorption of biomolecules is
a fundamental issue for a wide range of biotechnological
applications. For the control of biofouling, the adsorption
of biomolecules and subsequently cells and/or organisms
has to be efficiently reduced for coatings of marine
vessels,!! filtration or desalination devices,**! and in
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many biomedical applications.*! Whereas selective
adsorption has to be promoted for sensor applications!™
or scaffolds used in tissue engineering.[*®! DNA micro-
array devices!®! and tissue microarrays*®*Y are further
examples of applications where a controlled bio-adhesion
is required.

By now, there is a wide range of antifouling coatings
available, mostly based on polymers.*?! General design
principles for polymers with low protein binding have been
established***% and challenged.[*>*®) The more common
design paradigm is that polymers should be sufficiently
hydrophilicand of zeronet charge (non-ionic or zwitterionic)
and feature H-bond acceptors but no H-bond donors.
Polyether-based polymer brush coatings have been very
successful in this context and PEGylation remains one of
the most commonly applied methods to prevent biofouling
of surfaces, particles, aggregates, and even molecular
entities with the so-called stealth effect.*”21 However, a
detailed study by Whitesides and Grunze?? on oligo-
(ethlene glycol)-terminated self-assembled monolayers
(SAMs) on gold and silver showed that the ability of
polyether coatings to resist protein adsorption strongly
depends on their molecular conformation and binding of
interfacial water to the ethylene glycol units. In recent years
though, PEG has come under some scrutiny?*! as PEG as a
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polyether is prone to oxidative degradation!?¥ leading to
“PEG poisoning”!?*! and reported failure of PEGylated drugs
because of specific recognition of PEG by the immune
system 67281 Thus alternative polymers are needed, espe-
cially if designated for regular or long-term use in humans.
In this context, Textor and co-workers have shown that PEG-
based coatings exhibit reduced long-term stability as
compared to poly(2-oxazoline) (POx)-based coatings.[:3"]
Other alternatives are, for example, polyglycerols, which
also have shown to exhibit a higher stability as compared
to PEG.BU However, also contradictory studies can be
found in this context. For example, Dworak reported that
polyglycerols are faster degraded under UV-irradiation in
aqueous conditions.!*?! Ulbricht et al. reported recently that
in solution, POx and polypeptoids are degraded faster than
PEG, when subjected in vitro to conditions aimed to mimic
phagosomes in activated neutrophils or macrophages.**!

Polypeptoids (poly(N-substituted glycine) s) are a class of
biomimetic polymers that have seen some interest
recently.*#**! Similar to POx, they are constitutional
isomers of natural polypeptides.***®! In contrast to
polypeptides, the polypeptoids are substituted at the
amide nitrogen and cannot form intermolecular hydrogen
bonds to stabilize secondary structures. Until recently,
polysarcosine (poly(N-methylglycine)) was the only
studied polypeptoid obtained via polymerization in any
considerable detail. In the last years, the molecular tool-kit
was expanded considerably. Now, hydrophilic, amphi-
philic,'*”*#! and hydrophobic!*¥! as well as thermorespon-
sivel*42] and reactive!*>44! polypeptoids are available.
Polysarcosine shows excellent nonfouling properties and
long-circulating drug-delivery systems based on polysar-
cosine have been reported.*>~#”! Polypeptoids are either
obtained by iterative sub-monomer solid-phase synthe-
sisl®4%8] or by nucleophilic living condensative ring-
opening polymerization (NuLCROP) of N-substituted
glycine N-carboxyanhydrides (NNCAs)®! or N-substituted
glycine N-thiocarboxyanhydrides (NNTAs).*?! The Nul-
CROP allows the preparation of highly defined polypeptoids
in solution®” and on solid supports.*® Recently, we
demonstrated that surface-initiated living condensative
ring-opening polymerization (SI-LCROP) of NNCAs from
SAMs of 3-(aminopropyl) trimethoxysilane (APTMS) on
planar silicon dioxide substrates results in homogeneous
hydrophilic, hydrophobic, and amphiphilic polypeptoid
brushes.'**! The utilization of an initiating SAM results in
dense polymer brushes with an excellent surface screening.
SAMs as 2D initiating systems can be readily exploited to
prepare patterned polymer brushes by surface-initiated
polymerization from SAMs patterned by various techni-
ques.>? since polypeptoid brushes are most suitable for the
application in biotechnology, the possibility of microscale
patterning on different types of substrates is very intrigu-
ing for further development.
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Here, we demonstrate the resistance of polypeptoids
against biofouling and show the synthesis of patterned
polypeptoid brushes by different methods on two different
types of substrates using patterned SAM-initiators. We
demonstrate a top-down photolithographic process as well
as a bottom-up micro contact printing (.CP) procedure to
obtain patterned polypeptoid brushes on silicon dioxide as
well as gold substrates. Furthermore, the polypeptoid brush
chain termini were selectively functionalized using acti-
vated carboxylic acids of dyes as model compounds. The
patterning and reactions are summarized in Scheme 1.

