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Abstract

The negative impacts that arise from biological fouling of surfaces have driven the

development of coatings with unique physical and chemical properties that are able to

prevent interactions with fouling species. Here, we report on low-fouling hydrophilic

coatings presenting nanoscaled features prepared from di�erent size silica nanoparticles

(SiNPs) functionalized with zwitterionic chemistries. Zwitterionic sulfobetaine siloxane

(SB) was reacted to SiNPs ranging in size from 7 to 75 nm. Particle stability and

grafting density were con�rmed using dynamic light scattering and thermogravimetric

analysis. Thin coatings of nanoparticles were prepared by spin-coating aqueous par-

ticle suspensions. The resulting coatings were characterized using scanning electron

1



microscopy, atomic force microscopy, and contact angle goniometry. SB functionalized

particle coatings displayed increased hydrophilicity compared to unmodi�ed particle

coating controls while increasing particle size correlated with increased coating rough-

ness and increased surface area. Coatings of zwitterated particles demonstrated a high

degree of nonspeci�c protein resistance, as measured by quartz crystal microgravimetry

(QCM). Adsorption of bovine serum albumin and hydrophobin proteins were reduced

by up to 91 and 94 %, respectively. Adhesion of bacteria (Escherichia coli) to zwit-

terion modi�ed particle coatings were also signi�cantly reduced over both short and

long-term assays. Maximum reductions of 97 % and 94 % were achieved over 2 and 24

h assay periods, respectively. For unmodi�ed particle coatings, protein adsorption and

bacterial adhesion were generally reduced with increasing particle size. Adhesion of

fungal spores to SB modi�ed SiNP coatings was also reduced, however no clear trends

in relation to particle size were demonstrated.

Introduction

Coatings that resist the attachment and build-up of fouling microorganisms are highly sought

after across a number of industries. Applications range from prevention of marine biofoul-

ing on ship hulls and submerged structures,1,2 through to protecting hospital surfaces and

medical devices from bacterial contamination in order to reduce the spread of infection

and disease.3,4 Traditional approaches to prevent fouling have relied on coatings that con-

tain or release biocides such as metal derivatives,5,6 poly(ammonium compounds)7�9 and

antibiotics.10,11 Whilst generally e�ective, these types of coatings often su�er from reduced

e�ciencies over time, and the release of toxins can have detrimental impacts to non-target or-

ganisms and more generally, the environment.12,13 Additionally, the overuse of antimicrobial

agents has contributed to the emergence of antibiotic-resistant pathogens.14

As a result, new strategies for reducing surface fouling have shifted away from incorpora-

tion of toxic biocides towards more environmentally benign antifouling coatings, i.e. coatings
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that can minimise and prevent microbial interactions and adhesion. Modulation of surface

topography and optimization of coating surface energy are among strategies that have been

used to limit microbial adhesion and successfully reduce biological fouling.15,16 Low surface

energy hydrophobic coatings often present water-repellent and self-cleaning properties, with

a minimum bioadhesion achieved when surface energies fall in the range of 20-30 mJ/m2,

as described by Baier.17 Furthermore, coating roughness is known to in�uence the adhe-

sion strength of microorganisms, with topography playing a role in the contactable area

available for organisms to adhere. Coatings that present intricate, micro- and nano-scale

topographical features of similar size to the fouling species of interest have been shown to

limit interactions and reduce binding strength.18�20 Whilst coatings with highly structured

topographical features have been demonstrated to e�ectively reduce adhesion of organisms,

these coatings are rarely reproducible or robust enough to be produced on a large scale.

In contrast, antifouling coatings developed from hydrophilic (high surface energy) mate-

rials provide a non-speci�c approach for preventing protein and microorganism interactions.

Hydrophilic coatings bind water molecules at their interface; forming both a physical and en-

ergetic barrier that cannot be penetrated by fouling species.21,22 Poly(ethylene glycol) (PEG)

has been the most broadly employed hydrophilic polymer for fouling prevention. However,

PEG su�ers from oxidative degradation in the presence of transition metal ions and is there-

fore not suited for long term coating applications.23,24 Zwitterionic polymers, containing an

equal number of positive and negative charges on the same monomer unit, are currently be-

ing investigated as a potential substitute for PEG due to their stability and enhanced water

binding owing to electrostatically induced hydration.25,26 Zwitterion functionalized surfaces

have been shown to reduce adhesion from proteins,27,28 bacteria,29,30 blood platelets, plasma

and serum,31�33 and algae.34 Current methods of preparing zwitterionic coatings usually in-

volve tethering polymers to surfaces via covalent reaction with available surface chemistries.

However, functionalization of substrates that do not o�er reactive surface groups remains a

challenge.
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It is postulated that combining the known anti-adhesive properties of hydrophilic materi-

als with control over nanotopographies within a coating, could enhance reduction in fouling

across a broader range of fouling species. Thus, we have chosen to investigate the antifouling

behaviour of coatings prepared from silica nanoparticles (SiNPs) of various sizes in com-

bination with hydrophilic zwitterionic chemistries. The roughness and surface area of the

SiNPs coatings could be easily tuned through variation in particle size, while the SiNPs

themselves are naturally hydrophilic and provide a reactive surface for the tethering of hy-

drophilic chemistries. In our previous work, we reported that coatings of zwitterion modi�ed

12 nm SiNPs presented excellent antifouling properties.35 Varying SiNP size was not only

anticipated to change the coating morphology but also in�uence chemistry organisation and

grafting density on the nanoparticle surface, as demonstrated in previous studies.36�38 The

optimal reaction conditions determined from previous work were employed to functionalize

SiNPs ranging from 7 to 75 nm with zwitterionic sulfobetaine and coatings of SiNPs were

prepared via a simple spin-coating process. The e�ect of particle size on the coatings' an-

tifouling properties was investigated by comparing protein adsorption, bacterial adhesion

and fungal spore binding to coatings prepared from di�erently sized particles.

