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The Physico-Chemistry of Adhesions of Protein Resistant and 
Weak Polyelectrolyte Brushes to Cells and Tissues   
Edward J. Cozens,a,b Dexu Kong,a,b Nima Roohpourc and Julien E. Gautrota,b* 

The non-specific adhesion of polymers and soft tissues is of great interest to the field of biomedical engineering, as it will 
shed light on some of the processes that regulate interactions between scaffolds, implants and nanoparticles with 
surrounding tissues after implantation or delivery. In order to promote adhesion to soft tissues, a greater understanding of 
the relationship between polymer chemistry and nanoscale adhesion mechanisms is required. In this work, we grew 
poly(dimethylaminoethyl methacrylate) (PDMAEMA), poly(acrylic acid) (PAA) and poly(oligoethylene glycol methacrylate) 
(POEGMA) brushes from the surface of silica beads, and investigated their adhesion to a variety of substrates via colloidal 
probe-based atomic force microscopy (AFM). We first characterised adhesion to a range of substrates with defined surface 
chemistry (self-assembled monolayers (SAMs) with a range of hydrophilicities, charge and hydrogen bonding), before 
studying the adhesion of brushes to epithelial cell monolayers (primary keratinocytes and HaCaT cells) and soft tissues 
(porcine epicardium and keratinized gingiva). Adhesion assays to SAMs reveal the complex balance of interactions 
(electrostatic, Van der Waals interactions and hydrogen bonding) regulating the adhesion of weak polyelectrolyte brushes.  
This resulted in particularly strong adhesion of PAA brushes to a wide range of surface chemistries. In turn, colloidal probe 
microscopy on cell monolayers highlighted the importance of the glycocalyx in regulating non-specific adhesions. This was 
also reflected by the adhesive properties of soft tissues, in combination with their mechanical properties. Overall, this work 
clearly demonstrates the complex nature of interactions between polymeric biomaterials and biological samples and 
highlights the need for relatively elaborate models to predict these interactions.

1. Introduction 
The non-specific interactions between polymeric biomaterials 
and soft tissues play an important role in the performance of 
implants, tissue engineering scaffolds and drug delivery 
systems.1–5 Physico-chemical interactions are particularly 
important in regulating the strength of bioadhesives, such as 
skin adhesives for surgical applications,6–8 hydrogels for 
epicardial placement and stem cell delivery,9 soft tissue 
adhesion for tissue regeneration3,4 or mucoadhesives for dental 
adhesion.10,11 Although a range of chemical functions and 
molecules have been introduced in biomaterials to promote 
covalent coupling and adhesion to soft tissues, the control and 
regulation of non-specific physico-chemical interactions with 
surrounding tissues post implantation and delivery can play an 
important role and even dominate adhesion performance.11,12 
In addition, polymeric coatings introduced around 
nanomaterials for drug and gene delivery, or for imaging, can 
significantly impact their biodistribution and systemic 
persistence/clearance.1,2,13  Soft tissue adhesion is a complex 