2. Experimental Section

2.1. Materials

Chemicals were purchased from Sigma-Aldrich (Steinheim,
Germany) or Acros (Geel, Belgium) and used as received unless
otherwise stated. Dry acetonitrile (ACN, extra dry Acroseal) and
dimethylformamide (DMF) were transferred and stored in a glove
box under nitrogen. Benzonitrile (BN) and triethylamine (TEA)
were refluxed over P,O,, (BN) or CaH, (TEA) and distilled under
argon prior to use. All organic solvents were tested on their
water content by a C20 compact coulometer (Mettler-Toledo,
Giessen, Germany) and showed a typically water content of less
than 30 ppm. The monomer Sar-NCA was prepared according
to the procedure published before.*®) N-hydroxysuccinimide
esters of Cy5 and Oregon Green were purchased from Interchim
(Montlugon, France) and wused as received. DyLight488-
conjugated ChromPure human Albumin was purchased from
Jackson ImmunoReasearch (Newmarket, UK) and used as
received. FBS serum and PBS tablets were purchased from Gibco,
Live Technologies (Carlsbad, USA). The serum was used as
received and the PBS solution was prepared by solving the
tablets in deionized water according to the instructions of the
manufacturer. Only deionized and bidistilled water was used for
sample treatment and measurements. Silicon wafers with a
300 nm oxide layer were purchased from Microchemicals (Ulm,
Germany). Gold substrates (30 nm gold, 9 nm titanium adhesion
layer on silicon wafer) were purchased from G. Albert PVD (Silz,
Germany).

2.2. Self-Assembled Monolayers (SAMs)

SAMs from 3-(aminopropyl) trimethoxysilane (APTMS) on silicon
wafers were prepared as reported previously!>**! and patterned by
UV-lithography using a TEM grid (1000 mesh thin bar) as the
photomask and a 1000 W Hg-short-arc lamp equipped with a 90°
beam turner (LOT-QuantumDesign GmbH, Darmstadt, Germany).
Irradiation was performed at a distance of approx. 15 cm for 30 min
atrt.

Gold substrates were cleaned twice with ethanol, followed by
15 min oxygen plasma treatment (Harrick, NY, USA). Homogeneous
SAMs were prepared by immersing a freshly cleaned gold substrate
in a 2mM 11-amino-1-undecanethiol hydrochloride (AUDT) sol-
ution in EtOH overnight. The samples were rinsed extensively with
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living condensative ring-opening polymerization (SI-LCROP) of N-methyl glycine N-carboxyanhydride to patterned polysarcosine brushes.

I Scheme 1. Patterned SAM initiator surfaces by microcontact printing (top) and UV-lithography (below) and subsequent surface-initiated

The brush terminal secondary amine was further used for selective functionalization with different dyes as model compounds.

EtOH and dried with argon. Patterned AUDT SAMs were prepared by
microcontact printing (wCP) with a PDMS stamp prepared from
Sylgard 184 (Dow Corning) on cleaned gold substrates. The stamp
was inked with a 2 mM AUDT solution in EtOH, dried a few minutes
in air and the excessive solution was removed by a jet of nitrogen.
The stamp was carefully placed on the gold substrate applying
slight pressure to ensure good contact. The stamp remained in
contact for 5min and was then removed carefully.

2.3. Surface-Initiated Living Condensative Ring-
Opening Polymerization (SI-LCROP)

The SI-LCROP was carried out as described previously.>!