Experimental

Materials

LUDOX® HS-40 colloidal silica, 1,3-propanesultone, (N,N -dimethylaminopropyl)trimeth-

oxysilane, acetone (270725), hydrophobin SC3 (68795), bovine serum albumin (A-3059),

and phosphate bu�ered saline (PBS) were purchased from Sigma-Aldrich. Bindzil 30/360,

Levasil CT13M, Levasil CT8PL, and Levasil 30/50 were supplied by AkzoNobel. Acetone

was dried with 3Å molecular sieves and distilled before use. All other reagents purchased

from commercial suppliers were used without further puri�cation. Water used in experiments

and to prepare aqueous solutions was puri�ed using a Millipore water puri�cation system
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with a minimum resistivity of 18.2 MΩ.cm at 25 �.

Synthesis of Zwitterionic Sulfobetaine (SB)

Sulfobetaine (3-(dimethyl(3-trimethoxysilyl)propyl)ammonio propane-1-sulfonate) (SB) was

synthesized following a previously reported procedure.39 Brie�y, (N,N -dimethylaminopropyl)-

trimethoxysilane (2.08 g, 0.01 mol) was added to 1,3-propanesultone (1.22 g, 0.01 mol) in

anhydrous acetone (10 mL) under Ar at RT. Reaction was stirred vigorously under Ar for 6

h. The formed precipitate was �ltered o� and washed several times with anhydrous acetone.

The resulting solid was dried at 70 � under vacuum overnight and stored under Ar.

Yield 78%: 1H NMR (400 MHz, D2O) δ 0.69 (t, 2H), 1.90 (quin, 2H), 2.23 (quin, 2H),

3.00 (t, 2H), 3.11 (s, 6H), 3.36 (s, 9H), 3.37 (t, 2H), 3.42 (t, 2H); 13C NMR (400 MHz, D2O)

δ 10.9, 18.7, 20.9, 50.0, 51.6, 53.3, 64.9, 68.8.

Reaction of SB to Silica Nanoparticles (SiNPs)

Reaction of SB to SiNPs of di�erent diameters was performed following the procedure de-

scribed by Estephan et al..40 The appropriate amount of SB monomer for reaction to each

of the di�erent particle sizes was calculated based on the surface area reported by the man-

ufacturer and 4.9 silanol groups per nm2 of silica surface.41 SB was dissolved in H2O and

the pH adjusted to 9.5 prior to dropwise addition to stirred nanoparticle solutions. Particle

solutions diluted to a �nal concentration of 10 wt%. Reaction mixtures were stirred for 2

h at RT, then transferred to 12 K molecular weight cuto� dialysis membrane and dialysed

against pure water. Dynamic light scattering (DLS) and zeta potential (ZP) measurements

were performed on a Malvern Zetasizer Nano-ZS at 25 � (colloidal silica refractive index:

1.50, absorption: 0.010, measurement angle: 173°). DLS measurements were carried out

on 0.25 wt% particle solutions dispersed in 0.1 M NaCl. ZP measurements were carried

out on 0.25 wt% particle solutions pH adjusted with HCl and NaOH. Thermogravimetric

analysis (TGA, Q500) was performed on freeze-dried nanoparticles. Brie�y, dried particles
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were heated from RT to 800 � at a heating rate of 10 �/min under a nitrogen atmosphere.

The mass of polymer bound to the particle surface was calculated from mass losses observed

above 200 �. The mass retained at 800 � after polymer decomposition was considered to

be the mass of bare particles and was used to calculate grafting density.

Preparation of SiNP Coatings

SiNP coatings were prepared onto gold coated coverslips and onto A-T cut quartz crystal

microbalance sensors with a 10 mm diameter gold electrode and a fundamental resonance

frequency of 5 MHz. Prior to coating, the gold surface of each crystal was cleaned with

piranha solution (7:3 v/v mixture of H2SO4 (98%) and H2O2 (33%)) for 3 minutes, rinsed

with deionized water and dried in a stream of nitrogen gas. Cleaned surfaces were then

incubated in 0.5% poly(ethyleneimine) (PEI) solution for 10 minutes at RT to form an

adhesive layer. PEI was thoroughly rinsed from the surfaces with deionized water and

surfaces were dried in a stream of nitrogen gas. SiNP solutions were prepared as 4 wt%

dispersions in water for spin-coating. Coverslips and sensors were mounted into the spin-

coater and particle �lms were prepared by depositing 20-50 µL of the 4 wt% suspensions

onto their surface and spin-coating at 5000 RPM for 30 sec. Coatings were cured for 1 h

at 120 � and thereafter thoroughly rinsed with deionized water and dried in a stream of

nitrogen gas.

