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Current biointerfaces aiming to steer specific biological responses frequently lack either stability due to purely
electrostatic interactions, bioactivity due to unspecific conjugation chemistries, specificity due to uncontrolled
biological interactions such as fouling, or cytocompatibility due to harsh and toxic coating procedures. Here, we
report a versatile surface modification platform for covalent tethering of selected biomolecules. New in this
approach is the particular combination of modular binding blocks as graft co-polymer. Grafted to the backbone of
PAcrAm™ multiple functionalities are strategically combined: covalent (silane) and non-covalent (lysine) sur-
face binding groups for stability and self-assembly in mild buffered solution, PEG-azide chains for low fouling
properties, and specific, controlled, covalent, linking of biologically active molecules. This modular strategy
overcomes the previously mentioned limitations, for instance regarding bioactivity of the biological moiety due
to highly specific strain-promoted azide-alkyne cycloaddition. The successful grafting of the copolymer was
confirmed by 'H NMR. The immobilization of RGD peptides was characterized by combining surface analytical
techniques, such as ToF-SIMS and ellipsometry, allowing quantification of immobilized molecules over an
extensive range of concentrations (0.008-1.95 pmol-cm2). The bioactivity over this range of concentrations was
confirmed by in vitro cell studies, presenting a differential endothelial cell attachment and spreading. The
modified substrates enabled the formation of an interconnected monolayer of endothelial cells. Furthermore, the
modular platform allowed the co-immobilization of two bioactive functional groups, RGD and biotin, on the
same surface, which could be exploited for the further development of controlled multi-functional biointerfaces
for diverse biological applications in the future.

1. Introduction

Biointerfaces that enable controlled and specific interaction with the
biological environment that they are exposed to are very critical to
overcome current limitations such as in the successful integration of
medical implants in the body or biosensing applications [1-3]. For
instance, for implant integration creating interfaces that allow steered
adhesion of specific cells, which can then perform natural biological

functions are desired [4-8]. To this end, adhesion peptides that mediate
cell attachment [9] can be immobilized on a synthetic surface [9,10].
Such adhesive peptides are derived from extracellular matrix proteins as
for example RGD derived from fibronectin. Additionally, when such cell
adhesive functionalization is applied to low-fouling surface coatings,
non-specific adsorption of proteins is reduced and non-specific cell in-
teractions with the surface can be avoided [11-14]. Similarly for bio-
sensing applications, in order to obtain high sensitivity, sensor coatings
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should avoid any unspecific interaction and therefore be anti-fouling
and bioactive in order to capture very specific biomolecules from the
analyte [15-18]. For sensing applications, often the high affinity of
streptavidin and biotin are exploited [19-21].

In order to create a combined low-fouling and bioactive surface, for
instance, poly(ethylene glycol) (PEG) brush-based coatings can be
decorated with RGD peptides [22-27]. PEG is an electrically neutral and
highly hydrophilic polymer, comprises polar moieties, exhibits
hydrogen-bond acceptors, and simultaneously does not present
hydrogen-bond donors [28-30]. It thereby enables strong interaction of
water molecules via hydrogen bonds and thus the formation of a robust
hydration layer that entropically and sterically prevents protein
adsorption to the underlying material, that can be achieved if densely
bound to a surface [30-32]. PEG coatings have been demonstrated on
various substrates including but not limited to silicon nitride with silane-
PEG or gold with thiol-PEG [33], to diverse negatively charged surfaces
by electrostatic adsorption of poly(L-lysine)-graft-poly(ethylene glycol)
(PLL-g-PEG) [34,35], or more recently to silicon oxide by electrostatic
and covalent immobilization of poly(acrylamide)-graft-(PEG, 1,6-hexa-
nediamine, 3-aminopropyl-dimethylsilanol) (PAcrAm™.-g-(PEG,NH,,
Si)) [36]. For the latter, covalent siloxane binding with the silicon oxide
surface provides stability while the additional electrostatic binding is
required for resilience and achieving optimal packing of the macro-
molecule on the surface [36]. The reduction of protein adsorption on
such coatings strongly depends on the density and length of PEG brushes
on the surface. Different grafting densities were previously compared for
PLL-g-PEG and PAcrAmTM—g—(PEG,NHZ,Si), where lowest nonspecific
adsorption and thus optimal low-fouling properties could be identified
at grafting densities of 0.25 to 0.33 for PLL-g-PEG [34,36-38], and of
0.15 for PAcrAmTM-g-(PEG,NHz,Si) [36]. The difference in grafting
density for efficient brush formation is being hypothesized to derive
from different lengths of backbone repeat units of acrylate and lysine
[36]. Furthermore PEG-chain lengths from 2 to 5kDa have inhibited
unspecific protein adsorption [13,17].

PEG based surface coatings have been modified with RGD for
instance via amide linkage between the N-terminus of the peptide and an
acrylated PEG [22,23], or via coupling between thiols of functional end
group cysteine on the synthetic peptide sequence with either maleimide
[27] or vinylsulfone [24-26] functionalized PEG. Even though such
RGD functionalization of PEG coatings has been shown to support
endothelial cell attachment [11,39,40], amine or thiol-reactive chem-
istries are not selective [41-43]. Most thiol targeting chemistries also
react at a lower affinity with amine groups [41,44,45], and since thiols
and amines are abundant in biomolecules [44], these chemistries can
impair the biomolecule availability [41]. In contrast, selective immo-
bilization approaches include for instance click chemistries, such as
oxime ligation, copper-catalyzed alkyne-azide cycloaddition, or strain-
promoted alkyne-azide cycloaddition (SPAAC) [41]. For biomolecule
immobilization, in particular, SPAAC is of high interest due to its se-
lective reaction into a triazole ring occurring under mild aqueous con-
ditions and without the need for the addition of potentially toxic metal
catalysts [46]. This highly specific reaction between specialized func-
tional groups that do not naturally occur in biomolecules, guarantees the
bioavailability of the immobilized molecule [47-49].

Van Dongen et al. [50] developed a PLL-g-PEG version with azide
(N3) end-functionalized PEG chains, which enabled the covalent
immobilization of bicyclononyne-conjugated RGD peptide via SPAAC
and allowed for the controlled attachment of HeLa cells [50]. However,
PLL-g-PEG-Nj3 is relying only on electrostatic adsorption to the surface
and thus lacks long-term stability under ion-rich physiological
conditions.