process involving non-specific interactions, interpenetration of 
polymer networks and soft tissue interfaces, and molecular 
coupling; these are regulated by the mechanical properties of 
the bulk biomaterial, the soft tissue and their interface.12,14 
Typically, after bringing a polymer into contact with a soft 
tissue, initial physical entanglement will be followed by 
secondary bonding to strengthen adhesive interactions.15 As is 
often the case in Nature, these secondary bonds will be formed 
by multiple individually weak non-covalent bonds that combine 
to form a stable, highly specific, reversible and strong 
intermolecular connection. These intermolecular interactions 
typically involve a combination of hydrogen bonds, electrostatic 
interactions and Van der Waals interactions.16 The design of 
interfaces with controlled chemistry and intermolecular 
interactions is particularly important to the modelling and 
understanding of biointerface adhesion. 
In addition, tissue adhesion is further complicated by the 
secretion of biomacromolecules from cells constituting the 
corresponding soft tissues and modulating their interactions 
with contacting polymers. For example, salivary glands in the 
oral mucosa secrete mucins, a variety of antimicrobial 
substances, salts, water, and intestinal proteins that modulate 
mucosal adhesion. Hence mucoadhesives must adhere to the 
moist surface of the oral mucosa whilst resisting the flushing 
action of the saliva and competition with associated 
biomacromolecules.17,18 
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Polymer brushes are interesting model biointerfaces for the 
study of physico-chemical parameters affecting bioadhesion. 
Indeed, polymer brushes offer a unique control of the chemistry 
of interfaces, enabling the formation of both very hydrophobic 
and hydrophilic polymer coatings, as well as polyelectrolytes. 
Furthermore, the morphology and mechanics of these 
interfaces can be regulated via the control of brush grafting 
density, thickness, swelling and conformation.19,20 The wealth 
of monomers that can be incorporated in polymer brushes has 
enabled a wide range of properties for these coatings, including 
protein resistance,21 thermoresponsiveness,22,23 electrolyte 
responsiveness24,25 and bacterial resistance.26,27 In addition, 
brushes can be readily grown from a wide range of substrates, 
making these coatings attractive for a range of biomedical 
applications from implant design28 to gene delivery.29,30  
The adhesive and anti-fouling properties of polymer brushes 
and their nanoscale mechanics have been characterised 
relatively extensively by atomic force microscopy (AFM). 
Colloidal probe microscopy (CPM) utilises an AFM cantilever 
with a spherical particle attached at the apex in order to study 
the nano-scale forces between a particle and substrate with 
defined physico-chemical properties. The most widely used 
microspheres for CPM is silica, as they have a low roughness, 
are commercially available in a variety of sizes, and their 
surfaces can be readily chemically modified.31,32 The use of CPM 
has enabled the characterisation of protein adhesion to 
polymer brushes,33–35 as well as bacterial adhesion.27 In these 
studies, neutral and zwitterionic brushes that are particularly 
well solvated were shown to effectively limit adhesion of 
unwanted biomacromolecules and components of the bacterial 
membranes such as lipopolysaccharides. In addition, CPM was 
used to quantify adhesion and friction to hydrophobic and 
fluorophilic brushes; the brushes displaying increasing degrees 
of fluorination displayed reduced adhesion and friction (silica 
colloidal probes).36 The conformation and swelling of polymer 
brushes also strongly affect adhesion strength and contact 
mechanics, therefore highlighting the impact of environmental 
factors on non-specific adhesion.37 Such impact of the 
environment is also strikingly illustrated by the response of 
polyelectrolyte brushes to pH, electrolyte chemistry and ionic 
strength. Hence the strength of adhesion of silica microparticles 
to poly(2-vinylpyridine) brushes is enhanced by phosphate and 
sulfate electrolytes, compared to chloride, and is reduced at 
higher ionic strength.38 Overall, although the non-specific 
adhesion of solid substrates, bacteria and proteins to polymer 
brushes has been widely studied, limited studies have focused 
on non-specific adhesion to cells and tissues. 
In this report, we study the adhesion of three types of polymer 
brushes to cells and tissues. We selected poly(acrylic acid) 
(PAA), poly(dimethylaminoethyl methacrylate) (PDMAEMA) 
and poly(oligoethylene glycol methacrylate) (POEGMA) as three 
important types of polymer brushes with distinct physico-
chemical properties (anionic, cationic and neutral hydrophilic 
polymers, respectively).  PAA displays a high density of 
carboxylic acid groups and negative charges (at high pH), is 
biocompatible and is widely used as biomaterials39 to promote 
mucoadhesion,40–42 as drug delivery systems,43 for surface 

coating and modification44,45 and for microdevice and sensor 
design.39 PDMAEMA is a weak polybasic polymer with pH 
responsive properties46 that has applications in gene 
delivery.30,47 Finally, POEGMA is known for its excellent protein 
resistance arising from the high density of ethylene glycol 
moieties on the polymer backbone, its ability to grow at high 
grafting densities and its hydrophilicity.48 As such, its 
applications include surface modifications and coatings that 
resist protein absorption and thus prevent bacterial adhesion 
and biofilm formation.48–50 We first examine the adhesion of 
these three brushes to a range of model monolayers presenting 
a range of chemistries (surface charge, hydrogen bonding and 
hydrophilicity). We then explore the impact of brush chemistry 
on adhesion to model cell monolayers (epithelial cell sheets) 
and investigate the impact of their glycocalyx on adhesion. 
Indeed, most epithelial cells are surrounded by a glycoprotein 
and glycolipid layer associated with their membrane and known 
as the glycocalyx; this ranges from 7nm in thickness for red 
blood cells up to several 100 nm in some cases.51 Consequently, 
when an implanted material comes into contact with epithelial 
cell sheets, often lining the surface of tissues, the glycocalyx is 
the first point of contact and its interaction with the material is 
of significant importance.  Finally, we explore brush adhesion to 
tissues (gingival epithelium and epicardium) and discuss the 
impact of brush chemistry on adhesive behaviour. 