Particle Coating Characterization

Contact angle measurements were acquired using a Dataphysics Contact Angle System (OCA

15EC) in conjunction with SCA20 software. The mean static contact angle made by a 2 µL

sessile water droplet in contact with the particle coatings was measured. A minimum of three

measurements were obtained for triplicate samples of each particle coatings. The surface

morphology of silica nanoparticle coatings were examined using a Parks System Atomic

Force Microscopy (AFM), operating in tapping mode with a Mikromash NSC15 cantilever
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(spring constant ∼ 37 N/m). Image scans of 2 µm x 2 µm and 5 µm x 5 µm were obtained

at a scan rate of 1 Hz in air. Surface area and coating roughness were calculated using

Gwyddion v.2.4.8. software. Scanning electron microscope (SEM) images were acquired of

the particle coatings using a JEOL JSM-7500FA in secondary electron imaging mode.

Quartz Crystal Microbalance (Protein Adsorption)

Adsorption of protein onto the SiNP coatings was quanti�ed using a quartz crystal mi-

crobalance with dissipation monitoring (QCM-D, Q-Sense AB Västra, Frölunda, Sweden).

Coatings were prepared onto QCM sensors as described above. Firstly, SiNP coated sensors

were placed into standard Q-Sense �ow modules (QFM 401) and equilibrated in PBS at a

constant temperature of 22.00 ± 0.02 � until the baseline signals stabilized. Bovine serum

albumin (BSA) or hydrophobin solutions at concentrations of 1 mg/mL and 10 µg/mL, re-

spectively, were introduced into the QCM chamber at a constant �ow rate of 60 µL/min.

After 30 min, PBS was re-introduced to rinse the coatings and remove any loosely bound

proteins. The mass of adsorbed protein was calculated by applying the Voigt model using

Q-Sense QTools analysis software v3.0.10.286 (Biolin Sci, AB). All experiments were run in

triplicate. The following input parameters provided the best �t for the layer density (1150

kg/m3), �uid density (1020 kg/m3), layer viscosity (10−6 ≤ 10−2 kg/ms), layer shear modu-

lus (104 ≤ 108 Pa) and mass (1.15 ≤ 1.155 ng/cm2). The third, �fth and seventh overtones

were used for modelling calculations.

Bacterial Adhesion Study

Bacterial solutions were prepared from a pre-cultured JM109 strain of Escherichia coli and

inoculated overnight in 10 mL of sterile LB (Luria-Bertani) medium at 37 � in a Bioline

incubator shaker 8500 (Edwards Instrument Co., Narellan, Australia). 0.5 mL of inoculated

culture was added to 10 mL of LB medium and optical density measurements carried out

every 30 minutes using a Spectronic 200 (Thermo Scienti�c, Waltham, MA, USA) until the
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desired turbidity was achieved (OD600 0.6-1.0). The number of colony forming units (CFU)

in the bacterial suspension was determined by plating out dilutions of the suspension and

was found to be 6.3 x 106 CFU/mL. Coverslips coated with SiNPs were �rstly sterilized

by brie�y immersing them in EtOH (2 seconds) and then placed into individual wells of

sterile 12-well culture plates. 2 mL of PBS with bacterial cells were added to each well,

and culture plates were incubated at 37 � for either 2 h or 24 h time periods. Coverslips

were then removed from incubation, immersed in PBS with agitation (6x), rinsed with 2 mL

PBS and placed into fresh sterile 12-well culture plates. Bacteria were �xed onto coverslips

and stained by applying 1 mL of 20 µg/mL Hoechst 33342 (Invetrogen - Life Technologies

(Thermo Scienti�c)) in a 2.5 wt% glutaraldehyde solution. Stained bacteria were imaged

using a Zeiss AxioImager A1M with an open HBO 100 mercury lamp and an Axiocam MRm

camera (Carl Zeiss, Oberkochen, Germany). Images were obtained at 10x magni�cation,

with bacterial counts determined using ImageJ® software (v.1.50b).

Fungal Spore Adhesion Study

Adhesion of Epicoccum nigrum (ATCC 42773) fungus to SiNP coatings was evaluated. E.

nigrum spores were collected from a pre-cultured agar plate (potato dextrose agar (BD

213400)) and dispersed in 7 mL sterile water. The spore suspension was shaken vigorously

and placed on an orbital shaker for 2 hours. The suspension was then centrifuged for 5

minutes at 1500 RPM. The supernatant was removed, and spores were resuspended in 7mL

sterile water. The spore suspension was then �ltered through a 40 µm hollander weave mesh

to ensure good spore separation and diluted ∼ 10-fold. Spin-coated nanoparticle coatings

were placed into a sterile Greiner 12 well cell culture plate and covered with 1 mL sterile

deionized water. An aliquot of spore suspension was then deposited onto coatings to give a

concentration of 2 x 104 spores per cm2 and samples were incubated at 30 � for 24 hours.

Samples were removed from the incubator after 24 hours and each coverslip was immersed

in sterile water (3x) with gentle agitation, then washed (3x) with sterile water. Spores were
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�xed with 2.5% (v/v) glutaraldehyde solution. Fixed spores were imaged at 5x magni�cation

using a Zeiss Axiovert inverted microscope. Areas imaged were chosen randomly and spores

counted using ImageJ® software (v.1.50b). A minimum of 5 images were obtained for each

sample surface and each surface was sampled in triplicate with the total average reported.

