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ABSTRACT Selective oxidation of w-tertiary amine self-assembled thiol monolayers to tertiary
amine N-oxides is shown to transform the adhesion of model proteins lysozyme and fibrinogen
upon them. Efficient preparation of both secondary and tertiary linker amides as judged by X-ray
photoelectron spectroscopy (XPS) and water droplet contact angle was achieved with an
improved amide bond formation on gold quartz crystal microbalance (QCM) sensors using 2-
(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl hexafluorophosphate methanaminium uronium
(HATU). Oxidation with hydrogen peroxide was similarly assessed and adhesion of lysozyme
and fibrinogen from phosphate buffered saline then assayed by QCM and imaged by AFM.
Tertiary amine functionalised sensors adsorbed multilayers of aggregated lysozyme, whereas
tertiary amine N-oxides and triethylene glycol terminated monolayers are consistent with small
protein aggregates. The surface containing a dimethylamine N-oxide headgroup and ethyl
secondary amide linker showed the largest difference in adsorption of both proteins. Oxidation
of tertiary amine decorated surfaces therefore holds the potential for selective deposition of

proteins and cells through masking and other patterning techniques.

1. INTRODUCTION

Surfaces that offer control over the adsorption of proteins' and cells®* find numerous in vivo®™®

and in vitro applications, including tissue engineering scaffolds with controlled surface

10, 11

chemistry,’ selective cell adhesion,® ° and assays in the chemical biology laboratory. Many

. . 12-1
of these surface chemistries'>>

also enhance the in vivo lifetime and delivery of protein
therapeutics.'® Conversely, bioadhesive surfaces are also prized in nanotechnology, for example

in stabilizing enzymes, desirable microbial populations,'’ or even nanotube networks on surfaces



for photovoltaics,'® and hence chemistries amenable to the discovery'* of both bioadhesive and
bioinert surfaces are of great interest.”> In seeking alternatives to classic poly- or oligoethylene
PEG/OEG functionality,"” we have previously shown?* that the tertiary amine N-oxide moiety,
exhibiting kosmotropic properties,” is able to enhance resistance to the nonspecific adhesion of a

library of genomic polypeptides displayed on the headgroup of phage-A. Recognising that

26, 27 8

converting tertiary amines, (which are components of bio-relevant polymers and surfaces®

finding applications as listed above), to their corresponding N-oxides is a straightforward
process,”* *” *° we wished to quantify to what extent a protein adhesive surface might be made
more resistant to non-specific adhesion. We sought to investigate this using typical test proteins
lysozyme' and fibrinogen®' in a quartz crystal microbalance (QCM) assay, to better understand
the adsorption process and factors which control it. These new materials will have applications

to the patterning of surfaces for protein, cell and nanotube arrays and the discovery of new

functional interfacial structures.

Tertiary amine oxide amphiphiles® are known to be useful in manipulating and crystallizing
membrane proteins,>> for DNA transfection®® and are widely used in the household and personal
care industry, exhibiting reasonably low toxicity and biodegradability. Whilst often considered

35, 36

to be neutral dipoles,” the acid-base behaviour of amphiphilic N-oxides is complex and it

has been suggested that hydrogen-bonded amphoteric pairs exist at micellar interfaces,” >’
particularly when solution pH ~ pK, of the N-oxide.”® Furthermore, this class of amphiphiles
exhibit both concentration and pH dependent pK, behaviour of the N-oxide dipole,” *° hence

precise manipulation of interfacial pK, offers challenges, but promises routes to the selective

control of the binding of proteins and cells.



In this article, we demonstrate that a straightforward oxidation step converts protein adhesive
tertiary amines to corresponding amine N-oxides that display similar resistance to protein
adhesion exhibited by triethylene glycol monolayers. We also describe an improved amide bond
formation protocol in self-assembled monolayers and explore structure activity relationships for
product ew-amines and o-amine N-oxides within these monolayers. The novel surfaces were
characterized by X-ray photoelectron spectroscopy (XPS), contact angle measurements,
ellipsometry and atomic force microscopy (AFM). Protein — surface interactions were studied by

quartz crystal microbalance with dissipation monitoring (QCM-D).



