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Prebiotic-chemistry inspired polymer coatings for
biomedical and material science applications

Helmut Thissen!, Aylin Koegler!, Mario Salwiczek!, Christopher D Easton!, Yue Qu?, Trevor Lithgow? and

Richard A Evans!

In the field of prebiotic chemistry, hydrogen cyanide (HCN)-derived polymers have been studied for many years as a possible
source of the precursors that provide the building blocks for proteins as well as nucleic acids, and they have also been
associated with the origin of life. The HCN trimer, aminomalononitrile (AMN), polymerizes to give a brown complex nitrogenous
polymer. We report the one-step polymerization-deposition of AMN as a simple generic surface-coating method and as an
application of prebiotic chemical research to material science. We found that this polymerization, carried out in buffered
aqueous solutions, can be used to coat a wide range of organic and inorganic substrate materials. The robust, non-cytotoxic
coatings also provide for excellent cell attachment, suggesting potential biomedical applications. Furthermore, the coating
chemistry allows for the immobilization of other compounds, including metals, both during coating formation or by performing

secondary immobilization reactions.
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INTRODUCTION
Prebiotic chemistry or chemical evolution is the study of the chemistry
required for producing the key molecules that eventually led to the
origin of life.' Miller™>® initiated the era of experimental prebiotic
chemistry with his famous spark experiment using methane, hydrogen
and ammonia that produced complex organic compounds such as
amino acids. Matthew’s and Ferris’ separate studies of HCN poly-
merization chemistry, as well as Sagan’s and Khare’s study of tholins,
also involved the facile production of complex, highly colored organic
polymers.”"!> They have also been considered as a potential source of
amino acids, nucleobases and peptides on earth and appear to be
common throughout our solar system. For example, these materials
have been proposed to be the source of the distinctive orange, red—
brown and black colors of comets and the atmosphere of planets and
moons such as Saturn, Jupiter and Titan and carbonaceous meteorites,
indicating their abundance in our solar system and the universe,
respectively,!0-14-16

However, the focus of prebiotic chemistry has always been on
understanding the chemical origin of life and thus has remained highly
fundamental research.* The application of prebiotic chemistry and
specifically prebiotic polymers to material science has not been reported.

The polymers examined in the prebiotic field offer significant
opportunities for practical exploitation because of the ease of their
production and the scope for tuning material and chemical properties
through the reaction conditions used and the choice of monomers. At
the same time, there is an increasing need for methods that provide

tailored surface properties while maintaining the bulk material
properties of the underlying substrates. Surface modification methods
span a wide variety of applications ranging from solar cells to
implantable medical devices. The need for surface modification in
the context of biomedical applications is especially important because
the biological response is often determined by biointerfacial
interactions.!” However, there are very few simple generic aqueous
coating methods that are both robust and versatile as well as easily
applicable over a range of substrate materials.'®!° Here, we report our
findings in regard to the use of the polymerization of aminomalono-
nitrile (AMN) as a simple general coating and surface modification
method (Figure 1a).°

AMN, along with iminoacetonitrile, has received attention as an
intermediate in the polymerization of hydrogen cyanide as well as a
highly reactive synthon in heterocyclic organic synthesis.”!11321-23 T¢
is formally a trimer of hydrogen cyanide and spontaneously poly-
merizes when commercially available p-toluenesulfonate is neutralized
(Figure 1b).2* Tt allows easy access to HCN polymers under very mild
and controllable conditions without the need to use HCN itself.?42>
The extremely adhesive polymer produced is structurally very com-
plex. Hydrolysis experiments of the polymers result in the observation
of amino acids with particularly significant amounts of glycine and
polycyclic nitrogenous compounds such as purines and imidazole
derivatives (Supplementary Figure S1).>!12430 Because of these
properties, we investigated the AMN polymer as a candidate for a
new generic coating method that may be particularly useful in
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Figure 1 Polymers inspired by prebiotic chemistry and surface characterization. (a) Aminomalononitrile (AMN)-based coatings can be formed in a simple one-
step procedure. (b) These coatings are formed by neutralization of the AMN toluene sulfonic acid salt in aqueous solutions. (c) Thickness of AMN-based
coatings as a function of deposition time determined by atomic force microscopy (AFM) section analysis on mica substrates (n=9, error bars represent s.d.;
lines are drawn to guide the eye). (d, e) These coatings can be deposited on a broad range of materials, reflected for example by the average water contact
angles and the average N/C elemental ratios obtained from XPS spectra before and after coating for 24 h. (f) AMN coatings display a distinctive brown color
(example deposited for 24 h in individual wells of a 96-well plate). N/C, nitrogen-to-carbon ratio; XPS, X-ray photoelectron spectroscopy.