Statistical Analysis

Results were analyzed using one-way analysis of variance (ANOVA) with Tukey post hoc

test. Probabilities of p < 0.05 were considered to be signi�cantly di�erent. All statistical

analyses were performed using IBM SPSS Statistics 21 software.

Results and Discussion

Particle Functionalization and Characterization

We selected 5 di�erent silica nanoparticles from commercial suppliers, ranging from 7 to 75

nm in diameter. All particles were negatively charged, stabilized by a sodium or ammonium

counterion, and supplied from the manufacturer in the pH range of 9.1 - 10.1 (Table 1).

Whilst suspensions containing particles in the range of 7 - 22 nm were transparent, suspen-

sions of 30 and 75 nm particles were opaque.

Table 1: Summary of silica nanoparticle properties as speci�ed by the manufacturer.

Commercial name
Concentration

(%)
Particle
size (nm)

Surface Area
(m2/g)

pH
Stabilizing
counterion

Bindzil 30/360 30 7 360 10.1 Na+/NH+
4

Ludox HS-40 40 12 220 9.8 Na+/NH+
4

Levasil CT13M 30 22 130 9.1 Na+/NH+
4

Levasil CT8PL 30 30 85 10.0 Na+/NH+
4

Levasil 30/50 30 75 35 9.5 Na+/NH+
4

SiNP suspensions were diluted to 10 wt% prior to reaction with zwitterionic sulfobetaine

(SB). SB was dissolved in water and then pH adjusted to 9.5 to promote hydrolysis of the
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methoxy substituents. Addition of SB to the SiNP suspensions resulted in silanol conden-

sation reactions and covalent binding of SB to the SiNP. No visual changes to the solutions

upon reaction were observed. After reaction, unbound monomer was removed via dialysis.

To ensure particles remained stable after the reaction procedure, particle size was examined

before and after functionalization using dynamic light scattering (Table 2). It was observed

that the hydrodynamic diameter (Dh) of all particles were larger than the nominal particle

size indicated by the manufacturer, as this technique also accounts for the hydration sphere

of the solvated particles (Figure 1f). Polydispersity measurements revealed that the 22 and

75 nm particles were monodisperse and the 7, 12, and 30 nm particles had larger size dis-

tributions. Variation in particle size was particularly apparent for the 30 nm particles, as

visualized by scanning electron microscopy of the 30 nm particle coating (Figure 1d).

Table 2: Hydrodynamic diameter and polydispersity index of particle solutions before and
after modi�cation with SB, as measured by dynamic light scattering.

SiNP SiNP + SB
Nominal Size Dh (nm) PDI Dh (nm) PDI

7 nm 22.2 ± 0.2 0.124 22.2 ± 0.5 0.158
12 nm 21.8 ± 0.1 0.129 24.6 ± 0.3 0.119
22 nm 32.1 ± 0.3 0.025 32.2 ± 0.2 0.033
30 nm 81.6 ± 0.7 0.145 80.9 ± 1.6 0.137
75 nm 100.7 ± 0.7 0.019 101.3 ± 1.7 0.015

After functionalization, very little to no change in particle size was observed. This is likely

due to the small size of the SB monomer (∼ 1.2 nm) and the particles already presenting

a high degree of solvation prior to functionalization. This result con�rmed that no particle

aggregation occurred during functionalization and that particle suspensions were stable and

well dispersed.

The degree of particle functionalization was quanti�ed using thermogravimetric analysis.

Mass losses above 200 � were attributed to SB decomposition (mass losses at lower temper-

atures are likely from adsorbed water). Percentage mass losses were found to increase with

decreasing particle size due to smaller particles presenting higher surface areas (Table 3).

10



However, calculation of surface coverage, factoring in surface area and theoretical number of

silanol groups available for reaction (8.14 µmol/m2 or 4.90 molecules/nm2),41 revealed that

the larger particles (in fact) presented the highest degree of particle functionalization.

For all particle modi�cations, the quantity of SB added was equivalent to theoretical

saturation of all available silanol sites on the particle surfaces. However, only 8 - 18 % of

sites were calculated to have been functionalized. This result is consistent with previous

studies where maximum silanol functionalizations of ∼ 25 % have been achieved.40,42

Table 3: Surface coverage of SB modi�cation calculated from mass loss observed during
thermogravimetric analysis.

Surface Coverage
Particle
Size

Surface Area
(m2/g)

Mass Loss
(%)

µmol/m2 molecules/nm2

7 nm 360 5.79 0.63 0.38
12 nm 220 5.69 0.99 0.60
22 nm 130 4.31 1.24 0.75
30 nm 85 3.31 1.45 0.87
75 nm 35 1.14 1.16 0.70

Despite the larger surface area presented by smaller SiNPs, the 7 and 12 nm particles

experienced the lowest degree of functionalization. As all functionalization reactions were

carried out at particle concentrations of 10 wt%, the relative amount of silane addition

increased dramatically with decreasing particle size. This increase in silane concentration,

in combination with alkaline conditions which favour rapid hydrolysis and condensation

reactions, was thought to promote self-condensation reactions and oligomer formation, thus

reducing the amount of silane available to react to the particle surface.43 Additionally, the

number of silanol groups per unit area of silica is proposed to decrease with decreasing

particle size due to incomplete or retarded formation of silanol groups at the surface of

smaller silica nanoparticles.44 This could lead to an underestimation of the total possible

degree of particle functionalization for the smaller SiNPs.