Here we present an azido-PEG coating based on a graft copolymer
with a PAcrAm™ backbone, that in contrast to the previous coating
strategies combines hexanediamine sidechains for electrostatic adsorp-
tion for resilience and aminopropyldimethylsilanol side chains for
improved stability via covalent bonding to silicon-based surfaces.
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Furthermore, this low-fouling platform was combined with selective
SPAAC immobilization of a dibenzocyclooctyne (DBCO)-conjugated
biomolecules. Here, DBCO-RGD surface concentration was tuned by
peptide solution concentration during SPAAC immobilization, and sur-
faces were characterized by ToF-SIMS and ellipsometry. Endothelial cell
attachment and spreading were assessed as a function of RGD surface
concentration, and an interconnected endothelial monolayer could be
obtained at high RGD densities. The surface modification platform was
further explored for co-immobilization of RGD with a second bioactive
molecule, here biotin, and showed uncompromised bioactivity of both
molecules. Overall, the proposed covalent, low-fouling, and bioactive
coating, which enables the selective and concentration-controlled
immobilization of biomolecules, bears the potential for prospective
use for coating implant materials or biosensing applications.

2. Experimental
2.1. Materials

Toluene (analytical grade), 2-propanol (analytical grade), N,N-
dimethylformamide (DMF, >99.8%), dichloromethane (DCM, 99+%),
diethyl ether (EtyO, analytical grade), trifluoroacetic acid (TFA,
analytical grade), and triethylamine (NEts, analytical grade) were pur-
chased from Merck, Switzerland; 4-(2-Hydroxyethyl)piperazine-1-etha-
nesulfonic acid (HEPES, >99%) was from BDH Biochemical, USA.
Sodium chloride (NaCl, >99.5%), phosphate-buffered saline (PBS, pH
7.4), penicillin/streptomycin/neomycin (PSN) and dibenzocyclooctyne-
PEG4-biotin conjugate (DBCO-biotin), 3-(ethoxydimethylsilyl)propyl-
amine, N-Boc-1,6-hexanediamine hydrochloride (>98%), and deute-
rium oxide (99.9 at.% D) for NMR spectroscopy were obtained from
Sigma Aldrich, Switzerland; lyophilized streptavidin was purchased
from iba Lifesciences, Germany. Streptavidin-horseradish peroxidase
(streptavidin-HRP, 50 pg-mL’l) solution, 3,3',5,5'-tetramethylbenzidine
(TMB) substrate, and 450 nm stop solution were obtained from Abcam,
Switzerland. Silicon wafer chips, 9 x 10mm? were acquired from
Powatec GmbH, Switzerland. Peptides DBCO-RGD (DBCO-mal-CKK-
(aminocaproic acid)3-GRGDS) and DBCO-RDG (DBCO-mal-CKK-(ami-
nocaproic acid)3-GRDGS) were custom-synthesized by Chinapeptides
Ltd., China, and provided at 95% purity (KK was used to maintain the
hydrophilicity of the peptide next to a hydrophobic aminocaproic acid
spacer). Streptavidin-AlexaFluor®430 conjugate, phenol red-free M200
cell culture medium, low serum growth supplement (LSGS) as well as
pooled human umbilical cord vein endothelial cells (pHUVEC) were
purchased from Thermo Fisher, Switzerland. Tissue culture flasks and
well plates were obtained from Techno Plastic Products AG, TPP,
Switzerland. HEPES buffers used throughout the experiments were
prepared according to HEPES 0 buffer (1 mM HEPES, pH 7.4); HEPES I
buffer (10mM HEPES, pH 7.4), and physiological HEPES II buffer
(10 mM HEPES, 150 mM NacCl, pH 7.4). Poly(pentafluorophenyl acry-
late) (pPFPAc) (M,, =238.18 g-mol’1 monomer, DP =100) was syn-
thesized as previously published [36]. «-Azido-w-ammonium
trifluoroacetate poly(ethyleneglycol) (N3-PEG-NH3CF3C00")
M,y = 3500 g-mol~! was obtained from JenKem Technology Inc., USA,
and ultrapure water (purified with a water-treatment apparatus from
Millipore, >18.2 MQ cm-1 resistivity, total organic content < 5 ppb) was
used throughout the experiments (Merck Millipore, Switzerland).

2.2. Polymer synthesis and characterization

The synthesis of the graft copolymer poly(acrylamide)-g-(PEG-N3,
1,6-hexanediamine, 3-amino- propyldimethylsilanol) (7000:350
0:116.2:161.3M ratio; 0.15:0.425:0.425 d) (PAcrAm™-g-(PEG-Ns,
NH,, Si) was carried out following the previously published procedure
for the corresponding PEG version [36]. A solution of N3-PEG-
NH3"CF3CO0™ (452 mg, 0.126 mmol) in 4.5 mL of DMF together with
NEt;3 (98 pL, 0.7 mmol) was prepared under stirring and added dropwise
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to another solution of pPFPAc (200 mg, 0.839 mmol of monomer) in
2mL of DMF. The mixture was stirred overnight at 50 °C. N-Boc-1,6-
hexanediamine hydrochloride (90.1 mg, 0.356 mmol) was dissolved in
1 mL of DMF together with NEts (110 pL, 0.799 mmol) and added
dropwise to the resulting PAcrAm-g-(PEG-N3, PFPAc) solution. The
resulting clear solution wasleft toreact overnight understirringat 50 °C.
A solution of 3-aminopropyldimethylethoxysilane (141 pL,
0.749 mmol, excess) and NEt3 (207 pL, 1.490 mmol) was added to the
above solution and left to react overnight under stirring at 50 °C. DMF
was removed under reduced pressure, and the crude product was dis-
solved in 10 mL of DCM to obtain a brown solution. TFA (2.5 mL) was
added, and the mixture was stirred overnight at room temperature. The
solvents were evaporated under reduced pressure, and the crude oily
material was extracted with 2 times 20 mL of EtpO and dispersedin 10 mL
of ultrapure water. NaOH solution (1 M, 0.5 mL) was added to obtain a
clear solution, which was dialyzed (3.5kDa MWCO membrane) for
2 days against ultrapure water. The polymer was filtered (0.2 ym pore
size) and isolated by freeze-drying as an off-white fluffy powder. Yield:
441 mg. 'H NMR (300 MHz, D,0): 8[ppm] 4-3.2 (—CH,CH, — in PEG
polymer chains), 3.2-2.6 (broad signals from the PAcrAm backbone,
—CH3 — NH3 + and — NH — CH; — ), 2.2-1.75 (broad signals from the
PAcrAm backbone) 1.55, 1.45, and 1.30 (broad signals from — CHz — of
hexylamine and silane side chains), 0.52 (—CHjy — Si(CH3)20H), and
0.07 (—CHgz — Si(CH3)20H). The estimated molecular weight of this
polmer is calculated to be 68 kDa.