biomedical applications such as cell culture tools, providing high cell
attachment and surface coatings on implantable medical devices
providing enhanced tissue integration.

MATERIALS AND METHODS

General method for AMN-coating deposition

The coating process has been optimized over the course of this project, which
was based on our discovery that thickness and morphology are highly
dependent on the following factors: (1) concentration of AMN, (2) buffer
concentration and (3) temperature. According to our X-ray photoelectron
spectroscopy (XPS) analyses, however, the chemistry of the coating and
therefore all subsequent chemical manipulations do not depend on these
factors. Please see the Supplementary Information for a detailed description of

NPG Asia Materials

the protocol. As a general method, AMN p-toluenesulfonate (AMN) is
dissolved in a phosphate-buffered solution (either PBS or pure phosphate),
and the pH is adjusted to 8.5 to initialize the polymerization. Samples are
incubated in this solution facing downwards to prevent deposition of
precipitate that forms over the course of the treatment. After up to 48 h, the
samples were rinsed five times with MilliQ water (Millipore, Billerich MA,
USA) and then incubated overnight in MilliQ water before being air dried in a
laminar flow cabinet. The presence of the adherent coating was indicated by a
light brown color change.

Labeling and co-deposition with TFEA and TFAEH
Labeling and co-deposition using 2,2,2-trifluoroethylamine (TFEA) and tri-
fluoroacetaldehyde ethyl hemiacetal (TFAEH) were carried out using untreated



Costar flat-bottom 96-well polystyrene plates (Corning, Corning, NY, USA) as
a substrate. Labeling experiments were carried out after deposition of an AMN
coating using 100 mm phosphate buffer at pH 8.5 (see Supplementary
Information). For the labeling experiments, a 1M stock solution of the
respective label at pH 8.5 was prepared using 100 mm phosphate buffer. A
10-fold serial dilution (6 steps) was then prepared to provide 7 concentrations
ranging from 1 pM to 1 m. Using these solutions and pure buffer as a control,
eight wells per concentration were incubated for 24 h. The wells were then
washed three times with MilliQ water by pipetting and soaked in water for an
additional 24 h before drying. For co-deposition experiments, a 2 M solution of
the TFEA or TFAEH, respectively, was prepared and diluted to give seven
concentrations between 2pm and 2m with a pH of 8.5. Simultaneously, a
solution of AMN was prepared as described above and mixed at a ratio of 1:1
with the different label concentrations. These solutions were then used to coat
eight wells per concentration by applying the coating and washing process as
described above.

Surface modification with 4-bromobenzyl bromide (BBB)

AMN coatings were deposited onto glass cover slip samples. Subsequently, the
samples were incubated for 16 h in a solution of 100 mg of BBB and 200 pl of
0.1M triethylamine in 5ml of acetonitrile at 37°C, followed by extensive
repeated washing in acetonitrile and subsequently MilliQ water and drying in a
laminar flow cabinet. Control samples were prepared under identical conditions
using 100 mg of 1,4-dibromobenzene instead of BBB.