2. EXPERIMENTAL SECTION

2.1. Materials. Reagents (PyBOP®, HATU, isobutyl chloroformate, N-methylmorpholine,
30% hydrogen peroxide) were purchased from Aldrich and used as supplied unless otherwise
stated. All solvents were purchased from Fisher and were used as supplied unless otherwise
stated. Gold-coated QCM sensors were purchased from Biolin Scientific. Lysozyme from
chicken white egg and fibrinogen from human plasma were purchased from Sigma-Aldrich
(Molecular Biology grade). Glass microscope coverslips were assembled into an Auto306
evaporator and had 2 nm of chromium and ~200 nm of gold deposited at a rate of 0.1-0.2 nm s™".
Coverslips were broken into chips as required and were placed into custom glass vials where they
were cleaned in piranha solution at 80 °C for 3 min or placed into the ozone cleaner for 30 min.
After cleaning, the chips were rinsed in MilliQ water and then degassed solvent for SAM

formation.

2.2. Preparation of gold thiol self-assembled monolayers. Commercial gold-coated QCM
sensors, and the gold-coated glass coverslips were cleaned with a piranha mixture (CAUTION!
Prepare and dispose of small quantities (< 25 mL) only, wear heavy nitrile or butyl rubber gloves
and a face mask or additional safety shield and use in an efficient fumehood). Hydrogen
peroxide (30%) was added dropwise with stirring to sulfuric acid (98%) 3:1 (v/v), (note the
unusual addition of aqueous solution to acid, not vice versa) at 80 °C. The samples were
immersed in the solution for 3 min to remove organic residues, then rinsed with deionized water
and dried in a gentle stream of dry nitrogen. The samples were then immediately immersed in a
solution of 16-mercaptohexadecenoic acid in absolute ethanol (1 mM) for 12 hours, then rinsed
with absolute ethanol, dried in a gentle stream of dry nitrogen and analyzed by X-ray

photoelectron spectroscopy (XPS) without delay.



2.3. Secondary and tertiary amide-linked o-tertiary amine surfaces. Three methods were
used for coupling the amines to 16-mercaptohexadecenoic acid derivatised gold surfaces as
follows.

2.3.1. Benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP™) (0.052
mmol, 1 eq) in CH,Cl, (4 mL) was added to each gold-coated quartz sensor in a separate vial.
To this vial was added the appropriate amine (0.4 mmol, 10 eq) in CH,Cl, (2 ml) and gently
agitated for 24h to produce surfaces A1-AS. The derivatised sensors were washed with
CH,Cl,and dried in a gentle stream of dry nitrogen before use.

2.3.2. 2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl hexafluorophosphate
methanaminiumuronium (HATU) (0.071 mmol, 1 eq) in CH,Cl, (4 mL) was added to each gold-
coated quartz sensor in a separate vial. To this vial was added the appropriate amine (0.4 mmol,
6 eq) in CH,Cl, (2 mL) and gently agitated for 24h to produce surfaces A1-A5. The derivatised
sensors were washed with CH,Cl, and dried in gentle stream of dry nitrogen before use.

2.3.3. Isobutyl chloroformate (0.2 mmol, 1 eq) in dimethylformamide (DMF, 4 mL) was added to
each gold-coated quartz sensor in a separate vial in dry DMF (2 mL). To this vial was added N-
methylmorpholine (0.09 mmol) together with the appropriate amine (0.4 mmol, 2 eq) in dry
DMF (2 mL) and gently shaken for 24 h to give surfaces A1 — AS5. The derivatised sensors were
washed with CH,Cl, and dried in a gentle stream of dry nitrogen before use.