The reference polymer PAcrAmTM—g—(PEG,NHz,Si)
(7000:2000:116.2:161.3 M ratio; 0.15:0.425:0.425 d) was synthesized as
described previously [36].

2.3. Polymer coating and characterization

Silicon wafer chips with a natural oxide layer were used as substrates
for all experiments. Wafers were cleaned by sonication in toluene (two
times, 10 min) followed by sonication in 2-propanol (two times, 10 min)
and subsequently dried under nitrogen. After oxygen plasma cleaning
for 2 min, the oxide layer thickness was measured with variable angle
spectroscopic ellipsometry (VASE). Next, samples were immersed in
0.1 mg~mL_l PAcrAmTM—g—(PEG—Ng,NHz,Si) or PAcrArnTM—g—(PEG,NHz,
Si) in HEPES 0 solution for 30 min. After cleaning three times in ultra-
pure water and drying under nitrogen, the thickness of the adsorbed
polymer layer was measured by VASE. Loosely adsorbed polymer was
removed by incubation in HEPES II overnight. The remaining stable
polymer layer was measured again after three times washing in ultra-
pure water and drying under nitrogen.

2.4. Protein adsorption

Protein adsorption resistance of PACI'AIIITM—g—(PEG—Ng,NHz,Si),
PAcrAmTM-g-(PEG,NHZ,Si), or uncoated reference samples was evalu-
ated by incubation of samples in M200 medium serum supplemented
with low serum growth supplement including 2% fetal bovine serum for
30 min. After washing three times in HEPES II, three times in ultrapure
water, and drying under nitrogen, the adsorbed protein layer thickness
was measured by VASE.

2.5. RGD or biotin functionalization

Different concentrations of DBCO-biotin or DBCO-RGD were immo-
bilized on PAcrAm™.-g-(PEG-N3,NH,,Si) by immersing samples in so-
lutions of different concentrations (0 uM to 100 uM) for 60 min. Samples
were washed three times in HEPES II, three times in ultrapure water, and
dried under nitrogen. The immobilization was characterized by Time of
Flight - Secondary Ion Mass Spectroscopy (ToF-SIMS) and in the case of
RGD functionalization additionally by VASE.
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2.6. Sequential co-immobilization of RGD and biotin

In order to investigate if the proposed platform allows for co-
immobilization of at least two different bioactive molecules on the
same substrate without compromising their bioactivity, the sequential
immobilization of RGD and biotin was explored as proof of concept.
Biotin was chosen as a well-known biomolecule that allows detection
independently from RGD using VASE, ToF-SIMS, a fluorescence assay
with HRP-streptavidin or fluorescently labelled streptavidin. To this
end, first, only RGD was immobilized at a low concentration of 0.3 uM to
guarantee that a sufficient number of azide groups are available for the
subsequent biotin immobilization in a second step at a solution con-
centration of 30.9 uM. A sample with four differently functionalized
areas was created by first immersing half of the sample in DBCO-RGD
solution followed by washing (three times with HEPES II and three
times with ultrapure water), drying under nitrogen and rotating the
sample 90° and secondly by immersing the orthogonal other half in
DBCO-biotin solution. The resulting four different zones on the same
sample were: (1) PAcrAmTM—g—(PEG—Ng,NHz,Si), (2) RGD functionali-
zation only, (3) biotin functionalization only and (4) combination of
RGD and biotin functionalization (Fig. 5B). These patchwork samples
were analyzed by surface chemical ToF-SIMS and for their bioactivity by
either analysis of HUVEC attachment (N =3 individual experiments,
n =2 technical repeats) or probing with fluorescently labeled strepta-
vidin (N =3, n=2). For streptavidin labeling of biotin, samples were
incubated in 1:200 streptavidin-AlexaFluor®430 in PBS for 60 min.
After washing three times in PBS, the samples were imaged with a
confocal laser scanning microscope (CLSM, LSM780, Zeiss, Germany).

2.7. Time of flight — Secondary ion mass spectroscopy (ToF-SIMS)

Chemical characterization of the coating was performed with a Tof-
SIMS 5 instrument (IONTOF, Germany), operated in spectrometry
configuration mode. This mode used pulsed 25 keV Biz ™" primary ions
in a high mass resolution mode at a pressure below 5 x 10™® mbar in
static mode to allow the analysis of the uppermost few nanometers of the
coating. Negatively charged secondary ions from mass 1 to 880 u were
measured in a ToF analyzer with a sensitivity in the ppm range. Two to
four randomly selected areas of 200 x 200 pm? (128 x 128 pixels?) were
analyzed per sample to obtain statistically relevant results. Each mea-
surement was set to 180 s while various scans were acquired. (N =2
(biotin) or N = 3 (RGD), n = 2). One patchwork sample from sequential
RGD and biotin immobilization was analyzed by acquiring single spec-
trum measurements in each area and additionally with an area scan of
5 x 5 mm? (500 x 500 pixelsz) (N=1).

For the comparison of the signal intensities of relevant chemical
fragments derived from DBCO-RGD and DBCO-biotin (S- derived from
cysteine amino acid (peptide sequence) or biotin and Ci6H;1N- from
DBCO) were shown as integrated peak area in the spectrum (=integrated
signal intensity).