Metallization of AMN coatings

Incorporation of silver was achieved by incubating the coated surfaces in the
dark with aqueous solutions of silver nitrate (Chem-Supply Pty, Gillman, SA,
Australia), which were prepared from a fresh 100 mm stock by 10-fold serial
dilution to give a range of concentrations between 1 and 100 mm. A surface
incubated with pure water served as a control. After 24 h, the solutions were
removed, and each well was washed three times with water using a pipette. The
wells were then completely filled with water and left to soak for another 24 h.
After drying in a laminar flow chamber, samples for XPS were taken and then
the plates were double sealed in plastic bags and y-sterilized (25 kGy, Steritech
Pty, Dandenong VIC, Australia). To evaluate the relationship between silver
content and thickness, coatings of different thicknesses including an uncoated
control surface were incubated with 100 mm silver nitrate solutions following
the same protocol.

Deposition of coatings using KCN

Equimolar amounts of potassium cyanide (65.1 mg, KCN) (caution) and
ammonium chloride (53.5mg) were dissolved in 2 ml of MilliQ water. Glass
samples were incubated in this solution at room temperature for 7 days.
Subsequently, samples were washed five times with MilliQ water and then
incubated overnight in MilliQ water before being air dried in a laminar flow
cabinet. The presence of the coating was indicated by a light brown color
change.

X-ray photoelectron spectroscopy

XPS analysis was performed using an AXIS HSi and AXIS Ultra DLD
spectrometer (Kratos Analytical, Manchester, UK) with a monochromated Al
Ko source at a power of 144 W (12kV x12mA) and 112 W (8kV x 14 mA),
respectively, a hemispherical analyzer operating in the fixed analyzer transmis-
sion mode and the standard aperture (analysis area: 0.3 x0.7 mm). Survey
spectra were acquired at a pass energy of 160 eV. High-resolution spectra were
recorded from individual peaks at 40 eV pass energy.

Atomic force microscopy experiments

A Bruker FastScan atomic force microscope employing an Icon scanner head
with NanoScope 9.0 software was used to measure surface topography in
tapping mode with ultrasharp silicon tips (TAP150A, Bruker Corporation,
Billerica, MA, USA). The tips used in this study have a typical force constant of
5Nm~ ! and a resonant frequency of 150 kHz. Scans were performed at 0.8 Hz
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and 512 data points per scan line. All images were processed using NanoScope
Analysis 1.5 software (Bruker Corporation).

SEM analysis

For the SEM analysis, samples were mounted on an aluminum stub with
double-sided conductive carbon tape. These samples were then iridium coated
using a Polaron SC5750 sputter coater (Quorum Technologies, Laughton, UK).
The thickness of the iridium coating was ~ 10 nm. Once coated, the samples
were placed into a Philips XL30 Field Emission SEM (Philips, Amsterdam,
Netherlands) for imaging. An accelerating voltage of 2kV was used to obtain
images. The image analysis software used was AnalySIS, developed by Olympus
Soft-Imaging Solutions (Tokyo, Japan).

Contact angle measurements

Static contact angles were measured using an automated contact angle
goniometer (KSV Instruments, Helsinki, Finland). A droplet with a volume
of ~5pl of ultrapure MilliQ water was used for the experiments. Average
contact angles were calculated from 10 measurements, with each measurement
recording the contact angles on both sides of the droplet.

Cell culture experiments

1929 mouse fibroblasts (cell line ATCC-CCL-1, Rockville, MD, USA, recently
authenticated and tested for mycoplasma contamination by PCR assay at the
Victorian Infectious Diseases Reference Laboratory, VIDREL) were used to
investigate the cellular response to AMN-coated surfaces in comparison to
tissue culture polystyrene and ultra-low attachment (ULA) control surfaces.
Cells were cultured in minimum essential medium containing 10% fetal bovine
serum and 1% nonessential amino acids (Invitrogen, Carlsbad, CA, USA). After
cell seeding at a density of 2.5 x 10* cells per cm?, samples were incubated for
24h at 37°C in humidified air containing 5% CO,. Subsequently, substrates
were washed once with minimum essential medium before a solution
consisting of 100 ul of phenazine methosulfate solution (0.92mgml~! in
DPBS), 2ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTS) solution (2mgml~! in DPBS) and 10ml of minimum essential
medium was added. The substrates were incubated for 3h at 37°C in
humidified air containing 5% CO, before a colorimetric readout was
performed at 490 and 655 nm.