2.4. Tertiary amine N-oxides. Surfaces A1-AS were oxidized with hydrogen peroxide (0.24
mmol of a 30% solution) in ethanol (4 mL) for either 1 h (Leeds) or 12 h (Warwick) and the
samples compared by XPS analysis. The sensors were washed with ethanol and dried in a gentle

stream of dry nitrogen to give the corresponding amine oxides (AO1-AQOS).



2.5 Control triethylene glycol surface, EG. The control surface bearing 1-
aminotriethyleneglycol mercaptohexadecanoic amide (EG) was prepared according to the
procedure described by Chapman et al.** The collection of target self-assembled monolayers is

shown in Figure 1; see below for discussion.
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Figure 1 Tertiary amines and tertiary amine N-oxide target molecules in this study.

2.5. Ellipsometry (Supporting Information). The average thickness of the surfaces was
determined by null ellipsometry (Nanofilm Imaging Spectroscopic Ellipsometer). Measurements
yield two angles, ¥- amplitude ratio and A — phase shift. The wavelength scan from 380 nm to
900 nm was performed on three regions of interests at angle of incidence of 70°. The Cauchy

equation was used to estimate the monolayer thickness.



2.6. Water contact angle measurements. Static and receding water contact angles were
measured on a KRUSS Drop Shape Analyser 100 at room temperature. QCM sensors were
washed with ethanol and dried with nitrogen immediately after each measurement. Statistical
treatment with the Wilcoxon signed-rank test was used to estimate the validity of the contact
angles. This is a nonparametric statistical hypothesis test for the case of two related

measurements on a single sample.

2.7. X-ray photoelectron spectroscopy (XPS). XPS measurements were performed using a VG
Escalab 250 XPS with monochromated aluminium K-alpha X-ray source. The spot size was 500
um with a power of 150W. Detailed spectra of individual peaks were taken at an energy of
20 eV. Binding energy was calibrated by setting the carbon 1s peak to 285 eV. Detailed spectra
had a Shirley background fitted to them and peaks were data was using mixed Gaussian-

Lorentzian fits (using CASAXPS software).

2.8. Quartz crystal microbalance with dissipation monitoring (QCM-D). Protein adsorption
was measured using a Q-Sense E4 instrument at 20 °C in at least triplicate and the order of
exposure of the surfaces to each protein was measured in both senses in all cases (i.e. test surface
exposed to lysozyme, cleaned with sodium dodecylsulfate (SDS) then exposed to fibrinogen to
acquire a first data set. A freshly prepared surface was then exposed to fibrinogen, cleaned with
SDS, and then exposed to lysozyme). No major difference was seen in the protein adsorption
kinetics, or amounts of deposition observed between each order of addition. Hence the data
presented in Figures 4 and 5 represent the mean of triplicate data with error bars showing

standard deviation.



Solutions of phosphate buffered saline (PBS), 5% SDS, fibrinogen (I uM in PBS) and
lysozyme (1 mM in PBS) were prepared and sonicated for 20 minutes prior to the experiment to
remove any air from the solutions. The sensors were placed in the chambers and PBS was
pumped at a rate of 100 pl/min until the sensors’ resonant frequencies equilibrated. The bathing
solution was then changed to lysozyme (1 mM) in PBS solution and allowed to equilibrate,
whereupon the solution was changed back to PBS to remove any protein resting on the surface.
Upon equilibration the solution was finally changed to 5% SDS to more completely clean the
surface, followed by a final PBS rinse. At each solution change, the pump was stopped and
restarted to avoid any air intake to the system. The sensors were washed with absolute ethanol
and dried with nitrogen to remove any remaining proteins. The experiment was repeated with

fibrinogen (1 uM) in PBS solution.