2.8. Variable angle spectroscopic ellipsometry (VASE)

The dry layer thickness at different coating steps was measured with
an M—2000F variable-angle spectroscopic ellipsometer (J. A. Woollam
Co., Inc., USA). Measurements were recorded using an incidence angle
of 70° in the spectral range of 370 to 1000 nm and under ambient
conditions. The recorded data were fitted with a Cauchy multilayer
model (A=1.45, Bn=0.01, Cn=0) using custom analysis software
(Complete EASE, J.A. Woollam Co. Inc., USA) for modeling the optical
thickness of the adlayers. (N=3 (RGD, streptavidin) or N=5
(PAcrAm™.g-(PEG-N3,NH,,S1)), n = 3).

2.9. Theoretical calculations

Surface concentrations of PEG-N3 (3500 g-mol’l), RGD



A.-S. Mertgen et al.

(1616.6 g-mol’l) or streptavidin (60-10° g-mol’l) layers were calcu-
lated using dry mass densities of 1.3 g-cm™> for peptides and proteins
[51-53] and 1.17 g‘cm’3 for PEG polymer [54] and the following
equation (Eq. (1)):

— Py (€)]

with My, = molecular weight (g-mol’l), ¢ = concentration (pmol),
p=dry mass density (g-cm™>), t=layer thickness (nm) and A = area
(cm?). In order to obtain a generic relationship between solution con-
centration and surface concentration of RGD immobilization, the ob-
tained VASE derived concentration data were fitted to the following
equation for irreversible binding (Eq. (2)) [55]:
B x

c
f_ )
A Kip+x 2

with ¢/A = concentration per area (pmol-cm_z), K 2 = equilibrium
binding constant or the solution concentration (uM), at which half of the
available binding sites are occupied after 1h incubation, x = the eval-
uated or used solution concentration (pM) and Bp,x = the maximum of
available binding sites per area (pmol-cm™2). To estimate the PEG-N3
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concentration, the calculated concentration obtained from Eq.2 was
multiplied with the ratio rpgg.ns (Eq. (3)) in order to account for the
fraction of PEG-N3:

*
b*M,, ppG—n3

o ; ; 3
b"Mw,PEG—N3 + a'{MW.NHZ + C*Mw,Si + 1'{Mw.acrylamide

YPEG-N3 =

with r =ratio, a,b,c = grafting densities (see Fig. 1A) and M, = mo-
lecular weight (g-mol™1). The distance (spacing) between RGD peptides
was computed according to equation (Eq. (4)) [24]:

2 1
with d = distance (nm), c/A = concentration per area (pmol~cm*2),
N = Avogadro constant (6.022-10%% mol™1).

2.10. Endothelial cell culture

Pooled human umbilical cord vein endothelial cells (pHUVECs,
Thermo Fisher, Switzerland) were cultured in M200 medium supple-
mented with LSGS and 1% (v/v) PSN in gelatin-coated (coated with 1%
(w/v) gelatin in ultrapure water for 10 min) tissue culture flasks. Cells

il

NH, ?
O NH
O b a C
) O NH O NH
—Si
7\
OH
*HaN
70

/
S/ S S5 N ST
ﬁ ﬁll'!?ﬁ yHﬁ +Hﬁ +H3

Si0y

Fig. 1. (A) Scheme for the synthesis of PAcrAmTM-g-(PEG-N3,NH2,Si) with stoichiometric grafting densities of a = 0.15, b = 0.425 and ¢ = 0.425; (n = 80). (B) In the
simplified representation of the molecule, the PEG chain is illustrated in grey, the azide in purple, and Si or NH, in green or blue, respectively. The electrostatic
(NH;" at pH 7.4) and the covalent (siloxane bonding) immobilization of PACI'AIT[TM-g-(PEG-Ng,NHz,Si) on the SiO, wafer is illustrated. (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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were subcultured at 90% confluency at a ratio of 1:5 and used for ex-
periments up to passage 8.

2.11. Endothelial cell attachment on RGD-functionalized samples and
immunofluorescence imaging

pHUVEC were trypsinized and harvested in LSGS supplemented
M200 medium. After centrifugation at 180g, the cell pellet was sus-
pended in serum free M200 medium. Cells were seeded at a concen-
tration of 1.6x10° cells-cm~2 and cultured in serum free conditions at
5% CO2 and 37 °C. In order to analyze early RGD specific attachment
and spreading, samples were harvested after 4 h and fixed in 4% (v/v)
paraformaldehyde in PBS for 15 min.

For analysis of endothelial monolayer formation over 3 days, serum
containing medium was added after 4h of serum free culture as
described before, and samples were incubated at 5% CO4 and 37 °C for
3 days. On day 3, cells were fixed in 4% (v/v) paraformaldehyde in PBS
for 15 min.

Prior to immunostaining, cells were permeabilized with 0.1% (v/v)
triton-X in PBS for 30 min and blocked in 2% (w/v) bovine serum al-
bumin (BSA) in PBS for 60 min. Samples were then stained for nuclei
with 1:1000 4',6-diamidino-2-phenylindole (DAPI, Thermo Fisher,
Switzerland) and actin skeleton with 1:200 phalloidin-AlexaFluor®488
(Thermo Fisher, Switzerland) in 2% (w/v) BSA in PBS for 30 min. After
subsequent washing with PBS samples were imaged with a fluorescence
microscope (Axio Imager M1, Zeiss, Germany) or a confocal laser
scanning microscope. For visualization of endothelial monolayer
integrity after 3 days, samples were additionally stained for VE-cadherin
with 1:500 rabbit VE-cadherin antibody (Cell Signaling Technology,
Netherlands) in 2% (w/v) BSA in PBS at 4 °C overnight. After washing
with PBS, samples were incubated in 1:200 anti-rabbit antibody conju-
gated to AlexaFluor®555 (Thermo Fisher, Switzerland) in 2% (w/v) BSA
in PBS for 1 h at room temperature. After subsequent washing with PBS
samples were imaged with a confocal laser scanning microscope.

Cell spreading and cell numbers were quantified by image analysis
with ImageJ (https://imagej.nih.gov/ij/download.html). Cell numbers
were quantified by applying particle counting on cell nuclei (DAPI)
images. Cell spreading was evaluated by measuring the area stained
positively for actin per image relative to the cell number of the same
image. The macro codes for automatic particle counting and actin area
quantification are provided in the supplementary material. (N=3,
n=3).