2. Experimental Section 
2.1. Chemicals and materials 

Tert-butyl acrylate (tBA, Mn = 128.17, 98%), 2-
(dimethylamino)ethyl methacrylate (DMAEMA, Mn = 157.21, 
98%), oligo(ethylene glycol methyl ether methacrylate) 
(OEGMA, Mn = 300), poly (L-lysine) (PLL), N,N,N’,N”,N”-
pentamethyldiethylenetriamine (PMDETA, 99%), 2,2’-bipyridyl 
(bipy, ≥99%), triethylamine (≥99.5%), copper chloride (Cu(I)Cl), 
copper bromide (Cu(I)Br and Cu(II)Br2), trifluoroacetic acid 
(TFA, 99%), toluene (anhydrous, 99.8%), iodomethane (99%), 
(3-aminopropyl)triethoxysilane (APTES, 99%), 
triethoxy(octyl)silane (97%), trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (97%), 11-mercaptoundecanoic acid 
(MUDA, 95%), 11-mercapto-1-undecanol (97%), Dulbecco’s 
phosphate buffered saline (PBS), neuraminidase (from 
Clostridium Perfringens), heparinase III (from Flavobacterium 
Heparinum), wheat germ agglutinin (WGA, lectin from Triticum 
vulgaris, FITC conjugate), formaldehyde solution (4% in PBS) 
(PFA) and 4’,6-diamidino-2-phenylindole dihydrochloride 
(DAPI) were purchased from Sigma-Aldrich and used as 
received. Cu(I)Cl and Cu(I)Br were kept under vacuum until use. 
The silane initiator (3-trimethoxysilyl)-propyl 2-bromo-2-
methylpropionate was purchased from Gelest. Acetone 
(technical), Versene solutions (0.2 g/L EDTA in PBS), 
keratinocyte serum free medium (KSFM), Dulbecco’s modified 
eagle medium (DMEM), trypsin (0.25%), L-glutamine, penicillin-
streptomycin, bovine pituitary extract (BPE), human 
recombinant epidermal growth factor (EGF), and goat anti-
mouse IgG (H+L) secondary antibodies (conjugated to 
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AlexaFluor 488) were purchased from Thermo Fisher Scientific. 
Fibronectin solution (from human plasma) and the anti-
heparin/heparan sulfate antibody were purchased from Merck 
Millipore. Foetal bovine serum (FBS) was purchased from 
Labtech. Collagen I (type I) was purchased from Corning. 
Dichloromethane (DCM, ≥99.8%) was purchased from 
Honeywell. Dimethylformamide (DMF, ≥99.9%) was purchased 
from VWR Chemicals. AFM probes (ORC8-10) were purchased 
from Bruker. Silica particles (unfunctionalised) were purchased 
from microParticles GmbH (mean diameter of 19.59 µm) and 
Bangs Laboratories (mean diameter of 300 nm). SEMGLU was 
purchased from Kleindiek Nanotechnik GmbH, Germany. Silicon 
wafers (100 mm diameter, ⟨100⟩ orientation, polished on one 
side/reverse etched) were purchased from Compart 
Technology Ltd. All Plasma treatment was carried out using a 
Henniker Plasma Vacuum System HPT-200. Human keratinocyte 
HaCaT cells and Human primary epidermal keratinocytes were 
kindly provided by Dr. John Connelly, Blizard Institute, Barts and 
The London School of Medicine and Dentistry, Queen Mary 
University of London. 
2.2. Polymer brush synthesis on planar silicon substrates 

The brushes were synthesized by the “grafting from” method 
using atom transfer radical polymerization (ATRP). 
Deposition of monolayers of silane initiator for ATRP on silicon 
substrates 
Samples of silicon wafer (1 x 1 cm) were plasma-oxidized (10 
min, air), followed by immersion in a solution of silane initiator 
(3-trimethoxysilyl)-propyl 2-bromo-2-methylpropionate (30 μL) 
and triethylamine (50 μL) in anhydrous toluene (30 mL) and 
incubation in this solution at room temperature overnight. 
Samples were then washed with ethanol and dried under a 
stream of nitrogen. The dry thickness of the silane initiator layer 
was near 2 nm, as measured using spectroscopic ellipsometry. 
Synthesis of poly(acrylic acid) (PAA) brushes 
PAA brushes were fabricated through a two-step process: the 
protected monomer tert-butyl acrylate (tBA) was polymerized 
first, followed by deprotection to afford brushes of PAA. PtBA 
brushes were generated following a method adapted from Lego 
et al.52 Prior to use, tBA was purified by passing through a 
column of basic alumina and freshly distilled under vacuum (78 
mBar) at a temperature of 61-63˚C. Freshly purified and distilled 
tBA (30 mL, 205 mmol), PMDETA (122 μL, 584 μmol), CuBr2 (3 
mg, 13 μmol), and acetone (16 mL) were degassed via argon 
bubbling for 30 min. CuBr (65 mg, 453 μmol) was then very 
quickly added to this flask before degassing for a further 30 min. 
Initiator-coated silicon substrates were placed in reaction 
vessels which were subsequently degassed via three cycles of 
high vacuum/argon gas refilling and heated to 60˚C. The 
monomer solution was then transferred to these reaction 
vessels under inert atmosphere and polymerization was 
allowed to proceed at 60˚C. To stop polymerization samples 
were immersed in acetone, rinsed with ethanol, deionised 
water, and dried under a stream of nitrogen. If necessary, silicon 
wafers were further cleaned through brief sonication in 
acetone. For the deprotection of PtBA brushes samples were 
immersed overnight in a DCM/TFA solution (10:1 (v/v)) at room 