2.4. Polymer Brush End Functionalization

Substrates with patterned polysarcosine brushes were placed in a
flame-dried Schlenk-tube with an excess of Cy5-NHS, Cy5-azide, or
Oregon Green-NHS (approx. 0.3 mg) dissolved in 2 mL of DMF and
50 pL of TEA as a base. The solution was stirred for over 36 h in the
dark at r.t. and then rinsed with DMF, washed with EtOH/water
(3:1) and ultrasonicated in EtOH.

2.5. Characterization

The SAM and polymer brushes layer thickness were measured by a
Sentech SE 800 spectral ellipsometer (Sentech, Berlin, Germany).
Data were fitted using a two-layer model in which the silicon oxide
layer and organic layer was represented by a Cauchy model,
whereas the gold layer was fitted by a Tauc—Lorentz model for
each measurement. As fitting parameters for the organic layer,
we used the previously determined values of Messersmith and
co-workers. 454
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Surface plasmon resonance (SPR) was performed on a custom-
made instrument purchased from the Max Planck Institute for
Polymer Research (Mainz, Germany). The used glass substrates
(LaFSN9) were coated with a 45 nm gold layer and coupled to the
prism in Kretschmann-configuration. The data were collected and
analyzed by the WASPLAS-software.

Cell adhesion studies were performed with hMSC cells of which
10000 cells were seeded on homogeneous polypeptoid brushes and
bare gold substrates. After 2h of incubation, the samples were
rinsed with PBS and the number of adhered cells was determined by
lactate dehydrogenase activity (LDH) assay. To see the influence of
FBS serum on the cell adhesion, a second experiment with 10% FBS
addition to the culture medium was performed.

Protein adhesion experiments were performed on structured
polypeptoid brushes by covering the sample with an Albumin-
DyLight488 solution for 30 min. After rinsing with deionized water,
the sample was dried with a jet of dry nitrogen and examined under
the microscope. The fluorescent images were taken with a Zeiss
Axio Observer Z1lm microscope, equipped with a green filter set
(excitation at 440-470 nm, emission at 525-550 nm).

Atomic force microscopy (AFM) was performed with a custom-
made Ntegra Aura/Spectra AFM from NT-MDT (Moscow, Russia) in
semi-contact mode using a 100 pm? sample scanner and probes
with a resonant frequency of 47-150kHz, and a force constant of
0.35-6.1N-m~* (NSG 03).

Fluorescence spectroscopy and imaging were performed on the
same AFM using a green laser (532 nm) for excitation and a peltier-
cooled Andor CCD camera as well as a photomultiplier tube (PMT)
for detection. Mapping experiments were performed at 532 nm
laser irradiation and detection of reflected light with the PMT
scanning an area of 30 wm? at a resolution of 256 x 256 pixels. On
the same area, scanning fluorescence spectroscopy was performed
at a resolution of 32 x 32 spectra on 30 um?. For all fluorescence
spectra, three scans with a single acquisition time of 0.3s were
accumulated.
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The static water contact angle was measured by a DSA10 (KrUss,
Hamburg, Germany). The given contact angle presents the average
of minimum five measurements on different spots of the sample.

3. Results and Discussion

To show the applicability of the SI-LCROP of NNCAs for
diverse patterning techniques, we employed two conver-
gent approaches to obtain patterned polypeptoid brushes.
In one approach, patterned SAM initiators were prepared
by photolithography of homogeneous SAMs of 3-(amino-
propyl) trimethoxysilane (APTMS) using a common TEM
grid as the photomask. In another approach, microcontact
printing (uCP)!**) of 11-amino-1-undecanethiol hydrochlor-
ide (AUDT) on gold was used to directly obtain patterned
SAM initiators for the consecutive SI-LCROP of Sar-NCA to
patterned polypeptoid brushes. The results of both
approaches are summarized in Figure 1.

Both approaches result in well-defined and sharp
patterns that match the pattern dimensions of the mask
or stamp, respectively.

The polypeptoid brush layer thickness evolution as a
function of SI-LCROP time was discussed in previous

M. Schneider et al.

work."t On solid and flat substrates as used in the present
work, we cannot reliably determine the degree of polymer-
ization of the surface-bound polymers. However, in a
previous account, we investigated the Si-LCROP from solid-
phase synthesis resins. Narrow dispersities could be
obtained after adjustment of reaction parameters and
living polymerization was confirmed also on solid phase.!°!
In order to elucidate possible differences for AUDT SAMs on
gold as initiators, we performed an analogue study with
homogeneous as well as patterned AUDT SAMs. The results
are shown in Figure 2.