2.12. Evaluation of biotin functionality

The functionality of biotin after immobilization was verified by in-
cubation in 0.48 nM streptavidin-HRP in PBS for 60 min. After washing
three times in PBS the streptavidin-HRP binding was evaluated by
determining the enzymatic activity via enzyme-linked immunosorbent
assay (ELISA). To this end, samples were placed in a fresh well plate.
They were incubated in TMB substrate on a shaker for 10 min before the
enzymatic conversion was stopped by adding an equal amount of
450 nm stop solution. The absorbance of the resulting solution was
measured at 450 nm. (N =3, n=3).

2.13. Statistical analysis.

GraphPad Prism 8 was used for all statistical analyses and plotting of
graphs. For analysis of statistically significant differences between
groups, a nonparametric Mann-Whitney test was used to compare ranks
with a significance level of p < 0.05. The relationships between x and y
throughout different experiments were fitted with a one-side specific
binding equation (Eg. (2)) or linear relationship. The precision of the fit
is reported with R% The Pearson correlation factor R? between ligand
spacing and cell response was reported with a significance level of
p <0.05.
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3. Results

3.1. PAcrAm™.g-(PEG-N3,NH,,Si) synthesis and analysis of coating
stability and protein adsorption

For the synthesis of PAcrAmTM-g-(PEG-N3,NH2,Si) and reference
polymer PAcrAmTM—g—(PEG,NHz,Si), the different amine-functional
sidechains were attached by sequential stoichiometric grafting to the
amine- reactive pPFPAc backbone (Fig. 1A) as described in previous
publications [36,56]. The same grafting densities of apgg.Nn3=0.15
(optimal for reducing protein adsorption) [36], bgi=0.425 and
cnmz = 0.425 were used for both polymers but longer PEG chains were
attached for PAcrAm™.-g-(PEG-N3,NH3,Si) (My, prg.n3 = 3500 g-mol !
vs My, prg = 2000 g-mol_l). In the 'H NMR spectrum signals for all
sidechains could be clearly detected, indicating successful polymer
synthesis (Fig. S1).

Silicon wafers exhibiting a thin silicon oxide layer (SiO2) were coated
with PAcrAm™.-g-(PEG-N3,NH,,Si) or PAcrAm™-g-(PEG,NH,Si) poly-
mers. (Schematic of coating shown in Fig. 1B) The dry layer thickness of
the adsorbed polymer immediately after coating was increased for
PACI'AIIITM-g-(PEG-Ng,NHz,Si) (2.12+0.11nm) compared to control
PAcrAm™.g-(PEG,NH,,Si) (1.86+0.10nm) (p<0.05) (Table 1).
However, after incubation in HEPES II buffer overnight for removal of
non-covalently bound molecules, and after rinsing and drying, the stable
dry layer thickness of both coatings was determined with an average
value of 1.56 +0.11 or 1.56 £ 0.10 nm, respectively (Table 1). From the
layer thickness of PAcrAmTM—g—(PEG—Ng,NHz,Si) the azide concentration
was calculated according to Eq. (1) and (3) as ¢
(N3)=38.9+2.7 pmol~cm’2.

After immersion of the surfaces in serum supplemented cell culture
medium, protein adsorption on uncoated SiO5 wafers, PAcrAmTM-g-
(PEG-N3,NH,,Si) and PAcrAmTM-g-(PEG,NHZ,Si) coated wafers was
measured as dry layer thickness. No significant change in layer thickness
was observed on both PAcrAmTM—g—(PEG—Ng,NHz,Si) (p=0.16) and
PAcrAmTM-g-(PEG,NHg,Si) (p=0.49) coatings, whereas on uncoated
SiO; reference an adlayer thickness of 3.34 + 0.63 nm was determined
(Table 1).

3.2. Concentration controlled RGD immobilization on PAcrAm™-g-
(PEG-N3,NHj,Si) via strain promoted cycloaddition

The ability of the azide end-group to perform strain promoted
cycloaddition with DBCO-conjugated RGD peptide (Fig. 2A) to form a
covalent triazole ring (Fig. 2B) in a concentration-controlled manner
was investigated by incubating PAcrAm™-g-(PEG-N3,NH,,Si) coated
substrates in DBCO-RGD solutions at various concentrations (0 to
100 pM). The modified surfaces were analyzed by ToF-SIMS and the
integrated signal intensity of two peptide specific fragments (S derived
from cysteine in the peptide sequence and C;6H;1N" originating from the
DBCO group) were determined as function of solution concentration.

Table 1
Polymer immobilization and protein resistance analysis via layer thickness
evaluation with VASE.

Thickness of Thickness of Thickness of adsorbed

adsorbed polymer layer after ~ polymer and protein
polymer layer immersion in layer after incubation in
(30 min) (nm) HEPES II overnight serum supplemented
(nm) medium (30 min) (nm)
PAcrAmTM-g- 2.12+0.11 1.56 £0.11 1.51£0.04
(PEG-N3,
NH,,Si)
PAcrAm™.-g- 1.86+0.10 1.56 +£0.10 1.59 +0.08
(PEG,NHy,
Si)
Si0O, n.a. n.a. 3.34+0.63
reference
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Fig. 2. SPAAC based immobilization of DBCO-RGD. (A) Chemical structure of DBCO-RGD. (B) During incubation of PAcrAmTM-g-(PEG-N3,NH2,Si) coated samples in

DBCO-RGD solutions (beaker), the azide functionality on PAcrAm™

-g-(PEG-N3,NH,,Si) coating and the alkyne of the DBCO (left scheme) form a covalent triazole

ring (right scheme). Chemical characterization of RGD surface concentration was achieved via ToF-SIMS: Integrated signals from S™ (C) or C;¢H;1N™ (D) peaks. (N = 3,
n=2) VASE based analysis of RGD peptide layer thickness (E) allowed the calculation of RGD surface concentration (F) according to Eq. (1) (N=3, n=23).