The surface charge of SiNPs was characterized by measuring the zeta potential (ZP)

of particle dispersions across the pH range of 3.0 - 11.0 (Figures S2/S3). Overall, particle
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dispersions presented negative ZP values due to the presence of deprotonated silanol groups.

Decreasing pH had the e�ect of increasing the ZPs as a higher proportion of surface groups

became protonated. The larger 30 and 75 nm particles presented slightly more negative

overall ZPs. This result is consistent with previous reports where larger particles have

demonstrated increased acidity due to a higher fraction of vicinal silanol groups and a higher

proportion of ionized silanol groups.45 Functionalization of SiNPs with SB did not drastically

alter the ZP pro�le across the pH range studied. Slightly higher ZPs were recorded with

SB modi�cation due to occupation of some silanol/siloxide sites, however the overall surface

charge remained largely unchanged.

Coating Preparation and Characterization

Particle coatings were prepared via a simple spin-coating process. Particle suspensions were

diluted to 4 wt%, deposited onto PEI coated gold QCM sensors and gold-coated glass cover-

slips, and spun at 5000 RPM for a period of 30 seconds. Scanning electron microscopy images

revealed that spin-coating produced homogenous particle coatings from a single deposition

of particle suspensions for the 7, 12, and 22 nm particle sizes (Figure 1a-c). A second layer

of spin-coated particles was required to ensure complete surface coverage of the larger 30

and 75 nm particles (Figure 1d-e).

Surface energy and roughness are two factors known to in�uence the wettability of sur-

faces. Additionally, these parameters can have a pronounced e�ect on the antifouling be-

haviour presented by an interface. For this reason, SiNP coating wettability was investi-

gated by measuring surface water contact angles, and coating roughness was probed using

atomic force microscopy (AFM). We observed that control (unmodi�ed) particle coatings all

presented low static water contact angles (< 15°), indicating hydrophilic properties at the

coating interface (Table 4.). Whilst substrates presenting similar surface chemistry, such as

glass, require UV/O3 or plasma cleaning to generate increased surface hydrophilicity,46 these

SiNP coatings presented exceptional hydrophilicity without exposure to any form of surface
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Figure 1: Scanning electron microscope images of SB modi�ed SiNP coatings of particle
size: 7 nm (a), 12 nm (b), 22 nm (c), 30 nm (d), and 75 nm (e) (scale bars are 100 nm),
and hydrodynamic diameter of particles before and after modi�cation using dynamic light
scattering (f).

treatment. SiNP surface chemistry is expected to play a role here, with particles presenting

an abundance of protonated (Si-OH) and/or deprotonated (Si-O¯) silanol groups available

to interact with water through hydrogen bonding or ionic solvation, respectively.47 In addi-

tion to the surface chemistry presented by the SiNP coatings, it is also anticipated that the

nanoscaled surface topography would further enhance surface hydrophilicity, as described by

the Cassie-Baxter equation.48

Coatings prepared from zwitterion modi�ed SiNPs presented a higher degree of hy-

drophilicity than their unmodi�ed coating controls. For all SB modi�ed SiNP coatings,

contact angles were reduced to < 8°, indicating zwitterion chemical addition had a stronger

in�uence on coating hydrophilicity than the SiNP size. This result was anticipated, as the

strong hydration capacity of zwitterionic polymers is well documented,49,50 and the change

in coating contact angles (on addition of SB) was small due to the inherent hydrophilicity

of the SiNPs.
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Table 4: Roughness (Rq) and surface area of SB modi�ed SiNP coatings as calculated from
5 µm × 5 µm AFM scans. Contact angles of control (unmodi�ed) and SB modi�ed SiNP
coatings (95% con�dence intervals).

Surface Properties Contact Angle (°)
Particle
Size

Rq (nm)
Surface

Area (µm2)
Control SB Modi�ed

7 nm 2.82 ± 0.56 25.09 ± 0.02 7.8 ± 2.9 7.6 ± 1.4
12 nm 3.18 ± 0.22 25.20 ± 0.03 9.0 ± 2.6 7.0 ± 1.3
22 nm 3.04 ± 0.31 25.20 ± 0.05 14.8 ± 3.5 6.5 ± 0.5
30 nm 19.34 ± 1.16 28.52 ± 0.72 10.0 ± 3.3 5.8 ± 2.1
75 nm 17.80 ± 1.11 28.58 ± 0.81 11.2 ± 1.1 7.5 ± 1.2

In addition to surface wettability, the e�ect of particle size on coating roughness was also

of interest. AFM scans revealed that the SiNP coatings presented nanoscaled surface features

and a size dependant variation in coating roughness (Table 4). Image scans (5 µm × 5 µm) of

7, 12, and 22 nm particle coatings displayed very small increases in contactable surface area

and nanometre root mean square surface roughness (Rq). A much larger increase in both

surface area and Rq roughness were observed for the larger 30 and 75 nm particle coatings.

Interestingly, the 30 nm particle coating presented the highest roughness. This is likely the

result of this particle's larger size distribution, as observed by DLS/PDI measurements and

SEM observations (Figure 1d & f).

While Rq measurements provide an insight into overall coating roughness, they are not

a good indicator of true surface topography as they do not account for variation in lateral

roughness and pro�le skewness.51 Di�erences in SiNP coating morphology are more easily

observed in the 3D AFM scans presented in Figure 2. The Ra values presented are again

similar for the three smaller particle coating scans (2 µm × 2 µm), however, di�erences in

the height and spacing of features are much more pronounced. Cross-sectional coating pro-

�les further illuminate the dramatic change in dimension of surface features with increasing

particle size.