temperature. The samples were then washed thoroughly in 
ethanol, followed by deionised water, and then dried under a 
stream of nitrogen. 
Synthesis of poly(dimethylaminoethyl methacrylate) (PDMAEMA) 
brushes 
PDMAEMA brushes were synthesised following a similar 
protocol as PtBA brushes except for a few differences: a 
monomer solution of DMAEMA (6.6 g, 42 mmol), bipy (320 mg, 
2.05 mmol), CuBr2 (18 mg, 81 μmol) and CuCl (84 mg, 849 μmol) 
in water/ethanol (4:1 (v/v), 15 mL) was used. The monomer was 
used as purchased without any need for initial purification, and 
polymerization was carried out at room temperature and was 
stopped by immersing samples in deionised water, rinsing with 
ethanol and drying under a stream of nitrogen. 
Synthesis of poly(oligoethylene glycol methacrylate) (POEGMA) 
brushes 
The procedure for synthesis of POEGMA brushes was identical 
to that of PDMAEMA brushes, except that a monomer solution 
of OEGMA (12.6 g, 42 mmol), biby (320 mg, 2.05 mmol), CuBr2 
(18 mg, 81 μmol) and CuCl (84 mg, 845 μmol) in water/ethanol 
(4:1 (v/v), 15 mL) was used. For PAA, PDMAEMA and POEGMA 
brushes polymerization times were adjusted accordingly to give 
dry ellipsometric thicknesses of 30 nm; these thicknesses 
equated to polymerization times of 5 h, 20 min and 30 min, 
respectively. 
Characterisation of planar polymer brushes 
Dry brush thicknesses were measured using an α-SE 
ellipsometer from J.A. Woolam Co., Inc., Ellipsometry solutions. 
ϕ and ∆ were measured at wavelengths between 400 and 900 
nm and a fixed incidence angle of 70o. For measurements of 
brush thicknesses when submerged in solution, substrates were 
placed in a sealed chamber fitted with a quartz window normal 
to the incident beam path. Different solutions were then flowed 
through the chamber and the effect on the brush thickness was 
measured via the ellipsometer. Samples were incubated for 10 
min prior to each in situ measurement. Measurements were 
taken in triplicate and were taken once the brush thicknesses 
had maintained equilibrium. For data analysis, all coatings were 
treated using a Cauchy model built on top of a silicon/native 
oxide or gold substrate, depending on the system studied.53 For 
dry measurements of PtBA and PAA brushes, refractive indices 
measured were 1.53 and 1.52, respectively (measured at 
λ=632.8 nm). For measurements in solution, refractive indices 
varied between 1.38 in PBS and 1.41 in deionised water 
(depending on swelling and associated hydration). The swelling 
behaviour of PDMAEMA and POEGMA brushes was previously 
studied by ellipsometry and reported by our group as well as 
others.22,54 
Fourier Transform Infrared–Attenuated Total Reflectance 
Spectroscopy (ATR-FTIR) was carried out using a Bruker Tensor 
27 with an MCT detector (liquid N2 cooled). Spectra were 
acquired at a resolution of 4 cm-1 with a total of 256 scans per 
run. Nitrogen was run through the system during 
measurements in order to limit the effects of environmental 
fluctuations. Contact angle measurements (using the sessile 
drop method) were taken using a Kruss DSA100 instrument 
using 3 µL droplets of deionised water. Measurements were 
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carried out on three independent samples and for each sample 
an average reading was taken using measurements taken from 
three separate regions of the sample.  
XPS was carried out on a Thermo Scientific K-Alpha X-ray XPS 
System using a monochromatic AlKα source. This was operated 
at 150 W under ultrahigh vacuum conditions (10-9 mbar). As the 
surfaces were not electrically conductive, a built-in 
spectrometer charge neutralizing system was used which 
compensates for sample charging during measurements by 
flooding the surface with low energy electrons (< 20 eV). To be 
able to compare data, the C1s hydrocarbon peak at 285.0 eV was 
used as an external standard for calibration of the binding 
energy (BE) scale. In order to identify the main peaks by their 
binding energies, survey spectra were collected from 1200 to 0 
eV. In addition, high-resolution XPS spectra were acquired for 
O1s, C1s, and Si2p signals. An analyzer pass energy of 1 eV and 0.1 
eV was used for the survey spectra and high resolution spectra, 
respectively.  
2.3. Synthesis of polymer brush-coated silica nanoparticles 

Initiator deposition 
20 µm silica beads are dispersed in deionised water for storage. 
To transfer them to a new solvent, beads are centrifuged at 
4000 rpm for a few min until the beads fully precipitate. For the 
smaller beads used, with sizes in the nanometre range, higher 
centrifugation speeds (5000 rpm) and longer times were 
needed to fully precipitate the beads. The solvent was then 
carefully aspirated as much as possible using a syringe and the 
new solvent was added to the vial. The vial was then sonicated 
for 5 to 10 min until the suspension becomes cloudy. The 
sonication and centrifugation sequence is repeated three times 
to transfer the beads to the new solvent. 
For grafting of the silane initiator the beads were transferred 
from water to ethanol and then to toluene using the 
aforementioned method. 50 mg of the beads were dispersed in 
a solution of anhydrous toluene (1 mL), triethylamine (50 µL) 
and silane initiator (10 µL) and left stirring overnight. The beads 
were then washed in toluene three times using the sonication-
centrifugation method and then transferred to acetone and left 
in 1 mL of the solvent in the fridge ready for the polymerization 
step. 
Synthesis of polymer brushes from silica nanoparticles 
The protocol for PtBA polymer brush synthesis is a slight 
adaptation of the polymerization protocol used for planar 
silicon substrates. An extra 2 mL of acetone was initially added 
to the 1 mL silica dispersion and this was then degassed for 30 
min with argon bubbling. Freshly purified and distilled tBA (3.0 
mL, 21 mmol), acetone (1.6 mL), PMDETA (12 μL, 58 μmol) and 
CuBr2 (0.3 mg, 1.34 μmol) were degassed for 30 min whilst 
mixing. The top was opened and CuBr (6.5 mg, 45.3 μmol) was 
quickly added to the monomer solution followed by a further 30 
min of degassing. Next, 2.5 mL of this monomer mixture was 
extracted and added to the reaction vessel containing the 3 mL 
particle suspension. The syringe used to extract it was flushed 
with argon three times prior to use. 
Polymerization was then carried out at 60˚C whilst stirring. 
Degassing was continued for a further 30 min and the reaction 