Spatial control over cell attachment

Samples with a size of ~ 4 cm? were cut out of six-well ULA plates and served as
a substrate for this experiment. AMN was dissolved in PBS with a pH of 7.4. To
induce polymerization, the pH was then adjusted to 8.5 using 0.1 M sodium
hydroxide, resulting in a final AMN concentration of 2% (w/v). After 30 min of
incubation, 100 pl of this solution was transferred to individual wells of a
96-well plate, which was used as a source plate in a microarray printer
(NanoPrint LM60 microarrayer, Arraylt, Sunnyvale, CA, USA). After contact
printing of the solution onto the ULA-coated samples in an array pattern using
pins with a diameter of 375 pm, samples were air dried in a laminar flow
cabinet for 48 h. Subsequently, samples were washed three times with MilliQ
water before again being air dried in a laminar flow cabinet. Prior to cell
seeding, samples were subjected to y-sterilization at a dose of 15kGy. L929
mouse fibroblasts were cultured on these substrates in minimum essential
medium containing 10% fetal bovine serum and 1% nonessential amino acids.
After cell seeding at a density of 2.5 x 10* cells per cm?
for 16 h at 37 °C in humidified air containing 5% CO,. After washing samples
with medium, a Molecular Probes (Eugene, OR, USA) live/dead assay was
performed, which resulted in live, attached cells being stained green and dead,
and attached cells being stained red. Samples were then imaged using a Nikon
TE 2000 Fluorescent Microscope (Tokyo, Japan).

, samples were incubated

Evaluation of cytotoxicity

The cytotoxicity of AMN coatings was evaluated using AMN coatings deposited
on 24-well plates (TCPS Nunclon Delta Surface, Nunc, Roskilde, Denmark)
according to the ISO, the International Organization for Standardization,
Geneva, Switzerland. ISO 10993-12:2012 (Biological evaluation of medical
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devices—Part 12: Sample preparation and reference materials) and ISO 10993-
5:2009 (Biological evaluation of medical devices—Part 5: Tests for in vitro

cytotoxicity).

Biofilm cultivation and quantitative determination

Two biofilm-forming reference bacterial strains—Staphylococcus epidermidis
RP62a (ATCC 35984) and Pseudomonas aeruginosa (ATCC 27853 )—were used
in this study. Bacterial stocks (stored at —80°C in nutrient broth with 15%
glycerol) were streaked onto nutrient agar (Oxoid, Basingstoke, UK) plates for
use as the working stock. Bacterial biofilm culture was set up using a
modification of a previously established method.>! Briefly, an overnight
bacterial culture grown in nutrient broth was diluted 1:100 into biofilm-
specific growth media, including tryptic soya broth for S. epidermidis (Oxoid)
and Luria—Bertani broth for P. aeruginosa. One hundred microliters of the
diluted bacterial suspensions was pipetted into a well in 96-well flat-bottom

polystyrene microplates that had received different coating treatments and were
incubated for 24 h at 37 °C with gentle agitation (75 r.p.m.). After overnight
incubation, the cell suspensions were aspirated and the wells were rinsed twice
with 110 pl of PBS per well to remove non-adherent cells. To quantify biofilms
formed on surfaces of different treatments, the plate containing biofilms was
heat-fixed in a 60 °C oven for 1h and then stained with 110 pl of 1% (W/V)
crystal violet for 10 min. The crystal violet solution in the wells was then
discarded, and the plates were washed four times to remove excess stains by
submerging them in tubs of clean water. The plates were gently tapped on
paper towels to remove excess water in wells. Two hundred microliters of 95%
ethanol and 5% acetic acid were added into each well and incubated at room
temperature for 15 min. One hundred microliters of solution from each well
was transferred to a new plate. The amount of biofilm formed in each well was
determined by reading its optical density with a Tecan Infinite M200 Plate
Reader (Tecan, Maennedorf, Switzerland) at 600 nm.
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Figure 2 Surface characterization. (a) The different structural elements (annotated as components C1-C5, with C1: C-H, C-C; C2: C-N, C=N, C=N, C-0;
C3: (N-)C=0, N-C-0; C4: 0-C=0 and Cb5: shake-up associated with unsaturated and/or aromatic hydrocarbon) that are present in AMN-based polymer
coatings are reflected in the C 1s high resolution XPS spectrum obtained on a polystyrene (PS) substrate. (b) The XPS survey spectrum obtained on the same
sample highlights the characteristic high nitrogen content of AMN coatings. (c, d) SEM images obtained on mica and polystyrene surfaces coated over 24 h
using a 100 mm phosphate buffer suggest a substrate-dependent coating morphology. (d—f) SEM images obtained on polystyrene surfaces coated over 24 h
using 100 mm phosphate buffer, 10 mm phosphate buffer and no buffer, respectively, suggesting a phosphate concentration-dependent coating morphology.