Although the topographic features generated from the deposition of SiNPs are random,

the overall scale and arrangement of surface features appears fairly consistent for each particle
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Figure 2: 3D AFM scans (2 µm × 2 µm) and cross-sectional pro�le of SB modi�ed SiNP
coatings of particle diameter: 7 nm (a), 12 nm (b), 22 nm (c), 30 nm (d), and 75 nm (e).

size. This highlights the ease with which we can very simply prepare and tune the nanoscaled

surface topography presented at an interface.

Antifouling Assessment

Despite immense interest in the �eld of scaled topographies for fouling prevention, relatively

few studies have explored engineered topography on the nanoscale. Most work presented in

the literature has focused on the generation of surface topographies with similar dimensions

to the fouling species of interest, as this has been demonstrated to drastically in�uence ad-

hesion.18,52,53 However, while organisms such as bacteria have dimensions in the micrometre

size range, their surface appendages and adhesive structures are in the nanometre range.54

This highlights the need for control of surface topography at both the nano- and micro-scale

for e�ective prevention of biological fouling.

Recent advances in the generation of nanoscale surface features using lithographic or
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chemical patterning techniques (see Anselme et al. for review)51 have allowed for the fabri-

cation of intricately patterned substrates with high degrees of spatial resolution. However,

there is often a trade-o� between the expense, resolution, and time taken to prepare surfaces

depending on the choice of patterning technique. In this work, the preparation of coatings

through the deposition of di�erently sized SiNPs has allowed for the simple fabrication of

nanoscaled interfacial patterning. We have examined the e�ect of nanoscaled features on

adsorption and adhesion of fouling species with dimensions ranging over several orders of

magnitude.

Protein Adsorption

Protein adsorption is a key process in the formation of bio�lms as bacteria and cellular

interactions with a substrate are mediated by the presence of a surface conditioning �lm,

comprised of adsorbed proteins, glycoproteins, and polysaccharides.51,55 Therefore, by under-

standing protein interactions with surfaces, we can further elucidate the e�ect of nanoscale

surface topography on fouling processes. The binding of BSA and hydrophobin proteins to

unmodi�ed and SB modi�ed SiNP coatings were investigated using QCM-D. BSA is a glob-

ular protein (66 kDa, ∼ 14 x 4 nm) commonly used as a model protein in fouling studies,

and hydrophobin is a small globular amphiphilic protein (7.2 kDa, ∼ 3nm) found on the

outer surface of fungal spores and hyphae that assists adhesion to surfaces.56,57

Examples of typical QCM-D frequency and dissipation responses for the 22 nm control

and SB modi�ed coatings on exposure to protein are shown in Figure 3. Similar responses

were recorded for all other particle sizes. Control coatings experienced large negative ∆f

shifts on exposure to protein solutions at time zero, indicating adsorption to the coating

surface. Binding of BSA was rapid, reaching a plateau within the 30 min exposure period.

Only a small positive frequency shift was observed upon rinsing with PBS, indicating that

majority of protein was irreversibly bound to the coating surface. Binding of hydrophobin to

the control coating was more gradual and resulted in a smaller overall ∆f shift compared to
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BSA. Hydrophobins are known to self-assemble onto hydrophilic-hydrophobic interfaces by

undergoing conformational changes that promote favourable surface interactions.58 However,

as both the protein containing solution and coating interface are hydrophilic; binding rates

may have been slowed due to conformational rearrangement to present less of the hydrophobic

domain. Alternatively, adsorption may occur in bilayers, lowering the interfacial energy

gap.57

Figure 3: Example QCM-D ∆f and dissipation shifts of 22 nm Control and SB Modi�ed
SiNP coatings on exposure to BSA (a) and hydrophobin (b).

QCM-D frequency and dissipation shifts were converted to mass of adsorbed protein by

applying Voigt modelling (Figure 4). Mass adsorption per unit area was then normalised to

coating surface area based on the AFM measurements presented above (ratio: adsorption

x (calculated area/actual area)). Interestingly, no signi�cant di�erence in binding of BSA

protein was observed onto the unmodi�ed control surfaces prepared from di�erent sized

SiNPs, although there appeared to be a trend of increasing SiNP size resulting in decreased

BSA adsorption (Figure 4a).

It has been reported previously that BSA will undergo conformational changes when

interacting with substrate curvature. Roach et al. demonstrated that BSA undergoes drastic

changes in conformation upon adsorption onto large silica spheres, with loss of secondary

structure and an increase in random coil/extended chain structure.59 Smaller particles with

larger surface curvature support albumin in a more native-like structure, which could assist
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protein assembly and contribute to the slightly higher adsorptions reported here.

Figure 4: Mass of BSA protein (a) and hydrophobin protein (b) adsorbed onto SiNP coatings
with and without SB modi�cation. Adsorbed mass calculated by applying Voigt modelling to
raw frequency (f ) and Dissipation (D) shifts observed during QCM-D measurements. Error
bars represent 1 SD from the mean. Asterisks (*) denote statistically similar subsets.

Adsorption of BSA was also measured onto a planar surface presenting the same surface

chemistry as the SiNPs (SiO2 QCM sensor). The roughness of this surface was measured by

AFM (Figure S4) and found to be less than any of the nanoparticle coatings (Rq = 2.50 nm).

