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ABSTRACT

Irreversible adsorption of biomolecules onto imaging substrates is an impediment to expand the applications of single
molecule techniques. Traditional polyethylene glycol (PEG) surfaces are only effective at low concentrations of
analytes and their structure prevents their use for interferometric scattering (iISCAT) microscopy. We propose a new
platform that virtually eliminates non-specific binding thanks to the omniphobicity of perfluorinated compounds, also
known as the fluorous effect. Here, we showcase the anti-fouling properties of these substrates at a single molecule
level through iISCAT measurements of a protein mixture. We believe these novel engineered substrates show great
promise to study biomachinery processes requiring large analyte concentrations, where other passivation methods are
not effective, through iISCAT microscopy and other single molecule techniques.

Keywords: Single-molecule imaging, interferometric scattering microscopy, mass photometry, surface passivation,
fluorous effect.

1. INTRODUCTION

A common challenge in single-molecule microscopy is the tendency for biomolecules to irreversibly bind to the
imaging substrate.>? This undesirable adsorption not only generates background noise, hindering analysis, it can also
alter the experiment by changing the concentration of the sample mixture. To avoid this, great effort has been devoted
to the development of passivation methods to prevent fouling on the imaging substrate. Two main strategies have been
followed: protein blocking, and polymer grafting. Protein blocking involves populating any available binding sites on
the substrate with unlabeled proteins, typically bovine serum albumin (BSA).® However, the non-covalent interaction
between proteins and the surface results in uneven coatings, and for this reason self-assembled monolayers of synthetic
polymers are normally the preferred method.* Polyethylene glycol (PEG) is the gold-standard for most single molecule
experiments®*® because of its ability to form strong hydrogen bonds with water molecules. This creates a hydration
layer that, together with the steric repulsion caused by the monolayer, prevents the non-specific absorption of
biomolecules.®

Although many biological studies have been performed using PEG self-assembled monolayers (SAMs), there are
several drawbacks that must be taken into consideration. First, traditional PEG SAMs are only effective as anti-fouling
substrates at protein concentrations in the nanomolar range, while many biomolecular interactions exhibit dissociation
constants in the micromolar range. Increasing the anti-fouling ability of PEG substrates to study biomachinery process
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(e. g. translation, transcription, RNA splicing, etc.), when possible, relies on complex and time-consuming passivation
protocols.” Furthermore, the coiled structure of PEG polymers excludes them from being used for iISCAT microscopy,
a technique that measures the interference of light scattered from subwavelength objects: the conformational mobility
of the polymer chains creates too much background noise, preventing the observation of single molecules.® The
development of iISCAT microscopy as a label-free tool to detect protein mass by Young et al.°- referred to as mass
photometry - shows great promise to study molecular dynamics of biological process, and therefore it is paramount to
develop suitable substrates that will allow full exploitation of its potential.

With this in mind, we propose the use of perfluorinated alkanosilanes as an alternative to traditional passivation
methods or bare glass. Perfluorinated chains tend to associate with each other excluding any interactions with other
phases. This ability, often called the “fluorous effect”, arises from the low polarizability of fluorine atoms, which
prevents them from forming instant dipoles and in turn yields weak Van der Wall forces.!* Thus, the fluorous effect
can be described as a highly hydrophobic interaction between perfluorinated moieties, which makes fluorous coatings
ideal candidates to reduce adsorption on a variety of substrates.’?® In fact, the fluorous effect has been exploited to
fabricate anti-fouling coatings for industrial applications and everyday consumer products, such as waterproof textiles
or anti-stick cookware. Furthermore, the strong affinity between perfluorinated chains can also be employed to
selectively direct fluorous-tagged biomolecules to perfluorinated molecular patterns,*%° or for hierarchical assembly
of DNA origami structures® among other applications.

We recently demonstrated the suitability of perfluoroalkane brushes to monitor adsorption and desorption of single
proteins over a prolonged duration via iISCAT microscopy, and their potential to study thermodynamic equilibria
between monomeric and multimeric protein components.® This work expands on our previous results and presents an
optimised protocol for the formation of perfluorinated SAMs on cover glasses, which have been tested with a
commercial protein mixture. We believe these results are just the first example of many experimental possibilities that
can be unlocked using perfluorinated monolayers for single-molecule studies.

Figure 1: Illustration of the anti-fouling properties of a perfluoroalkane layer in a protein mixture.

2. METHODOLOGY

2.1 Passivation of glass substrates through perfluorinated SAMs

Borosilicate (D 263 M) microscope cover glass (high precision, 24 x 50 mm?) was purchased from Marienfeld. The
slides were ultrasonically cleaned in acetone, isopropyl alcohol (IPA) and reverse osmosis (RO) water for 5 min each,
then dried under nitrogen. The substrates were then subjected to oxygen plasma for 5 min at 150 W in an RF PlasmaFab
Barrel Asher and immediately placed vertically in an oven-dried glass slide holder, which was then placed inside a
glass vacuum desiccator together with 100 ul of (heptadecafluoro-1,1,2,2-tetrahydrodecyl) trimethoxysilane, which
was purchased from TCI chemicals and used without further purification. The desiccator was evacuated using a
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LABOPORT N86 KT.18 diaphragm vacuum pump which was left on for 3 hours. After this time, the slides were
sonicated in methanol for 5 minutes and baked in an No-flow oven (Carbolite Gero PF 60) at 90 °C, overnight.