AMN, aminomalononitrile; XPS, X-ray photoelectron spectroscopy.
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RESULTS AND DISCUSSION

We examined the suitability of the AMN polymerization process for
the formation of coatings on a range of substrate materials. Typical
conditions that yield films suitable for many applications in materials
science, including biomedical applications, are a buffered solution
containing 2% (w/v) of AMN, adjusted to a pH of 8.5. This results in
the formation of an adherent brown AMN coating on materials
incubated in that solution for up to 48 h under ambient atmospheric
conditions at room temperature. The coatings are sufficiently robust
to withstand the subsequent manipulations described herein. Atomic
force microscopy section analysis demonstrated that the coating
thickness can be controlled via deposition time and that a coating
thickness of up to ~200 nm can be achieved within 48 h of incubation
(Figure 1c, Supplementary Figures S2 and S3).

Importantly, the AMN coating can be deposited on a broad range of
substrates, including polymers, metals and other inorganic materials
and that the physicochemical properties are independent of the
underlying surface chemistry. The water contact angles as well as
atomic nitrogen-to-carbon ratio (N/C) ratios determined by XPS after
a deposition time of 24 h are practically identical across all substrates
tested here (Figures 1d and e,Supplementary Tables S1 and S2).

Because AMN polymer also precipitates from solution during
coating formation, samples used in this study were placed face down
during the polymerization process to minimize settling of precipitate
on the substrate surface. This coating strategy is suitable for more
complex substrate geometries, including porous materials, microflui-
dic devices and multi-well plates (Figure 1f), which can be readily
coated for subsequent use, for example, in cell culture applications.

The precise structure of the polymers obtained from HCN and its
oligomers has remained ambiguous despite many years of meticulous
research, reflecting their complex nature (Supplementary Figure S1). It
is beyond the scope of this report to characterize the coatings further.
However, XPS C 1s high resolution spectra of deposited coatings and
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the components that can be fitted for these spectra (Figure 2a) are
consistent with the structural elements that have been proposed for
HCN-derived polymers.?>3* The XPS survey spectrum (Figure 2b)
also reflects the unusually high N/C (N/C=0.61+0.02), which is
characteristic for these coatings. In comparison, common nitrogenous
polymers used in biomedical applications such as polyethyleneimine,
poly(i-lysine) and polyallylamine have significantly lower N/C ratios of
0.5, 0.33 and 0.33, respectively.

The morphology of the polymer coatings appears to be influenced
by the substrate material. SEM images obtained after deposition of the
coating on mica (Figure 2c) and polystyrene (Figure 2d) show
embedded particles within an otherwise homogenous coating. The
morphology observed on polystyrene (Figure 2d) in particular may be
of interest in applications requiring a high surface area. SEM images of
coatings deposited on polystyrene using 100 mm phosphate buffer
(Figure 2d), 10 mm phosphate buffer (Figure 2e) and water adjusted to
pH 8.5 with NaOH (Figure 2f) indicate that the morphology of
polymer coatings is also influenced by the buffer concentration used.
All SEM images, however, suggest the formation of pinhole-free
coatings. This observation is consistent with our XPS and atomic force
microscopy data (Supplementary Tables S2, Supplementary Figure S2).