Additionally, BSA adsorption was slightly less on this surface than for any of the SiNP control

coatings (531 ng/cm2). This indicates that the increased surface area and topographical

features imparted by particle curvature may enhance protein uptake. Similar results have

been presented in other studies, where nanostructured features on polyurethane and titanium

have increased protein binding compared to smooth surfaces of the same material.60,61 SB

modi�cation was able to signi�cantly reduce protein binding across the range of particle sizes

studied, indicating that changes to surface chemistry and energy (water structuring) have a

more signi�cant impact on binding than the presence of nanoscaled topographical features

(Figure 4a).

Adsorption of hydrophobin protein to SiNP coatings revealed a similar trend to that

presented by BSA (Figure 4b). Hydrophobin adsorption decreased onto coatings as particle

size increased, with signi�cantly less protein found to adsorb onto the 75 nm control coatings
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compared to the 7 and 12 nm SiNP surfaces. The conformational �exibility of hydrophobin is

well documented, with hydrophobins known to undergo conformational changes to promote

self-assembly onto surfaces.62 Additionally, hydrophobins assemble into rodlets consisting of

4 molecule bilayer bundles, with the spacing between rodlets (measured between the tops of

two successive �bres) in the range of 8 - 13 nm.63 It is unlikely that this spacing would be

greatly perturbed by the small increase to surface roughness presented by the smaller SiNP

coatings. However, the topographical features presented by the larger particles may disrupt

the rodlet organisation at the coating interface and thus lower the overall protein uptake.

Despite hydrophobins ability to bind to both hydrophilic and hydrophobic surfaces through

presentation of like (hydrophilic/hydrophobic) domains, modi�cation of SiNPs with hy-

drophilic SB still resulted in dramatic reductions in hydrophobin adsorption (Figure 4b).

Again, the presentation of the zwitterionic molecules had a much more dramatic e�ect on

protein adsorption than the size of the particle to which it was attached. There were no

signi�cant di�erences in hydrophobin adsorption between the SB modi�ed SiNP coatings.

Bacterial Adhesion Study

The e�ect of nanoscale topography on cellular adhesion is a growing area of research, both

in the interest of enhancing cell growth and proliferation, and in the prevention of cellular

attachment. The E. coli investigated in this study have dimensions in the range of ∼ 0.5 x

2.0 µm, however, the adhesion of E. coli to surfaces is mediated by �lamentous organelles

and adhesive secretions that are much smaller than the organism itself. Pili and �mbria are

organelles anchored to the outer bacterial membrane, ranging from 2 - 6 nm �exible hair-like

�laments to 6 - 8 nm sti� rod-like �laments.64 These structures are accompanied by adhesins,

specialised adhesive proteins that mediate attachment to abiotic surfaces.65

The presence of these adhesive mechanisms operating at di�erent scales is likely to in-

�uence the interaction behaviour of the bacteria with the nanoparticle surfaces. For the

short-term adhesion assay performed over 2 h (Figure 5a), signi�cantly less bacteria adhered
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to coatings of the larger 30 and 75 nm control (unmodi�ed) coatings than on to coatings

prepared from 7 and 12 nm SiNP coatings. The 22 nm SiNP surfaces presenting an inter-

mediate level of bacterial binding. This indicates that the surface topography presented by

the di�erent sized SiNPs in�uenced the adhesion of E. coli to the coated surfaces.

Figure 5: Bacterial attachment to SB modi�ed SiNP coatings compared to control coatings
after 2h (a) and 24h (b). Error bars represent 1 SD from the mean. Asterisks (*) denote
statistically similar subsets.

This result is in agreement with previous studies, where the presence of nanoscaled sur-

face features produced a reduction in bacterial adhesion. Mitik-Divena et al. demonstrated

that bacterial attachment onto nano-rough glass was reduced compared to chemically etched,

nano-smoother glass surfaces.66 Similarly, Rizzello et al. demonstrated that E. coli adhe-

sion was reduced onto a nanorough gold substrate compared to a �at control surface.67 It

appears that not only the presence of nanoscaled features but their size, heavily in�uences

interactions. Analogous to the results presented here, Dalby et al. demonstrated di�erences

in cellular response to nanometric islands prepared by polymer demixing.68 For islands of

13, 35, and 95 nm in height, cell spreading and proliferation was highest on 13 nm islands

and lowest on 95 nm islands, with signi�cant di�erences observed in cell morphologies de-

pending on their interactions with the island features. Comparing the control SiNP surfaces

to their respective SB modi�ed coatings, all particle sizes experienced reductions in bacterial

adhesion (Figure 5a). These reductions were found to be statistically signi�cant (p < 0.05)
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for SB modi�ed 7, 12, 22, and 30 nm SiNP coatings. The 75 nm SB modi�ed particles still

exhibited a reduction in bacterial adhesion but the result was not signi�cantly less than the

unmodi�ed control coating (likely due to the lower adhesion presented by the control group).