vessel was then covered with parafilm. To terminate 
polymerization, the reaction mixture was bubbled with oxygen 
for a couple of min. The SiO2-polymer suspension was then 
centrifuged, washed in acetone three times and transferred into 
DCM/TFA (10:1 (v/v), 1 mL) and left stirring overnight at room 
temperature. The resulting PAA beads were washed in DCM 
three times and transferred into acetone for storage in the 
fridge. 
For synthesis of PDMAEMA polymer brushes, 5 mL of the 
DMAEMA monomer solution (see section 2.2 for preparation 
protocol) was added to a 5 mL silica dispersion (50 mg SiO2-
silane beads in water/ethanol (4:1 (v/v)), degassed under argon 
for 30 min). Argon bubbling was continued and polymerization 
was allowed to proceed at room temperature. The reaction was 
stopped with oxygen bubbling and the beads were washed in 
water/ethanol (4:1 (v/v)). Synthesis of POEGMA polymer 
brushes was identical except that 5 mL of the OEGMA monomer 
solution (see section 2.2) was instead added to the silica bead 
dispersion. The grafting density of polymer brushes that were 
previously grown from silica nanoparticles using this protocol 
was 0.5 chains/nm2, with dry thicknesses of 30 nm (and a Mn of 
50 kDa).30 
Characterisation of polymer brush-coated silica particles 
The sizes and zeta potentials of functionalised silica particles 
were measured using a Malvern Zetasizer Nano ZS. For 
measurements, PtBA and PAA brushes were grown from 300 
nm silica beads, then dispersed in ethanol or deionised water 
respectively, and then sonicated whilst shaking at regular 
intervals until a cloudy solution was obtained.  Measurements 
of non-functionalised silica beads were carried out with beads 
dispersed in deionised water. Three independent repeats were 
obtained at room temperature for each sample and the average 
result was taken. 
2.4. Formation of self-assembled monolayers (SAMs) on silicon 
substrates 

The Supplementary Table S1 gathers the contact angle data and 
ellipsometric thicknesses for all SAMs generated on silicon and 
gold-coated substrates. 
3-Aminopropyl triethoxysilane (APTES) SAMs 
A plasma-oxidized (10 min, air) silicon substrate was immersed 
in a solution of ethanol (1 mL) and 3-aminopropyl 
triethoxysilane (APTES) (10 μL) and left at room temperature for 
30 min. The sample was then rinsed with ethanol and dried 
under a stream of nitrogen. Subsequently, the APTES-coated 
silicon substrate was immersed in a solution of 1 mM HCl for 5 
min and then washed thoroughly with deionised water followed 
by ethanol, and then dried in a stream of nitrogen. 
Quartenized APTES (QAPTES) SAMs 
QAPTES-functionalised silicon substrates were prepared 
similarly to the APTES samples, except that, following APTES 
deposition, they were immersed in a solution of 5 mM NaOH for 
5 min, followed by incubation in a solution of iodomethane 
(13.3 μL) in DMF (1.5 mL) overnight at room temperature. The 
samples were then washed with ethanol and dried under 
nitrogen. 
Triethoxy(octyl)silane SAMs 
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A plasma-oxidized silicon substrate was immersed in a solution 
of anhydrous toluene (1 mL), triethylamine (20 μL), and 
triethoxy(octyl)silane (20 μL) and left at room temperature 
overnight. The sample was then rinsed with ethanol and dried 
under a stream of nitrogen. 
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane SAMs 
A solution of trichloro(1H,1H,2H,2H-perfluorooctyl)silane (30 
μL) in anhydrous toluene (1 mL) was prepared. This solution was 
placed in a desiccator, in an open vial, adjacent to a plasma-
oxidized (10 min, air) silicon substrate (but protected from 
splash by aluminium foil to avoid solution droplets contacting 
the substrate). The pressure was reduced using a vacuum pump 
until the toluene started evaporating (ebullition). The 
desiccator was closed and the vapour phase deposition was 
allowed to proceed overnight. The sample was then rinsed with 
ethanol and dried under a stream of nitrogen. 
Formation of hydroxyl and carboxylic acid (MUDA) SAMs on gold-
coated substrates 
Gold-coated silicon substrates were prepared by initial cleaning 
of the silicon substrate in plasma (5 min, air), followed by the 
evaporation of a chromium layer (20 nm followed by the 
evaporation of a gold layer (200 nm) using an Edwards Auto 500 
evaporator). The resulting gold-coated silicon substrates were 
then plasma-oxidized (10 min, air) and then directly immersed 
in 5 mM thiol ethanolic solutions (hydroxyl and carboxylic acid 
SAMs were generated from 11-mercapto-1-undecanol and 11-
mercaptoundecanoic acid, respectively) at room temperature 
overnight. The substrates were then washed with ethanol and 
dried with nitrogen. 
2.5. Colloidal probe force microscopy 