We also explored the rich chemistry known to be present in AMN
polymers for potential further functionalization by either copolymer-
ization during coating deposition or alternatively reaction with the
coating subsequent to deposition. The coating formation is a self-
polymerization reaction potentially involving active methylenes and
primary amines attacking reactive nitrile groups to form an amidine.
Other primary amines, as well as reactive groups such as aldehydes,
were therefore expected to be either incorporated into the polymer
coating when present in the aqueous polymerization solution as a co-
monomer or incorporated into the polymer coating when reacted after
coating deposition. For example, the reaction with primary amines
was demonstrated by the incorporation of 2,2,2-TFEA either during
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Figure 3 Co-deposition and labeling. (a) The incorporation of molecules carrying amine functional groups into AMN coatings during deposition and post-
deposition labeling was demonstrated using the XPS label TFEA. (b) The incorporation of aldehydes, exemplified by the XPS label TFAEH, was demonstrated
both during coating formation and post-deposition labeling, with greater incorporation of the aldehyde achieved during co-deposition (n=3, error bars are the
same size as markers). (c) The ability of AMN coatings to undergo subsequent reactions with an electrophile was exemplified using the XPS label BBB and
the non-reactive control compound 1,4-dibromobenzene (DBB). AMN, aminomalononitrile; TFAEH, trifluoroacetaldehyde ethyl hemiacetal; TFEA, 2,2,2-

trifluoroethylamine; XPS, X-ray photoelectron spectroscopy.
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polymerization or in a post-deposition reaction illustrated by the
detection of fluorine in the resulting coating using XPS (Figure 3a,
Supplementary Figure S4, Supplementary Table S3). Because AMN
possesses two nitrile groups for every amine, there is formally an
excess of nitriles available for this reaction (Supplementary Figures S5
and S6). To explore the nucleophilic character of the coating, labeling
with and co-deposition of TFAEH was carried out. Again, the
incorporation of fluorine in the resulting coating was demonstrated
using XPS analysis (Figure 3b, Supplementary Figure S7,
Supplementary Table S4). Incorporation of aldehydes or their
precursors may be rationalized by either imine formation with amines
or active methylene groups reacting with aldehydes under basic
conditions (Supplementary Figure S8). These results also suggest that
the incorporation of aldehydes is more efficient during co-deposition
as indicated by the higher atomic percentage of fluorine detected. The
presence of amines within the AMN polymer also suggests reactivity
towards electrophiles, as shown by the reaction with BBB and
subsequent XPS analysis. A control experiment using an equivalent
yet unreactive compound, p-dibromobenzene, indicates that the
detection of bromine was not due to adsorption (Figure 3c).

0.186

0.12

008 |

[AgJIC] ratio

0.00 < B L
109 107 105 103 101

c(AgNQ;) used for coating incubation/ M

16.0

14.0 |

12.0

10.0

80

6.0 [

Ag-conent/ pg x cm2

40 |

20

0.0 & L L I L
0.00 0.04 0.08 0.12 0.16

[Agl[C] Ratio

0.20

The highly nitrogenous character of the AMN coatings was also
expected to provide a suitable substrate for the complexation of metal
ions. Because silver-containing coatings are of particular interest in
antimicrobial surface applications,®® we intended to prove this concept
by incubating AMN in aqueous silver nitrate solutions in the dark with
concentrations spanning several orders of magnitude from 107 to
0.1 M. The metalized films contained both reduced and ionic silver as
demonstrated by XPS (Figure 4a, Supplementary Table S5). The Ag
MVYV Auger region of the XPS spectra (Figure 4b) reveals that some of
the silver in the coating is present in its reduced form on coatings that
have been treated with higher silver nitrate concentrations (0.01 and
0.1 m). This emergence of metallic silver is not easily explained in the
absence of complete structural knowledge of the coating. Unlike
polydopamine-based coatings that provide a reductive chemistry,'® we
have found no direct indication that our coating is involved in redox
processes that may cause metallic silver to form on the surface.
However, disproportionation reactions of silver, such as 2 Agr+L —
Agl**+Ag(0), in the presence of certain ligands (L) have been
reported.® Our coating provides several electron donors such as
amines and nitriles for metal coordination and may explain our