The intensity increased with rising RGD solution concentration
following Eq. (2) (S-: R? =0.68, C1¢H;1N-: R>=0.67) (Fig. 2C and 2D).
Similarly, VASE measurements showed increasing layer thickness of
DBCO-RGD immobilized on PAcrAmTM-g-(PEG-Ng,NHg,Si) according to
Eq. (2) (R2:0.83) (Fig. 2E). The RGD layer thickness allowed the
computation of surface concentration according to Eq. (1) (Fig. 2F).
Notably, the limit of detection for ToF-SIMS (0.15uM DBCO-RGD so-
lution concentration) was 40 times lower compared to VASE (6.1 uM
DBCO-RGD solution concentration).

By fitting the computed RGD surface concentration to Eq. (2) Ky 2
and Bp,.x parameters were derived (Table 2). A second model was
generated for comparison by combining K; /2 derived from ToF-SIMS
CigH11N” data with the azide surface concentration c(N3)
(38.9 pmol-cm™2) as Byay (Table 2).

3.3. Analysis of RGD concentration dependent endothelial cell attachment
and spreading and endothelial monolayer formation

The RGD concentration dependent cell response was shown by
endothelial cell seeding and observation of their spreading after 4 h in
serum free condition. The number of cells and their spreading increased
with increasing RGD concentration from 0.008 to 1.95 pmol-cm™2 as
shown qualitatively by immunofluorescence imaging in Fig. 3A and
quantitatively as nuclei count and actin area per cell in Fig. 3B.

Table 2

Parameters of fitting data derived from VASE and ToF-SIMS analysis to Eq. (2).
In the case of ToF-SIMS B, is assumed to be the azide surface concentration
determined from VASE ((*)Bpax = ¢(N3)).

Data used for fitting Ki/2 Biax Coefficient of
(uM) (pmol-cm™2) determination (R?)
c¢(RGD) (VASE) 10.6 36.0 0.85
C16H11N- RGD (ToF- 5.3 38.9% 0.67
SIMS)
Cy6H11N- biotin (ToF- 54.9 38.9* 0.84
SIMS)

Unmodified PAcrAmTM-g-(PEG-Ng,NHz,Si) coated surfaces or substrates
modified with scrambled DBCO-RDG peptide prevented any cell
attachment (Fig. 3A and C). After three days of cell culture on RGD
modified substrates (1.95 pmol-cm’z) in serum containing condition, a
confluent monolayer of endothelial cells was achieved shown by full
coverage of the surface. VE-cadherin was stained as a marker for the
endothelial cell specific inter-cellular adherens junctions between cells
and was positive as shown in Fig. 3D and Fig. S4.

3.4. Sequential co-immobilization of RGD and biotin for dual functional
surfaces

First, for establishing the immobilization of a second model
biomolecule, biotin was used in order to exploit the affinity with
streptavidin for subsequent bioavailability testing. DBCO-conjugated
biotin (Fig. 4A) was immobilized on PAcrAmTM-g-(PEG-Ng,NHg,Si)
(Fig. 4B) at the same molar solution concentrations as DBCO-RGD. The
immobilization was subsequently evaluated by surface chemical ToF-
SIMS analysis where sulfur (S) fragments are derived from the biotin
and the C;6H1;1N™ fragment is derived from DBCO.

The integrated signal intensity of S” and C;6H;1N” fragments corre-
lated with rising solution concentration for biotin according to Eq. (2)
(S: R2=0.93, C1¢H11N: R2=0.94) (Fig. 4C,D). The limit of detection
was 0.61 uM of DBCO-biotin solution concentration. Generally, no evi-
dence of unspecific immobilization of DBCO-biotin on PAcrAm™-g-
(PEG,NH,,Si) coated samples was observed (Fig. 52).

As previously described for RGD, to estimate the biotin surface
concentrations, the Kj /» derived from ToF-SIMS C;4H1;N™ data fitted to
Eq. (2), was combined with the azide surface concentration c(Ng3)
(38.9 pmol~cm’2) as Bmax (Table 2). From these data we could observe,
that the binding kinetics for DBCO-biotin differ from the ones of DBCO-
RGD. After 1h of immobilization, the K1/2,T0F»SIMS,RGD (5.3uM) was
lower than Kj /2 Tor-sims, biotin (54.9 uM) by a factor or 10, which indicates
a faster binding of the RGD functionalized DBCO.

The availability of biotin after immobilization was investigated by
affinity binding of HRP conjugated streptavidin to the biotin modified
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Fig. 3. HUVEC attachment and spreading was analyzed in response to RGD concentration immobilized to PAcrAm™-g-(PEG-N3,NH,,Si). (A) The attachment of
HUVEC on surfaces with different RGD concentrations (0 — 1.95 pmol-cm™2) after 4 h in serum free conditions was visualized by immunofluorescence staining of
nuclei (blue) and actin skeleton (white). (N =3, n = 3) (B) Cell number (nuclei counts) and spreading (actin area per cell) was quantified with ImageJ based image
analysis. (N = 3, n = 3) (C) As control, HUVEC attachment on surfaces functionalized with scrambled RDG peptide was analyzed. (N = 3, n = 3) (D) After 3 days of cell
culture in serum supplemented media, HUVECs were visualized by immunofluorescence staining of nuclei (blue), actin skeleton (white) and VE-cadherin (pink).

(N=3,n=3).

surfaces and subsequent evaluation by ELISA. Using this sensitive
readout, streptavidin-HRP concentration was increasing together with
rising biotin concentrations following Eq. (2) (R2 =0.87) as shown in
Fig. 4E.