Similar as reported previously for the SI-LCROP of NNCAs
on silane SAM initiators on silicondioxide,®" the AUDT
initiator system resulted in an initially linear height
increase of the polymer layer with the polymerization
time that levels around 96 h. However, while the SI-LCROP
from silane APTMS gave a maximum polysarcosine brush
thickness of around 40nm after 6 d, on AUDT SAMs
maximum layer thickness levels around 28 nm after 9 d
polymerization time. As apparent fromthe plotin Figure 2a,
the polypeptoid brush height evolution is very similar for
printed or adsorbed AUDT SAMs. Despite the slightly
thinner PSar brush formation on AUDT SAMs, the polymer
brush effectively screens the substrate as evidenced by

Figure 1. Microscopic images of patterned polysarcosine brushes prepared by (a) UV photolithography of silane SAMs on silicone wafers and
(b) .CP of thiols SAMs on gold and consecutive SI-LCROP of Sar-NCA. (c) AFM height scan with height profile of patterned polysarcosine
brushes on silicon. (d) AFM height data of a patterned polypeptoid brush on gold (3D) and (e) height analysis of the same scan at lines

indicated.
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Figure 2. (a) Polysarcosine brush layer thickness as a function of
the SI-LCROP time with homogeneous and patterned AUDT SAMs
on gold. Please note that each data point was obtained from an
individual experiment. Layer thickness was measured by AFM for
patterned and by ellipsometry for homogeneous samples. (b)
Histogram of the AFM height data of a patterned sample after
72 h of polymerization (from sample as shown in Figure 1e).

wetting experiments. The static water contact angle on
AUDTwas 6(AUDT) = 65 + 2° and changed to 6(PSar) < 11 + 2°
after the brush formation even for the thinnest brushes
(5-7nm). The wetting behavior of homogeneous PSar
brushes prepared from APTMS SAM initiators on
silicon dioxide!®™ and AUDT SAMs on gold were found to
be identical and in both cases a very hydrophilic polymer
brush was formed. The very low contact
angle is in good agreement with results
found by Messersmith and co-workers!*”
for dense PSar brushes (0.6-0.8 chains-
nm %) prepared by the grafting onto
approach with a degree of polymerization
of n=20. This further indicates the for-
mation of dense PSar brushes by SI-LCROP.

The antifouling property of PSar
brushes on gold prepared by SI-LCROP
was investigated by protein adsorption
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found to be high. With serum addition, almost all seeded
cellsadhered tothe bare gold surface, while stillno evidence
was found for cell adhesion on the polypeptoid brushes.

An adsorption experiment of Albumin-DyLight488 on
patterned polypeptoid brushes confirmed the selective
adsorption of proteins on the bare gold substrate between
the brush structures (Figure 3d).

Functional polypeptoid brushes are accessible by poly-
merization of functional NNCA monomers or by polymer
analogue conversion of the amine polymer chain end. The
latter is especially versatile to tailor the physical and
chemical properties of the polymer brush surface because of
the surface enrichment of chain termini in polymer
brushes. From the most common possible reactions, we
chose the reaction with N-hydroxysuccinimide (NHS) esters
to test the presence and accessibility of the secondary
amine group of PSar brushes. For detection purposes, we
employed NHS esters of two different fluorescence dyes
(Cy5-NHS and Oregon Green-NHS; OG-NHS). As control
experiment, we chose a Cy5 dye with an azide function as
indifferent coupling agent to rule out physisorption.
Patterned PSar brushes on gold were reacted with an
excess of Cy5-NHS, Cy5-azide, or OG-NHS in DMF with TEA
as a base for over 36 h at room temperature. After extensive
cleaning, the samples were investigated by confocal
fluorescence scanning microscopy (NTEGRA Spectra) using

PBS b) FBS FBS

adsorption
Intensity [a.u.]
Uoudjospe ou

from pure FBS monitored by surface 0
plasmon resonance (SPR) as well as cell
adhesion studies with human mesenchy-  c¢)
mal stem cells (hMSC) quantified by the
LDH assay (Figure 3).