2.9 Atomic Force Microscopy. Imaging was carried out in tapping mode at room temperature
in air using an Asylum Research MFP-3D atomic force microscope. Three areas of interest on the
gold-coated QCM sensors bearing self-assembled o-tertiary amine monolayers prepared as
section 2.3.2 and amine N-oxides section 2.4 were selected and imaged in air. The data were
treated by MFP3D Igor Pro. Separate sensors were exposed to solutions of lysozyme (1 mM in
PBS) and fibrinogen (1 uM in PBS) and after rinsing with PBS and drying under a stream dry

nitrogen gas were imaged as above.
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3. RESULTS AND DISCUSSION

3.1. Headgroup design and amide bond formation. In previous work?® we showed that
morpholino N-oxide headgroups on triazine linkers were similar to triethylene glycol units in
resistance to non-specific protein adhesion. We wished to further explore the hypothesis® that a
reduction in the number of interfacial hydrogen bond donors might further reduce observed
protein adhesion, and so designed a small collection of tertiary amines and their N-oxides linked
through secondary or tertiary amides (Figure 1). We expected the secondary amides to be able to
form intermolecular hydrogen bonds to neighbouring molecules, or an intramolecular hydrogen
bond between the NH and N-oxide moieties.”” This structural element is absent for the tertiary
amides and so together with the larger size of the N-Me(C=0) vs. NH(C=0) group, a more
disordered interfacial region should result.

Anticipating straightforward preparation of these materials, we explored the classic 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) peptide coupling method both on gold
self-assembled monolayers and in solution, but found that the water droplet contact angles and
ellipsometric thickness of the amide monolayers was sub-optimal, and in the preparation of
analogues in solution (data not shown) a significant impurity co-eluted with the desired product,
identified as the O-acyl isourea, or rearranged urea of the coupling reagent.*’ Hence on the self-
assembled monolayers presented herein we explored alternatives*” including 2-(1H-7-
azabenzotriazol-1-yl)-1,1,3,3-tetramethyl hexafluorophosphate methanaminiumuronium
(HATU), benzotriazol-1-yl-oxytripyrrolidinophosphonium, hexafluorophosphate (PyBOP®) and
isobutyl chloroformate. The efficiency of coupling was estimated from XPS survey scans and
high resolution spectra together with water contact angle analysis. Visual inspection of sensor

surfaces where coupling was attempted with isobutyl chloroformate revealed a relatively thick

11



surface layer inconsistent with a self-assembled monolayer, a hypothesis confirmed by a much

lower gold peak than expected, hence this method was not considered further.

3.1.1. X-ray photoelectron spectroscopy analysis. Both survey scans and high resolution spectra
were carried out for PyBOP® and HATU coupling agents to confirm amide bond formation on
the QCM chips. Obvious peaks observed in the survey scan were present at 84-88 eV (Au 4f),
162-164 eV (S 2p), 285 eV (C 1s), 402 (N 1s), 532 eV (O 1s). The high-resolution scans of C 1s
show two carbon species: a peak at 289 eV assigned as the carboxylic group and amide peak at
287 eV. This data revealed that HATU gave the clearest nitrogen signal and amide peak
indicative of new bond formation. Hence this method was chosen for further work and all the

data for surfaces prepared herein arise from HATU coupling.

3.2. Oxidation and characterization. Each surface was then subjected to oxidation using
30% hydrogen peroxide in ethanol and the conversion to tertiary amine N-oxide assessed by
contact angle, ellipsometry (vide infra) and XPS analysis (Supporting Information). In the case
of secondary amide A1 and associated tertiary amide A4 there was clear evidence of conversion
to the N-oxides AO1 and AO4 shown by a new peak at 403 eV (for example Figure 2). N,N-
Propyldimethylamino surface AO2 displayed evidence of some N-oxidation, but also of loss of
material from the monolayer. After treatment with hydrogen peroxide, in the samples examined,
neither surfaces A3 or AS exhibited clear peaks at 403 eV attributable to amine N-oxide, rather
smaller nitrogen and carbon peaks were seen, consistent with significant loss of material in these

cascs.