Preparation of colloidal probe AFM cantilevers 
Cantilevers were selected with a nominal spring constant of 
0.38 N/m and this value was more accurately determined using 
the Sader calibration method.55 Considering the proper 
alignment of beads with the longitudinal axis of a cantilever, 
recent work has shown that the spring constant of the 
cantilever is not significantly affected by colloidal attachment,56 
and it was therefore decided to measure the spring constant of 
cantilevers prior to bead attachment. A small volume of 
polymer brush functionalised-bead suspension was deposited 
onto a silicon wafer and the solvent was allowed to evaporate 
overnight; this resulted in a sparse arrangement of 
functionalised-beads at the silicon surface. In order to attach 
individual beads to the apex of an AFM cantilever, a custom 
built AFM (Attocube GmbH, Germany) integrated within an SEM 
(Quanta 3D FEG, FEI, EU/USA) was used, as described in 
previous work.57,58 An integrated focused ion beam (FIB) was 
used to etch off a portion of the AFM tip to produce a blunted 
surface to which a bead can be attached. Fig. S1A and B show 
the AFM tip before and after exposure to the FIB. Next, the AFM 
tip was translated to a droplet of Vacuum compatible glue 
(SEMGLU). Removal of the tip from the glue resulted in the 
deposition of a small amount of glue at the apex of the tip, 
which was translated into contact with a single bead. This SEM 
system, combined with a high-resolution piezoelectric stage, 
allows the accurate positioning of the bead onto the apex of the 

tip, resulting in the accurate alignment of the bead with the 
longitudinal axis of the AFM cantilever. Focusing a high current 
electron beam of 1 nA or more for 5 min causes curing of the 
glue and subsequent firm attachment of the bead to the tip. Fig. 
S1C shows the AFM tip in contact with the bead on the silicon 
surface and Fig. S1D shows the resulting colloidal AFM tip after 
the curing of the adhesive. 
Operational set up of force probe microscope 
Force measurements were acquired using an NT-MDT Ntegra 
AFM rig operated in conventional force mode. The cantilever 
was approached towards the substrate surface and retracted 
away from the surface at a constant speed (1 µm/s for all 
experiments) by the piezo electric stage. Silicon and Gold 
substrates, glued to the bottom of a Petri dish, were submerged 
in the corresponding solution and allowed to equilibrate for a 
minimum of 15 min. AFM tips were washed in deionised water 
before and after any testing was carried out, or before the ionic 
concentration of the testing solution was changed. The pH of 
solutions was kept at 7.0 ± 0.4 during all testing (Mettler Toledo, 
SG2 – SevenGo pH Meter), except for experiments carried out 
in PBS, which displayed a pH of 7.4. For the characterisation of 
cell monolayers, confluent monolayers grown on glass 
coverslips (fixed with PFA) were carefully glued to the petri dish 
using Loctite Super Glue Precision. The glue was left to dry for a 
couple of minutes, during which time a small amount of PBS was 
pipetted onto the upper surface to ensure the cells remained 
hydrated. The cells were then submerged in PBS and left in the 
fridge until testing was carried out. Soft tissue samples were cut 
to a surface area of approximately 20 mm2, with a thickness of 
approximately 5 mm. These were blotted dry with tissue paper 
and then glued to a petri dish; the glue was left to set for a 
couple of minutes and then samples were submerged in PBS 
and left in the fridge until testing. All adhesion tests on cell 
monolayers and soft tissues were carried out in PBS. In between 
tests on different samples AFM tips were submerged in 
deionised water and then submerged in a versene solution (0.48 
mM) for 5 min, and again washed in deionised water for 2 min. 
For every sample and condition tested, a minimum of three 
independent samples were characterised with a minimum of 
two different functionalised colloidal probes. Each repeat 
involved probing at least three different areas of a substrate, 
and for each of these scanned areas 100 indentation curves 
were performed in a grid pattern with areas ranging from 20 to 
60 μm2. 
Quantitative analysis of AFM lift profiles 
Calibrations were carried out for each AFM tip on a hard non-
functionalised silicon substrate, using a custom-built Matlab 
script for conversions. The parameters extracted are illustrated 
in Fig. 1. The detachment force is the maximum negative force 
reached on the cantilever. The detachment work is the total 
work required to fully detach the colloid from the substrate. The 
detachment length is defined as the distance between the 
colloidal probe and the substrate at the maximum negative 
force value (the detachment force), taking into account both 
the piezo displacement and cantilever deflection. 
For measurements on soft tissues, the Young’s modulus was 
additionally characterised from the AFM curves. This parameter 
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was quantified using a custom-built Matlab script based on the 
Oliver-Pharr method for nanoindentation.59 
2.6. Preparation of cell monolayers 