As apparent from the SPR studies, the
PSar coating shows the expected anti-
fouling property as no irreversible pro-
tein adsorption from pure FBS was found
on homogeneous brushes, even in repet- 0
itive cycles (Figure 3a, b). The cell
adhesion studies confirmed the non-
fouling property of PSar (Figure 3c).
Neither from standard cell medium nor
from cell medium with 10% FBS hMSC
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Figure 3. In situ SPR monitoring of protein adsorption from pure FBS on (a) native gold
and (b) homogeneous PSar brush (d =19.7 nm) on gold. (c) hMSC cell adhesion on native
gold (Au) PSar brush (POI) surfaces from pure culture medium (blue) and with an
addition of 10% FBS (red), quantified by the LDH assay. (d) Fluorescence microscopy

image of selected absorption of labeled albumin (Albumin-DyLight488) on a patterned

adhered permanently on the PSar surface,
while on native gold the cell count was
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PSar brush surface. A surface as depicted in Figure 1b shows strong protein adsorption
on areas of native gold but no adsorption on PSar-covered areas (dots and stripes).
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Figure 4. (a) Reflectivity mapping of patterned PSar-Cys brushes on gold at a resolution of
256 x 256 pixels on 30 x 30 um?®. (b) Fluorescence spectra of PSar-Cys recorded at
positions as indicated in (a). Only at areas covered by PSar brushes, the typical Cys
fluorescent emission (600-750 nm) was detected (red mark in (a), red spectrum in (b)).
(c) Mapping of the fluorescence intensity in the range of 653—669 nm of patterned PSar-
Cysataresolution of 32 x 32 pixels on 30 x 30 pm?. (d) Reflectivity mapping of the control
sample. Patterned PSar brushes on gold at a resolution of 128 x 128 pixels on 35 x 35 um?.
(e) Fluorescence spectra of control sample recorded at positions as indicated in (d).
(f) Mapping of the fluorescence intensity in the range of 653-669 nm of the control
sample at a resolution of 32 x 32 pixels on 35 x 35 um? No fluorescent emission of
potentially physisorbed dye could be detected. (g) Reflectivity of patterned PSar-OG,
(h) fluorescence spectra of PSar-OG recorded at positions as indicated in (g). (i) Mapping
of the fluorescence intensity in the range of 534-544 nm of patterned PSar-OG at a
resolution of 32 x 32 pixels on 30 x 30 wm?. Please note that fluorescent emission of OG
lies mainly within the cut-off range of the spectrometer because of the green laser used.
However, the fluorescent emission flank is still clearly detectable as apparent in (h).

M. Schneider et al.

experiment showed that no physisorp-
tion occurred during the procedure, since
no fluorescent emission could be detected
when the sample was reacted with an
indifferent dye.

4, Conclusion

We showed the preparation of patterned
polypeptoid brushes by surface-initiated
living ring-opening polymerization (SI-
LCROP) of Sar-NCA on gold and silicon
dioxide substrates by patterned self-
assembled monolayers prepared by pho-
tolithography as well as microcontact
printing. Additional studies of the SI-
LCROP from homogeneous thiol SAMs on
gold showed a similar polymerization
behavior of the NNCA as found previously
for silane SAMs onsilicon dioxide.** With
protein and cell adhesion experiments,
the biofouling resistance of polypeptoid
brushes is shown. Finally, the secondary
amine group at the polypeptoid brush
chain end was found to be readily acces-
sible for chemical functionalization.
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a 532 nm laser for excitation. With the aid of a first higher
resolution reflectivity scan (Figure 4a, d, g; photomultiplier
detector), two locations were selected for recording a
fluorescence spectrum at a bare and PSar-covered area
(Figure 4b, e, h). For both dye-coupling reactions, the typical
fluorescence emission could only be detected at the PSar-
covered regions. Additionally, the fluorescent intensity of
the samples in the spectral range, typical for the respective
dyes was mapped over the same sample area (Figure 4c, f, i).
Also here, only fluorescent emission on PSar-covered areas
were detected which indicates a selective and efficient end
functionalization of PSar brushes by the dyes. The control
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