12



—— Before oxidation
—— After oxidation
104
@
a
S gd
=
s
S
2 64
-
g M,
T 4 o MW
£ L SN St o
e WA g M AN
§ 27
S
g
Z o

T T T !
410 405 400 395 390

Binding energy (eV)

—— Before oxidation
—— After oxidation

Carbon normalised to gold (CPS)

T T T T T T T T T 1
294 202 290 288 286 284 282 280 278 276

Binding energy (V)
5519
—— Before oxidation
5017 —— After oxidation
454
g 4.04
Qo
35 .
3 M
& 30+ M
2 PAN
254 n
s J \
4 . M Y A
3 f A |
2 20] Dot AL v 1 MY
g 20 WAl W g Wl
E 15
2
= 104
2
S 054
=
@ o00]
05 T T T T T
175 170 165 160 155

Binding energy (eV)

Figure 2 XPS high resolution analysis (fop to bottom N, C, S) of ethyl N,N-dimethylamino
surface Al before (red line) and after oxidation, AO1 (black line) for 12 hours at room

temperature.
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Table 1 Self-assembled monolayer characterization.

Average contact angle, * standard deviation (SD) and the difference (A) for tertiary amines and corresponding amine oxides produced by 12 h

oxidation in ethanolic H,O, representing change in hydrophilicity measured for functionalized QCM sensors. Thickness of self-assembled
monolayers as measured by ellipsometry and estimated from a molecular mechanics calculation (molecular mechanics force field, MMF gas
phase optimised structure, assuming the alkane chain portion is fully extended. Headgroup conformation is also assumed antiperiplanar or

‘cyclic’ through formation of a 6 or 7 membered intramolecularly H-bond ring conformation, vide infra). The orientation of aliphatic chains of

the alkanethiolate was taken to be ~30° with respect to the normal of the gold surface.*®
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Table 1 shows the wetting properties of the monolayers on gold surfaces, thickness estimated by
calculation, and measured by ellipsometry. Water wets amine oxides (6(H,O) = 25-30°) better
than the corresponding amines (6(H,O) = 33-38°), due to the lower interfacial energy between the
film and water (ys), attributable to the amine N-oxide dipole providing an attractive binding site
for water molecules. The N-methylated tertiary amides A3 - AS did not show a difference in
interfacial hydrophobicity compared to the corresponding secondary amides A1, A2. Confidence
intervals place the peroxide treated surfaces AO2 and AO3 within the range for their respective
precursors, which is in agreement with XPS data for incomplete oxidation. XPS elemental
composition (Supporting Information, Table S1) shows a C (1s): Au (4f) ratio for most amines
(except Al) and amine oxides significantly greater (2.00 — 2.30) than that for the
mercaptohexadecanoic acid (1.61) and for that expected from literature values for
octadecanethiol (1.8 = 1).** However the largest value in the series of 3.94 arises from the
triethylene glycol derivative EG. These differences can be attributed in part to attenuation of the
gold signal by heteroatoms in the self-assembled monolayer, or impurities and entrained solvent.
We note there is no clear correlation of the presence of any impurities seen by XPS with contact

angle (Table 1) or protein adhesion measurements (vide infra).

3.3. QCM-D measurement of protein adhesion. The degree of protein adhesion to any surface
depends upon variables including most importantly, the nature of the protein(s), presence of
molecules such as lipids, denaturants or other osmolytes,* and temperature. Hence we propose
that four measures (1) — (iv) are important when assessing to what extent a surface is resistant to

any class of adhering protein (Figure 3).
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(i) How much protein becomes adsorbed on the surface (step 2); (ii) how much protein is
removed after rinsing with buffer solution (step 3) hence (iii) the total amount of protein that
remains (see Figure 4); and (iv) whether any protein remains after rinsing with a more stringent
surfactant, sodium dodecylsulfate (step 4). Figure 4 summarises the QCM data for adsorption of

lysozyme or fibrinogen (step 1) and amount remaining after PBS rinse.

pump stopped pump stopped

Frequency [Hz]
Frequency [Hz]

T T T T T T T T
0 2000 4000 6000 8000 0 2000 4000 6000 8000

Time [s] Time [s]