As a proof of concept for co-immobilization of at least two different
bioactive molecules on the same substrate without compromising their
bioactivity, the sequential (not competitive) immobilization of DBCO-
RGD and DBCO-biotin to PAcrAmTM-g-(PEG-N3,NH2,Si) coated sur-
faces was explored (Fig. 5A). Samples with four differently functional-
ized areas were created as described in the methods: (1) PAcrAmTM—g—
(PEG-N3,NH,,Si) background, (2) biotin only, (3) RGD and biotin and
(4) RGD only (Fig. 5B). The solution concentration of 0.3 pM of DBCO-
RGD was chosen to obtain a low RGD surface density of<10 pmol.cm™

leaving more than 30 pmol.cm™ functional azides on the surface to
obtain a high biotin surface concentration after the subsequent DBCO-
biotin immobilization. A ToF-SIMS area scan of C16H11N" fragment in-
tensities exhibited a visible difference between areas 1 and 4 and biotin
functionalized areas 2 and 3 due to high biotin concentration (Fig. 5C).
ToF-SIMS spectra taken from each area confirmed this observation by
increased integrated signal intensities from S and C16H;1N™ fragments
especially in biotin covered area 2 (S: 0.32, C;6H;1N 0.17) and area 3
(S 0.38, C1gH11N: 0.2) but also in RGD covered area 4 (S: 0.15,
C16H11N-: 0.04) compared to area 1 (S 0.08, C;H11N™: 0.00)(Fig. 5D).
By binding of fluorescently labeled streptavidin to biotin and subsequent
fluorescence imaging, a homogeneous fluorescence signal was observed
on areas 2 and 3, indicative for biotin functionalization (Fig. 5E).
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Fig. 4. SPAAC based immobilization of DBCO-biotin. A) Chemical structure of DBCO-biotin. B) During incubation of PAcrAmTM-g-(PEG-N3,NH2,Si) coated samples in
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triazole ring on the coating (right magnification). Chemical characterization of biotin surface concentration was achieved via ToF-SIMS: Integrated signals from S™ (C)
or C;6H;11N™ (D) peaks. (N =2, n = 2) E) Streptavidin binding to biotin was quantified using an adapted ELISA assay, by incubating biotin functionalized surfaces in
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Fig. 5. Sequential dual functionalization of surfaces with RGD and biotin. (A) Schematic of sequential co-immobilization of first RGD (blue) and secondly biotin
(green). (B) By functionalizing half of the sample with green and blue mixed-up here as indicated in the schematic, a patchwork of 4 different areas on one sample
was achieved: (1) background control (2) biotin only, (3) RGD and biotin and (4) RGD only. ToF-SIMS derived analysis show: (C) area scan of C;¢H;;N™ fragment
intensities (size of image 5 mm x 5 mm, resolution: 500pixels x 500pixels) and (D) fragment signal intensities from independent spectra derived from each area.
(N =1, n=1) (E) Streptavidin (green) bound to biotin in areas 2 and 3 was displayed by fluorescence imaging (F) HUVEC attachment to RGD in areas 3 and 4 was
visualized by immunofluorescence staining of actin skeleton (white) (N=3, n=2).

Similarly, HUVEC seeding for 4 h in serum free condition led to evenly 4. Discussion
distributed cell attachment on areas 3 and 4, whereas cell attachment
was prevented on areas 1 and 2 (Fig. 5F). By developing a versatile low-fouling PEG based coating platform
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with azide functionality for biomolecule immobilization, we tailored
bioactive RGD peptide concentration on substrates for controlled bio-
logical interaction such as exemplified here by endothelialization.
Endothelial cell attachment and spreading were analyzed as a function
of RGD concentration, and the capability of the RGD modified PEG
based coating to induce an endothelium-like formation of cell layers was
analyzed. Importantly, the potential of this material functionalization
platform for co-immobilizing different biomolecules was demonstrated
which can serve as a multifunctional biointerface in diverse
applications.

Protein adsorption analysis confirmed that the here presented
PAcrAm™-g-(PEG-N3,NH,,Si) coating reduced early protein adsorption
from serum supplemented cell culture medium after 30 min incubation
as efficiently as PAcrAmTM—g—(PEG,NHz,Si) (Table 1), using the same
stoichiometric grafting density of 0.15 of PEG-N3 as suggested for
enhanced protein resistance by Serrano et al. [36]. Azides are small,
dipolar and highly specific to alkynes for cycloaddition. Since alkynes
are not found in natural proteins, the azide end groups of the PEG side
chains did not alter the previously shown low-fouling properties of
PAcrAmTM-g-(PEG,NHz,Si) [36,49,57]. Furthermore, it prevented
nonspecific cell attachment in serum free conditions (Fig. 3A). However,
depending on the application, for instance when in direct blood contact,
further analysis of potential blood compatibility properties is required
[58,59].

PACI'AITITM-g-(PEG-Ng,NHg,Si) enabled selective and concentration
controlled immobilization of cell adhesive DBCO-RGD, as demonstrated
by ToF-SIMS and VASE analysis. The immobilization followed an irre-
versible binding relationship as expected for this selective conjugation
approach [60]. ToF-SIMS is a sensitive surface chemical analysis
method, that allows detection of distinct molecular fragments on the
surface of only a few nanometer (1-3nm) depth [34,61-64]. This
sensitivity enabled the surface chemical characterization of the small
molecular RGD and biotin surface coatings with higher specificity and at
lower concentrations than for instance X-ray photoelectron spectros-
copy (XPS) (data not shown). The ToF-SIMS derived signal intensity
measured in arbitrary units can be used to compare values between
groups, however, computation of absolute amounts of molecules on the
surface would require a good calibration curve with known surface
concentrations. The measured data exhibited on average 28% standard
deviation, which represents the limit of control over the exact surface
concentration. The quantification of peptide layer thickness derived
from VASE allowed the calculation of absolute surface concentrations
according to Eq. (1). A generic relationship between solution concen-
tration and surface concentration was obtained by fitting Eq. (2). The
fitting revealed a maximum surface concentration of
Bmax = 36.0 pmol~cm‘2. For comparison, the maximum azide concen-
tration calculated from the layer thickness of PAcrAm™-g-(PEG-N3,
NH,,Si) is ¢(N3) = 38.9 pmol-cm’z. Since B¢ and ¢(N3) are compara-
ble, the results indicated that RGD peptide immobilization would be
possible until almost complete (93%) saturation of azides without steric
hindrance. At the highest used solution concentration of 100 pM, surface
concentrations of 31.9 + 2.3 pmol-cm™2 and thus in average 82% of
saturation of azides was achieved.