HaCaT cell culture and seeding 
HaCaT cells (human keratinocyte cell line) were cultured in 
DMEM containing 10% foetal bovine serum, 1% L-glutamine 
(200 mM) and 1% penicillin-streptomycin (5,000 U/mL). HaCaT 
cells were harvested with trypsin and versene solutions in a 
ratio of 1/9, centrifuged, counted and resuspended in DMEM at 
the desired density before seeding onto substrates, in a 24-well 
plate, at a density of 20,000 cells per well (13,000 cells per cm2), 
and left to form a confluent monolayer for 24 h in an incubator 
(37°C and 5% CO2). After three aspirations with PBS, confluent 
monolayer samples were fixed with 4% formaldehyde solution 
in PBS (PFA) for 10 min, washed with PBS and left in the fridge 
ready for AFM measurements. 
Primary keratinocyte culture and seeding 
Human primary keratinocytes (HPKs) isolated from neonatal 
foreskin were cultured on collagen I (type I, 20 μg/mL in PBS for 
20 min) treated T75 flasks in keratinocyte serum free medium 
(KSFM), supplemented with bovine pituitary extract (BPE) and 
EGF (Human Recombinant).  Keratinocytes were harvested with 
trypsin and versene solutions in a ratio of 1/9, centrifuged, 
counted and re-suspended in KSFM at the desired density 
before seeding onto substrates. Glass coverslips (13 mm) were 
sterilized by autoclave and put in 24 well-plates. Glass coverslips 
were first treated with poly (L-lysine) (PLL, final concentration: 
100 μg/mL) followed by treatment with fibronectin solution 
(final concentration: 10 μg/mL). Cells were seeded at a density 
of 20,000 cells per well (13,000 cells per cm2) and left to form a 
confluent monolayer for 24 h in an incubator (37°C and 5% CO2). 
After three aspirations with PBS, confluent monolayer samples 
were fixed with 4% PFA for 10 min, washed with PBS and left in 
the fridge ready for AFM measurements. 
Neuraminidase and heparinase III treatments 
Neuraminidase was used to cleave the glycosidic linkages of 
neuraminic acids. Keratinocyte monolayers (cultured on coated 
glass coverslips) were treated with neuraminidase (1 U/mL) in 
KSFM medium for 1.5 h in a 24 well-plate.  Heparinase III was 
used to cleave 1-4 linkages between hexosamine and glucuronic 
acid residues in heparan sulphate. Keratinocyte monolayers 
(cultured on coated glass coverslips) were left in Heparinase III 
solutions (0.2 U/mL, in KSFM) for 1.5 h in a 24 well-plate. 
Staining and microscopy 
Wheat germ agglutinin (WGA, 10 µg/mL) and anti-
heparin/heparan sulfate antibodies (10 µg/mL) were used to 
stain the glycocalyx on the cell membrane. Dapi solutions (stock 
concentration: 5mM, 1:1000) were prepared by dissolving 5 mg 
4’,6-diamidino-2-phenylindole dihydrochloride in 1750 µL 
deionised water. Goat anti-mouse IgG (H+L) secondary 
antibodies conjugated to AlexaFluor 488 (1 µg/mL) were used 
for immunofluorescence staining. Fluorescence microscopy 
images were acquired with a Leica DMi8 fluorescence 
microscopy (CTR compact lamp; 63×1.30 NA, oil lens; DFC9000 
GT camera). For each sample and condition three fluorescence 
microscopy images were taken. Quantification of the 

fluorescence intensities and profiles was then performed using 
ImageJ. 
2.7. Preparation of tissue samples 

Fresh soft tissue samples were obtained from C Humphreys & 
Sons Abattoir in Chelmsford, Essex. Both the epicardial and 
gingival samples were extracted from freshly slaughtered 6 to 
7-month-old pigs. The animals were sacrificed and the relevant 
parts were extracted at the abattoir; these were then delivered 
by courier to the lab on the same day as the slaughter. The 
samples were then washed and stored in PBS overnight at 5˚C. 
All AFM adhesion testing was then carried out within 48 hours 
from the initial sacrifice of the animals. 
Gingival samples were extracted using a scalpel from the lingual 
side of the lower mandible. These samples were taken from the 
region of the keratinized attached gingiva which is the gingival 
portion that lies between the free gingival groove and the 
mucogingival junction (Fig. S2B). Epicardial samples were 
extracted from the wall of the left and right ventricles. These 
samples were taken from the healthy areas of the myocardium 
away from any major adipose tissue deposits or prominent 
blood vessels (Fig. S2C). For AFM testing, results were obtained 
across samples from at least two different animals for each 
condition tested. Fig. S2A shows an example of loaded 
epicardial samples in the AFM.  
2.8. Statistics 

A one-way ANOVA test with Tukey’s post hoc analysis was used 
to determine statistical significance. In the case of the 
quantification of the glycocalyx, the analysis was carried out 
pairwise. For box and whisker diagrams the box represents the 
1st, 2nd and 3rd quartiles, as standard, and the whiskers 
represent the standard deviations of data sets. Mean values for 
the data sets are also shown. In all other figure types (and for 
in-text referencing) standard errors are reported. 