Figure 3 Example data from a QCM-D experiment for lysozyme adsorption (step 2) to surface
Al (left) and AOL1 (right). Steps 1 and 3 correspond to PBS buffer rinses and step 4 shows

cleaning with sodium dodecylsulfate solution.
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Chart 1 Adsorption (black) of lysozyme (1 mM) and amount of protein remaining (white) on

surfaces after rinsing with PBS buffer. Error bars represent standard deviation of the mean for

each surface.
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each surface.
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Coverage
Coverage [ngcm™] for
[ngem™?] for surface +
surface + fibrinogen
lysozyme (1 (ImM PBS)
Sample n mM PBS) n
Bare gold 3 1475 3 236
Al 3 578 3 413
AO1 3 265.5 3 177
A2 3 649 3 3245
AO2 3 413 3 118
A3 3 324.5 3 265.5
AO3 3 531 3 295
A4 3 4425 3 472
AO4 3 413 3 236
A5 3 501.5 3 295
AO5 3 472 3 265.5
EG 3 130 3 218

Table 2 Summary of QCM estimated protein coverage [ngem?] for lysozyme (1 mM PBS) and fibrinogen (1 uM PBS) calculated using the
Sauerbrey equation: Am = -CAfn™, where C — 17.7 ng Hz"'cm™ for a 5 MHz quartz crystal, Af — change in frequency (raw data), n — overtone
number, n = 3.

The first point to note in comparing data between each protein set (Charts 1 and 2 and Table 2)
is that the concentration of fibrinogen (a hydrophobic fibrous protein carrying overall anionic
charge, but with key cationic residues implicated in aggregation processes)* is one thousand-fold
less than lysozyme (a globular protein bearing surface cationic charge at pH 7.4)" indicating the
nature and concentration*® of the protein itself has by far the greatest effect on adsorption. Next,
with the exception of those surfaces known by XPS to be incompletely oxidized, the biggest
differences are seen between amines and their N-oxides e.g. Al and AO1.

For example, A1 with lysozyme adsorbs 578 ng cm™ of protein whereas surface AO1 adsorbed
only 265 ng cm.? of protein. AFM imaging (Figure 4) supports this view, with the amine N-
oxide surface exhibiting a significantly smoother appearance with what appear to be small
clusters of protein (seen in white, Figure 4(d)) after protein deposition, very different in nature

from either lysozyme adsorbed on bare gold (control experiment, Figure 4(b)) or on the tertiary

18



amine (Figure 4(c)). Lysozyme is ellipsoidal in solution with dimension 2.5 x 2.5 x 6 nm,* but

#9:30 especially in proximity with a surface,’' aggregates result which

if the protein partly unfolds,
although not fibrillar in this case,”” the assemblies in Al (Figure 4(c)) A2 (Figure 5(c)) and A3
(Figure 6(c)) are clearly distinct from the spherical clusters on AO1 (Figure 4(b)), AO2 (Figure
5(b)) or AO3 (Figure 6(b)). The image of lysozyme on bare gold is intriguing: despite a
relatively low change in QCM-D frequency for either lysozyme or fibrinogen (Table 2), it has
striking similarity to that for a nascent multilayer seen in Figures 6(f), 6(g) in the publication by
Kim, Blanch and Radke.”' The smoother appearance of the surface bearing isolated lysozyme
clusters on e.g. AO1 (Figure 4(b)) is thus striking, supportive of a mechanism of clustering
taking place after deposition, as suggested by those authors. The protein on AO1 may plausibly
be less denatured than that for A1, noting that charge-repulsion along the lysozyme polypeptide
(expected to be more significant upon a charged amine, rather than neutral amine N-oxide
surface) has been postulated as central to assembly processes.” We have not yet used functional
or other assays to explore tertiary structure of the adsorbed enzyme. The surface which adsorbed

least lysozyme, EG shows much greater similarity to the amine oxides such as AO1 and AO2

under AFM imaging (Figure 7).