2.2 iISCAT measurements

Fluorous-coated glass slides were rinsed with RO water and IPA 5 times each and dried with nitrogen. A small aliquote
of unstained protein standard (NativeMark, Invitrogen) was diluted 200 times in T50 buffer (10 mM Tris—HCI, pH
8.0, and 50 mM NacCl). 10 pl of this dilution was placed on the cover-glass surface. Single adsorption and desorption
events were recorded across a 10.8 x 2.9 um imaging area using a OneMP mass photometer from Refeyn Ltd.

3. RESULTS AND DISCUSSION

3.1 Substrate preparation

Perfluroinated SAMs were generated using a gas-phase deposition method (see section 2.1). It was found that O,
plasma was essential to ensure the cleanliness of the substrate, and it also reduced the functionalization time by
creating active -OH binding sites for the silane groups. Compared to traditional PEG passivation methods, our protocol
requires fewer, cheaper reagents and is less time-consuming.

Silanisation under reduced pressure proved to be the best approach to achieve uniform surfaces with minimum
background contamination. Wet functionalisation methods are not suitable for perfluoroalkanes because they present
traces of bi-products generated during their industrial fabrication. These bi-products are light-emitting and cannot be
removed after the functionalisation. Gas-phase methods avoid this issue without compromising the consistency of the
coating. Reduced pressure was chosen over heat to evaporate the silane to avoid cross-linking of the silane groups,
which can form large structures that anchor the surface irreversibly and create background noise.

The generation of the SAM was confirmed by contact angle (Figure 3b and 3c) of a 5ul water drop. The uncoated
glass resulted in an angle of 57.2° which increased to 117.0° after functionalisation because of the higher
hydrophobicity of the fluorous layer.

Figure 2: Silanisation workflow: a) solvent cleaning in ultrasonic bath b) scheme of oxygen plasma
mechanism c) silanisation under reduced pressure.
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Figure 3: a) Schematic representation of the perfluorinated SAM (modified from ref. 8) b) water
droplet on bare glass (57.2°) c) water droplet on silanised glass (117.0°).

3.2iSCAT

iSCAT microscopy records interferometric images between the light that is reflected from a substrate and the light
that is scattered by single-molecule analytes, in this case, proteins. The interference caused by the adsorption of a
protein appears as a dark region on the substrate, while desorption events produced the opposite effect. The contrast
of these “spots” provides information about the mass of the protein. When using uncoated glass substrates, only a
limited number of desorption events are recorded since the proteins bind the glass surface irreversibly. As can be seen
on Figure 5, the non-specific adsorption can be prevented by coating the substrate with a fluorous layer. This prolongs
the measuring time and prevents changes in the protein concentration that could alter the biological process under
study.
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Figure 4: lllustration of the working principle of mass photometry on a perfluorinated-coated glass
substrate.
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To assess the anti-fouling properties of the fluorous substrate, we used a commercial unstained protein standard,
provided by Invitrogen, whose components are unknown. Figure 5 depicts the quantification of measurements
recorded over time using this protein mixture when it is introduced to our new fluorous substrate. The measurements
yield three distinct adsorption peaks (Figures 5a and 5b), indicating the presence of three proteins within the mixture.
We named these protein 1, 2 and 3, in order of their radiometric contrast, this is, their size. Protein 2 results in the
most intense peak after 1 minute, which indicates it presents the largest concentration, followed by protein 1 and
protein 3. Using glass substrates, these peaks tend to be less intense over time due to the irreversible adsorption of
proteins onto the substrate,® which limits the time span of the measurements. However, since the perfluorinated SAM
prevents irreversible adsorption events, we were able take measurements for several minutes. During the first 11
minutes, the intensity of the adsorption peaks was constant (Figures 5¢ and 5d), which indicates an equal number of
adsorption and desorption events. In other words, during the first 11 minutes our substrate avoided non-specific
binding. However, from minute 12 the intensity of the peak corresponding to protein 2 starts to drop at the same time
than the peak corresponding to protein 1 increases. Since the total number of counts remains constant, this effect does
not correspond to an irreversible adsorption. Rather, we attribute this to the dissociation of protein 2, whose dimers
provide a signal that overlaps that of protein 1. This trend has an inflection point at minute 16 after which protein 2
appears to dimerise again.
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Figure 5: a) and b) Histograms of the frequency of adsorption of NativeMark unstained protein
standard from Invitrogen over a) 1-11 minutes and b) 11-20 minutes. ¢) Cumulative histogram
representing the intensity of peak 1 (yellow), peak 2 (green) and peak 3 (purple) observed in a) and
b). d) Cumulative adsorption plot of peak 1 (yellow), peak 2 (green) and peak 3 (purple).
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4. CONCLUSIONS

The results shown above prove that perfluorinated SAMs prevent non-specific binding events of proteins onto glass
substrates, making them excellent candidates for mass photometry studies. The anti-fouling properties of these
assemblies, due to the fluorous effect, enable the possibility to record binding and unbinding events for a long period
of time, while keeping the concentration of proteins in solution the same. We also observed the dissociation of a
protein dimer into its monomers, proving the suitability of perfluorinated substrates to study thermodynamic equilibria
of protein complexes. Furthermore, the high specificity of the fluorous effect, together with its outstanding anti-fouling
properties, makes our substrates ideal candidates for their use in other single-molecule techniques, such as total
internal reflection fluorescence microscopy, potentially allowing for the study of bioprocesses where other passivation
methods are ineffective.
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