While the prevention of nonspecific attachment verified the RGD-
ligand specific attachment of endothelial cells, the RGD surface con-
centration dependent initial cell attachment confirmed the uncompro-
mised bioavailability of RGD after immobilization by SPAAC. This
results from the highly specific cycloaddition only reacting between the
azide and strained alkyne, without attacking other bonds or function-
alities [48,49,57]. The range of average RGD surface concentration of
0.008 to 1.95 pmol-cm™2 induced changes in endothelial cell attach-
ment. These concentrations were calculated from fitting the VASE
derived data to Eq. (2), since such low concentrations were below the
detection limit of VASE. Similar variability as for the measured con-
centrations of around 28% is also expected in the here used lower
concentration range. The investigated concentration range
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corresponded to average ligand spacings (RGD-RGD distance) of 10 to
155 nm (with expected variability of max. 20%) according to Eq. (4).
This range of spacings was partially overlapping with the reported range
of ligand spacings of 44 to 43’700 nm on oligo-ethylene glycol passiv-
ated, RGD modified surfaces by Le Saux et al. [39], who showed the
influence of those ligand densities on single endothelial cell attachment
in serum free condition three hours post-seeding. The actual RGD
spacings could be similar, with the discrepancy in ligand spacing ranges
(10 to 155nm or 44 to 43’700 nm) potentially deriving from different
empirical methods and assumptions that lead to the estimated ligand
spacing. Le Saux et al. derived the ligand distances from estimated
coupling yields of RGD to oligo-ethylene glycol and from surface
chemical XPS analysis, while we used layer thickness measurements
derived from VASE. The positive VE-cadherin staining indicated inter-
connected HUVEC monolayer formation after 3 days of in vitro culture
on RGD functionalized samples (average concentration
1.95 pmol-cm™2). Overall, the data provide evidence of successful
steering of cellular interaction with coated biomaterials, showcased here
by endothelialization. For this only low average RGD surface concen-
trations of 1.95 pmol-cm ™2 are needed which corresponds to only 5%
azide saturation. Importantly, this low percent of saturation leaves
plenty of available azides for further functionalization. Combining
several adhesion ligands, cell attachment and functionality was shown
to be enhanced compared to single-molecule functionalization [65-69].
Similarly for biosensing applications co-immobilization of different
molecules and thereby providing a multi-functional interface is highly
desirable [70,71]. To this end, the capability of PAcrAmTM—g—(PEG—N3,
NH,,Si) to enable the co-immobilization of two biomolecules was
explored with a model, non-cell adhesive biotin molecule.

First, the binding efficiencies of RGD and biotin should be compared.
To this end, K;/2 derived from Eg. (2) fitting to C;6H;1N signal in-
tensities were used. Lower Kj,» for RGD Kj/2 ToF-sivs,rGD = 5.3 uM
compared to biotin (K1 /2, Tor-sims,biotin = 54.9 uM) (also confirmed by the
VASE derived Kj/2vasgrep=10.6 uM) provided evidence for faster
saturation compared to biotin. Since the difference is most likely not
derived from steric hindrance of the larger RGD, as indicated by By,
RrGD,vAsE being close to ¢(N3), the difference in kinetics could thus be due
to distinctive charges and polarities of the molecules [72,73], as the
DBCO-RGD peptide has many charged and polar side chains such as
cysteine, lysine, arginine and aspartic acid. Such differences have to be
considered when using diverse active molecules for immobilization.
However, overall, the selective and concentration-controlled immobili-
zation of biomolecules was confirmed and shown to be robustly appli-
cable to diverse biomolecules.

The availability of biotin after SPAAC immobilization was verified by
an adapted ELISA assay for all analyzed biotin surface concentrations.
Increasing streptavidin-HRP concentration with rising biotin concen-
trations confirmed the bioavailability of immobilized biotin. The rela-
tively low concentrations of streptavidin compared to available biotin
on the surface is derived from the sensitivity of the ELISA method. This
observation is explored in more detail with control experiments in SI
(Fig. S3). The streptavidin-HRP concentration of 0.48 nM gave a sensi-
tive range for biotin concentrations below 0.42 pmol-cm~2. Above this
concentration, the absorbance maximum was reached. Notably, the
ELISA based method was able to confirm biotin availability in low
concentration ranges of 0.002 to 0.42 pmol-cm~2, which were below the
detection limit of the other used analytical tools (ToF-SIMS and VASE),
but such RGD concentration ranges were relevant for endothelial cell
interaction.

The analysis of patchwork samples with sequentially co-immobilized
RGD and biotin confirmed the successful co-immobilization and their
functionality. No interference between RGD and biotin, neither during
the immobilization process nor during the assessment of their
bioavailability was observed.

Overall, this work represents the verification of the proposed modi-
fication platform for in vitro cell interaction and simple biotin based
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sensing on silicon oxide wafers but is only a preliminary step on the path
to application in implants or biosensing. The adaptability of the modular
PAcrAm™ based molecule can be exploited to immobilize peptides to
more application-relevant materials. For instance, it was shown that
silane-based side chains form covalent bonds with different silicon-
based substrate materials [36,56]. Accordingly, immobilization of
PAcrAmTM—g—(PEG—Ng,NHz,Si) and subsequent DBCO-biotin or DBCO-
RGD functionalization was possible also on glass cover slips (Fig. S5).
Furthermore, the silanol side chain could be exchanged with different
functionalities for steering the covalent modification of different
implant materials such as titanium or different polymers [36,74].

Importantly, before considering PAcrAmTM—g—(PEG—N3,NH2,Si) as
potential implant surface modification or basis for biosensing, depend-
ing on the specific application, the long-term stability or degradation
kinetics, long-term protein resistance, blood compatibility, cell and
immune response have to be evaluated [75-77].

5. Conclusion

With the here presented results, we could underpin the robustness
and versatility of our designed macromolecule PAcrAm™-g-(PEG-N3,
NH,,Si). Due to the combination of different modules, a multifunctional
surface coating was achieved. This stands out, compared to conventional
methods, by controlled covalent and resilient surface interaction,
reduced protein adsorption, and by presenting an azide functionality,
the opportunity of tethering diverse biomolecules, as here shown for
RGD peptide and sequentially co-immobilized biotin. This adaptability
of the macromolecule combined with selective SPAAC based molecule
immobilization and low-fouling background encourages the application
for many different implant material concepts. Similarly, multi-modal
biosensing applications that combine cell capture and/or other bio-
markers from blood or other solutions could employ this multi-
functional low background immobilization platform.
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