Surfaces AO3 and AOS, which were observed by XPS to contain less amine N-oxide, or have
partially lost organic monolayer during the oxidation procedure, show similar levels of protein
adsorption to their precursors, confirming the role played by the amine N-oxide in the observed

differences in protein adhesion.
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(b)

pm
um

Figure 4 AFM images of: (a) bare gold QCM-D sensor; (b) plus lysozyme, 1 mM in PBS; (c) N-
[2’-(dimethylamino)ethyl|mercaptohexadecanoic amide plus lysozyme, 1 mM in PBS; (d) N-[2’-
(dimethylamino-N-oxide)ethylJmercaptohexadecanoic amide self-assembled monolayer plus

lysozyme 1 mM in PBS.
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pm

Figure 5 AFM images of: (a) N-[2’-(dimethylamino)propyl]mercaptohexadecanoic amide plus
lysozyme, 1 mM in PBS; (b) N-[2’-(dimethylamino-N-oxide)propyl]mercaptohexadecanoic

amide self-assembled monolayer plus lysozyme 1 mM in PBS.

(a)

um

Figure 6 AFM images of: (a) 1-(4’-methylpiperazin-1’-yl-4’-amine)mercaptohexadecanoic
amide self-assembled monolayer plus lysozyme, 1 mM in PBS; (b) 1-(4’-methylpiperazin-1’-yl-

4’-amine-N-oxide)mercaptohexadecanoic amide plus lysozyme, 1 mM in PBS.
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Figure 7 AFM image of 1-aminotriethyleneglycol mercaptohexadecanoic amide self-assembled

monolayer plus lysozyme, 1 mM in PBS.

These effects are explicable: (i) through removal of cationic charge carried by the amine
surfaces at pH 7.4 and (ii) by the amine N-oxide providing dipoles to which water can bind, or
that allow the formation of more stable intramolecular hydrogen bonds. The QCM-D data also
show (Figure 3 and Supporting Information) that the tertiary amines adsorb both lysozyme and
fibrinogen in what appears to be a two-step process leading to multilayers also consistent with
significant unfolding of the protein on the more adhesive surface.”® Fibrinogen (1uM), whose
assembly behaviour is known to be concentration dependent, adsorbs to form combined self-
assembled monolayer and protein of 25-30 nm thickness on either tertiary amine A1, or N-oxide
AO1 as measured by AFM. These data are in good agreement with the lower values of Af

recorded by QCM for fibrinogen compared to lysozyme (Chart 2).
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The surfaces most resistant to lysozyme adhesion are EG and dimethylamine N-oxide AO1,
displaying similar properties for fibrinogen, wherein dimethylamine N-oxides AO1 and AQO2, are
more effective than the established triethylene glycol (Table 2). Direct comparisons of the latter
ought strictly to take account of the number of ethylene glycol units. Thus, measured per
functional group, tertiary amine N-oxide AO1 is more effective than EG at resisting adhesion of
the two test proteins, indicating that polymeric analogues (c.f. Yang et al.”®) are certainly worth
investigating. Whilst hydrated oligoethyleneglycol self-assembled monolayers are known to

%35 the detailed behaviour of amine N-oxides such as

adopt gauche and helical conformations,
AQO1-5, is less well precedented, especially in monolayer form. Amine N-oxides are recognized
to stabilize cyclic structures when included in peptides, for example as proline N-oxide,” and
TMAO has been shown to preferentially orient its methyl groups away from hydrophobic
interfaces, indicating that the methyl groups are relatively polarised.”® In our work, the
headgroup best resisting adsorption of either protein, and removal by PBS washing, AO1 ought
to be able to form an unstrained 6-membered ring between NH and N-O dipole® (Figure 8).
Intermolecular hydrogen bonding between neighbouring amides remains possible, but repulsive
dipolar interactions with the neighbouring amide might also result, adding beneficial disorder to
the surface.”’ In comparison, the protonated amine A1l probably forms a less favored 7-

membered ring, leading to a preference for a more regular, extended, rather than gauche

conformation in the headgroup.