b 0.14

- 0.001M

0.12

0.10 |

0.08

0.06 -

Normalised C.P.S

0.04 -

0.02 |

1 | 1 i

1140 1135 1130 1125

0.00
1145

1120
Binding Energy / eV

m S. epidermidis
0O P aeruginosa

16

12 1

038 |

Biofilm mass relative to AMN

0.4 ri

0.0
Neat 10-9 108 107 10-5 104 10-3 10-2

¢(AgNO;) used for coating incubation / M

Figure 4 Surface analysis, quantification and biological evaluation of silver-treated AMN coatings. (a) Atomic Ag/C ratios derived from quantification of XPS
survey spectra. (b) Auger spectra of three different surfaces with increasing silver surface density showing the increasing presence of metallic silver as the
surface density increases. (c) Correlation of atomic Ag/C ratio determined by XPS with the absolute amount, if silver incorporated, determined by ICP-OES.
(d) 24h biofilm assay-based semi-quantitative crystal violet staining. The two representative bacterial strains, S. epidermidis (Gram-positive) and
P. aeruginosa (Gram negative), show a concentration-dependent decrease in biofilm formation with biofilm mass for both strains sharply dropping of above
concentrations of 10~°w AgNO3 used for incubating the AMN coatings. AMN, aminomalononitrile; ICP-OES, inductively coupled plasma optical emission

spectroscopy; XPS, X-ray photoelectron spectroscopy.
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observations. In addition to the relative quantification of silver by XPS,
we determined the absolute amount of silver incorporated into the
coating. To this end, nitric acid was used to dissolve the coating and all
silver. The resulting solutions were analyzed by inductively coupled
plasma optical emission spectroscopy (ICP-OES). The ICP-OES data,
which represent the silver content of the entire coating, exhibit a good
linear correlation (Figure 4c) with the XPS-based data, which under
the experimental conditions used here represent the first 5 to 10 nm of
the coating. The absolute amount of silver also shows a significant
linear correlation with coating thickness (see Supplementary
Information,Supplementary Figure S9). These results imply that silver
nitrate completely penetrates the AMN coating and that silver is
uniformly distributed. Both quantification methods detect silver on
those surfaces treated with silver nitrate concentrations > 107> m.
Below this threshold, practically no silver is detected on the surface. It
should be noted that the quantification of silver on all surfaces was
carried out after a 24 h washing step, so these data do not represent the
silver adsorption isotherms for this coating. However, the fact that
after 24 h considerable amounts of silver are detected indicates that
silver does bind to the polymer and that it is released slowly over a
time period extending beyond 24 h.

The silver-treated surfaces were also evaluated for their ability to
prevent biofilm growth of two well-known biofilm-forming bacterial
strains: S. epidermidis RP62A (a representative Gram-positive bacter-
ium) and P. aeruginosa (a representative Gram-negative bacter-
ium).*”¥® To this end, a semi-quantitative standard biofilm assay
based on crystal violet staining was performed 24 h after initial contact
of the bacteria with the surfaces. As judged by optical density, no
planktonic bacterial growth was observed above biofilm negative
surfaces, suggesting release of the antimicrobial species. The results

Polymer coatings inspired by prebiotic chemistry
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show a concentration-dependent anti-biofilm activity, with biofilm
growth sharply dropping off on surfaces that had been treated with
>10~* M silver nitrate (Figure 4d).

There are a number of routes into HCN-derived polymers
(Figure 5). The use of AMN as a polymer precursor is particularly
convenient, especially for lab-scale preparations. However, a buffered
solution of equimolar amounts of KCN (caution) and ammonium
chloride also provided a light brown polymer coating analogous to
that obtained from AMN (N/C=0.65 0.1, Supplementary Table S6).
This route may have benefits in regard to a potential industrial scale-
up of the coating technology.