While signi�cant di�erences in bacterial adhesion were observed amongst the control

group for the 2 h study, less variation was presented after 24 h (Figure 5b). Unmodi�ed 22

and 30 nm SiNPs experienced the smallest degree of bacterial fouling amongst the control

group, while it appears the topographical e�ects exhibited by the 75 nm coatings were

unable to produce a pronounced anti-adhesion e�ect over the longer-term study. Bacteria

are well known to secrete extra cellular adhesives in response to their arrival and adhesion to a

surface.69 The deployment of these adhesives, over time, is likely to modify both the chemical

and topographic characteristics of the surface, masking the native surface and providing a

more favourable surface for the maintenance and growth of bacteria. This process likely

contributes to the diminished fouling resistant properties of the unmodi�ed SiNPs after 24

hr observed here. In the case of SB modi�ed SiNP coatings, particle zwitteration had the

desired e�ect of drastically reducing adhesion of bacteria (Figure 5b). However, no signi�cant

di�erence was observed across the di�erent particle sizes studied for all SB modi�ed SiNPs.

Fungal Spore Adhesion

Fungi are opportunistic foulers that are well adapted for growth on surfaces.70 Fungal con-

tamination and colonisation can result in food spoilage and the bioterioration of materials,

and may also present allergenic and pathogenic risks.71 Fungal fouling is usually combatted

through the application of harmful fungicides, while adhesion prevention approaches have not

been widely studied. Only a low percentage of the total number of fungal spores that settle

onto a habitable substrate will attach, therefore, coatings that could minimise spore adhe-

sion would be bene�cial in lowering overall fungal growth and proliferation. The E. nigrum

examined here is a proli�c surface fouler, forming dense `mats' and reproducing through the

generation of spores. Spores are approximately 10 µm in size and rely on a combination
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of surface texture and secreted adhesives (e.g. hydrophobins) to promote their attachment.

Hydrophobin proteins assemble at the air-water interface, lowering water surface tension and

facilitating attachment of the spore to surfaces. Our protein adsorption study indicated a

slight reduction in binding with increasing particle size but signi�cant reductions across all

particle sizes when modi�ed with SB. A similar trend was observed when comparing overall

spore attachment (Figure 6).

Figure 6: E. nigrum attachment to SiNP coatings after 24 h incubation (a). Error bars
represent 1 SD. Asterisks (*) denote statistically di�erent subsets. Representative images of
spore attachment onto 22 nm coatings without (b) and with (c) SB modi�cation.

The 7 nm SiNP coating experienced the worst degree of fungal fouling, with signi�cantly

higher spore counts compared to any of the other unmodi�ed control surfaces (p < 0.05).

SB modi�ed 7 nm particle coatings brought about the largest reduction in spore adhesion

(80%), while 12 and 22 nm modi�ed particle coatings also showed signi�cant reductions in

spore attachment. There was no statistically signi�cant reduction in spore attachment for

SB modi�ed 30 and 75 nm coatings, however, these coatings still halved the number of spore

counts compared to their respective controls. While these reductions were not as large as

those seen for the protein and bacteria studies, hyphae growth was also reduced on the SB

modi�ed coatings (Figure 6c). This would lower the spore's overall adhesion strength and
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potentially allow for spores to be removed by shear forces or gentle mechanical cleaning.

It was anticipated that the antifouling assessment of SiNP coatings would reveal di�er-

ences in their ability to inhibit biological fouling due to di�erences in surface nanotopography

and chemical functionalization (grafting density and organization). Unmodi�ed SiNP coat-

ings did present di�erences in their ability to prevent fouling as a result of surface topographic

e�ects, with increasing particle size and coating roughness correlating with improved fouling

resistance. In contrast, all functionalized particle coatings showed drastic improvements in

fouling prevention regardless of particle size and coating topography. It may be noted that

functionalized particles presented non-identical surface coverage (Table 3) and yet there were

no observable di�erences in antifouling performance. This was attributed to lower grafting

densities on smaller particles presenting higher masses of bound SB due to increased surface

area. In this way, there appears to be a trade-o� between increased surface coverage and

increased mass of SB incorporated into SiNP coatings. Despite these di�erences, all SB

functionalized SiNP coatings were shown to protect surfaces from fouling, highlighting the

versatility this system o�ers in terms of coating fabrication; where coatings could be tailored

to suit particular applications through choice of particle size.

Conclusions

The simple fabrication of hydrophilic SiNP coatings with tuneable nanoscaled surface to-

pography is reported. The roughness and topography of coatings could be easily adjusted

through variation of particle size, while the nanoparticle surface chemistry lent itself to

easy functionalization with the zwitterionic, sulfobetaine moiety. This study has demon-

strated that nanoscaled topography in�uences interaction and adhesion of a range of fouling

species with proportions spanning several orders of magnitude. Zwitterion functionalization

of SiNPs imparted a high degree of fouling resistance across all particle sizes and across the

range of proteins and microbial organisms studied. In contrast, unmodi�ed particle coat-
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ings presented size dependent di�erences in their ability to resist fouling. In most instances,

the 22, 30, and 75 nm particle coatings o�ered superior resistance to fouling compared the

smaller 7 and 12 nm SiNP surfaces. Overall, this work has demonstrated the ease with which

zwitterionic interfaces with modulated topography can be prepared and their potential for

widespread application as antifouling surface coatings.
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Figure S1: Schematic of SiNP functionalization with zwitterionic SB.

Figure S2: Zeta potential measurements performed on SiNP dispersions between pH 3.0 and
11.0.
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Figure S3: Zeta potential measurements performed on SiNP+SB dispersions between pH 3.0
and 11.0.

Figure S4: Example AFM scan (2 µm × 2 µm) of a SiO2 QCM sensor.
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