23



(a) o 0© H___H
N e o °
% N7 Me
Il—l Me
o) loe AN,
®
“i/\)kN/\/ \>Me . ,
H Me +N-O~ dipoles aligned, water hydrogen bonded
M o
— H,0
(0] 2 (0]
® 1% Pt
ica’ N/\/ \O@ ‘%2, [l\l/\
H H. /N®
H__ _H ) | ~
(e} e
o) © ?® o
/\)k N /\A
NT " Me
%’% H Me %9\ 'Fl/\
H\O/T‘\ 6-membered ring
A ©
AO1 +N-O- dipole repulsion i
C=0 *N-O- dipole repulsion
)
o) |/
~H HN'®
(C) o I|-| — 2H,0 (0]
N® /\)k
%/\)kN/\/ "~ Me k‘%, N
| Me |
H H R |
\ | ' /
| O LHNO®
o v H o) ]
N® /\)J\
LLgﬂ/\)‘kN/\/ \\Me ‘zs‘ N
}I_| Me |

Al 7-membered ring

Figure 8 Possible conformations (a) and (b) for tertiary amine oxide AO1 (6-membered

hydrogen bonded ring)* and (c) precursor amine A1 (less favorable 7-membered ring).

Preventing intra- or intermolecular H-bond formation in AQ4 gives a surface that is somewhat
more prone to deposition of both positively charged lysozyme and the more hydrophobic

fibrinogen, although the ability of both proteins to be removed by PBS rinse remains less

24



affected. Hence N-methylation, or removal of an N-H donor® through N-methylpiperazine
formation, has a significantly smaller effect on protein adsorption behaviour than N-oxidation
itself. The excellent hydrogen bond acceptor ability of the N-O dipole58 is therefore sufficient to
explain the differences in contact angle, and enhanced protein resistance of amine oxides over the
corresponding tertiary amines. There is nonetheless scope for optimization of the oxidation
process to ensure that the monolayer integrity is unaffected, or as we show in related work,* to

use preformed alkylamine N-oxides grafted to silicon wafers.

4. SUMMARY AND CONCLUSIONS

We demonstrate a straightforward chemical transformation of protein-adhesive surfaces to
tertiary amine N-oxides significantly more resistant to the nonspecific adhesion of the model
proteins lysozyme (found in physiological fluids such as tears) and fibrinogen (found in blood) at
physiological pH. The pH of the PBS buffer solution was 7.4, so tertiary amines exist largely in
their protonated form, whereas amine oxides, with a typical solution pK, of 4-5°° might be
expected to be unprotonated, although this is recognised to be dependant on aggregation state.>”
% Surprisingly, the presence of an N-methyl or other tertiary amide function in the linking group
was seen to slightly increase adhesion for both classes of protein. We speculate this may be due
to the reduction in intermolecular hydrogen bonding, increased barriers to headgroup mobility
and larger molecular volumes causing altered surface packing parameters for these analogues.
Interestingly, those surfaces did not show increased hydrophobicity as probed by water contact
angles. Hence, the optimum features identified from this small set of analogues are that it
contains a dimethylamine N-oxide headgroup and ethyl (AO1) secondary amide linking it to the

surface. This provides material with a similar level of resistance to the widely used triethylene

25



glycol headgroup, with preliminary indications that a less denatured polypeptide has resulted than

for the tertiary amines, evidenced by lower quantities seen by AFM imaging.

The treatment of self-assembled monolayers or polymer surfaces®® containing tertiary amines
with mild oxidants, potentially through patterning, is thus a simple way of changing their
resistance to non-specific protein adhesion, and diversifying collections of surfaces®” 2! which
contain them. We continue to exploit these observations for the discovery of cell-supporting

materials, in particular for methanogenic bacteria for anaerobic digestion processes.
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