Because prebiotic chemistry and polymers are considered to be
important for the production of the molecules and macromolecules
required for life to have arisen, it is surprising that prebiotic or
prebiotic-inspired polymers have not previously been examined for
their compatibility with biology, with the exception of a single study
investigating the bacterial metabolism of tholins.>* We used 1929 mouse
fibroblasts to survey the properties of the AMN polymer after coating
polystyrene multi-well plates and showed that the AMN coating
provides outstanding cell attachment. When commercially available
Corning ULA 96-well plates were coated with the AMN coating for
24 h, cell attachment increased from 3 +2% (ULA surface) to 127 + 5%
(ULA-AMN surface) normalized against conventional tissue culture
polystyrene plates (100 +13%) (Figures 6a—d,Supplementary Table S7).
(Note that the pale brown color of the AMN coating does not interfere
with spectroscopy and imaging.) Because the control over biointerfacial
interactions is the key to a broad range of new and improved
biomedical devices, we also aimed to demonstrate the versatility of
AMN coatings in this context. As an example, spatial control over the
biological response was achieved by depositing 375 pm diameter AMN
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y HoN CN
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CN CN
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H H
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* CN (HCN), (HCN)3 HN  NH,
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NC CN
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spontaneous polymerization spontaneous
- - (HCN),
polymerization polymerization
base
catalyzed
HCN derived polymers

Figure 5 Routes for the formation of HCN-derived polymers. The reaction schematic illustrates the formation of HCN-derived polymers using different
monomer units, including HCN itself, aminoacetonitrile HoN-CH,-CN (AAN), iminoacetonitrile (IAN), aminomalononitrile (AMN) and diaminomaleonitrile
(DAMN). The routes explored in this study are highlighted (*). HCN, hydrogen cyanide.
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Figure 6 Biological response to AMN and silver-treated AMN coatings. (a—c) After 24 h culture, L929 mouse fibroblast cells show excellent attachment and
spreading on tissue culture polystyrene (TCPS) control surfaces (a), while attachment is prevented on Corning Ultra-Low Attachment (ULA) control surfaces,
leading to cell clumping (b). On AMN polymer coatings deposited onto ULA surfaces (ULA-AMN), cell attachment and spreading is equivalent to the TCPS
surface, reversing the effect of the underlying ULA surface (c). (d) The quantification of cell attachment via an MTS assay supports these observations (n=38,
error bars represent s.e.m.). (e) Spatial control over L929 cell attachment was demonstrated on an ULA surface onto which an AMN solution was microarray
contact printed. (f) Toxicity of a twofold serial dilution of AMN surface extracts and control standards against L929 mouse fibroblasts according to ISO
10993-12:2002(E) and 1SO 10993-5:2009(E) (n=4 for media, PBS and DMSO controls, n=3 for neat AMN and dilutions). No statistically significant
difference was observed between the AMN extract, its dilutions and the media control (ANOVA single factor analysis, P=0.29). AMN, aminomalononitrile;

ANOVA, analysis of variance; DMSO, dimethyl sulfoxide; NS, not significant; PBS, phosphate-buffered solution.

coatings onto ULA substrates using a micro-contact printer. The
subsequent seeding of 1929 mouse fibroblasts demonstrated that cell
attachment was restricted to areas coated with the AMN polymer
(Figure 6e). Importantly, no cytotoxicity was observed during extraction
experiments using AMN-coated substrates carried out according to ISO
norm protocols (Figure 6f). The lack of cytotoxicity and the cell-
adhesive nature of AMN coatings underline their suitability in a broad
range of biomedical applications. It would appear that prebiotic
polymers may not only have provided the building blocks for the
origin of life but also provided an excellent substrate for it.

There is enormous scope for re-examining 60 years of prebiotic
chemical research from the perspective of its application to polymer,
material and life sciences. The focus of prebiotic chemistry has been
the understanding of the chemistry that eventually led to life. We have
shown that coatings inspired by such chemistry may now be adapted
and practically exploited in other disciplines. Furthermore, we have
developed a new surface modification method that joins the very few
generic aqueous coating methodologies available. The simplicity of this
method, combined with the mild conditions required, point to a wide
variety of potential applications.
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