3. Results and Discussion 
3.1. Development of polymer-brush functionalised colloidal 
probes 

To study polymer brush interactions with cell monolayers and 
tissues, we grew polymer brushes from silica microparticles 
(19.6 µm), via atom transfer radical polymerization (ATRP). The 
growth of PDMAEMA and POEGMA brushes from silica particles 
was directly adapted from protocols previously reported.29,60 To 
generate PAA brushes, we opted for the controlled growth of 
PtBA brushes, prior to their conversion upon mild treatment 
with dilute trifluoroacetic acid.52,61 The growth kinetics of the 
PtBA brushes (monitored via ellipsometry) was 3-4 fold faster 
than that previously reported in similar conditions, but 
appeared relatively linear (Fig. 2A). However, Lego et al. had 
monitored brush growth via AFM, potentially underestimating 
thicknesses measured, due to the compression of the brush by 
the AFM tip.62 In addition, the silane monolayers generated in 
the present study may display a higher density, resulting in 
higher brush densities and thickness growth profiles, although 
direct comparison is not possible.  
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The deprotection of PtBA brushes was subsequently monitored 
by ellipsometry (Fig. S3), indicating a rapid decrease in the dry 
thickness of the brush upon incubation in DCM/TFA solutions, 
due to the loss of tert-butyl groups and associated chain 
relaxation. After overnight incubation in the DCM/TFA solution, 
the polymer thickness dropped to around 50% of its original 
value. This is in line with previous reports61 and with the 
predicted reduction in molar mass of repeat units and 
associated dry film thickness (52%).63 The FTIR spectra of PtBA 
brushes before and after deprotection confirmed the full 
conversion to PAA brushes (Fig. S4), with the clear 
disappearance of the typical tert-butyl bending bands at 2976, 
1392 and 1367 cm-1, and the shift (and broadening) of the 
carbonyl band from 1730 to 1712 cm-1.61,64 This conversion is 
further confirmed by XPS spectra of the PtBA brushes before 
and after deprotection (Fig. S5). The C1s range of the spectra was 
deconvoluted into three peaks corresponding to carbon atoms 
associated with C-C, C-O and C=O peaks. The peak associated 
with carbon atoms involved in C-O bonds was found to shift and 
broaden upon deprotection. In addition, the atomic 
percentages and corresponding binding energies of the C1s and 
O1s signals were extracted from the XPS survey spectra (Fig. 
S5C), clearly indicating a reduction in the carbon content 
relative to oxygen following the deprotection of tBA groups. 
Both observations are in accordance with the expected change 
in the chemical structure of the brush, and in agreement with 
previously reported XPS characterisation data for these 
surfaces.65–67  
The hydrodynamic diameter of nanoparticles coated with PtBA 
and PAA brushes was compared to that of uncoated 
nanoparticles (see Fig. 2B). The diameter of uncoated 
nanoparticles was found to be 320 ± 10 nm and increased to 
390 ± 10 nm and 530 ± 10 nm for SiO2-PtBA and SiO2–PAA 
particles, respectively. This is in good agreement with the 
expected dry thickness of PtBA brushes (not swollen in ethanol), 
which were found to grow to 60 nm in 5 h, from silicon 
substrates (Fig. 2A). The significant increase in hydrodynamic 
diameter observed for PAA-coated nanoparticles is in 
agreement with their pronounced swelling in deionised water 
(the diameters measured correspond to a swelling greater than 
3) and the decrease in hydrophobicity associated with the 
deprotection of tBA groups. In addition, the ζ-potentials 
measured for SiO2-PtBA and SiO2–PAA particles were 23.1 ± 0.1 
mV and -29.3 ± 0.1 mV, respectively, although these values are 
only qualitatively indicating the charge of the associated 
particles (PtBA particles did not resuspend in aqueous solutions, 
therefore preventing direct comparison with PAA-coated 
particles). Hence the charge reversal of the ζ-potential is 
consistent with a significant change in surface chemistry of 
these particles and the introduction of negatively charged 
carboxyl groups following the deprotection step. 
The swelling of the corresponding brushes was further 
characterised via in situ ellipsometry. The swelling ratio (Q), 
defined as the ratio between the wet (L) and dry (D) 
ellipsometric thicknesses (Q = L/D), was close to unity prior to 
deprotection of PtBA brushes (Fig. 2C), as expected from the 
hydrophobicity of tert-butyl acrylate repeat units. In contrast, 

PAA brushes were characterised by high swellings in deionised 
water and 150 mM NaCl solutions; this is in agreement with the 
expected behaviour of weak polyelectrolytes in the osmotic 
regime, characterised by high proton dissociation at neutral pH, 
substantial electrostatic repulsion between repeat units and the 
associated stretching of polymer chains.39,63,68 The swelling ratio 
of PAA brushes was further characterised in PBS and in aqueous 
NaCl solutions with a range of ionic strengths (Fig. 2D). The 
swelling was observed to initially increase with the ionic 
strength, due to increasing proton dissociation and associated 
hydrophilicity. As the salt concentration increased further, the 
brush appeared to enter the neutral brush and salted brush 
regime and electrostatic interactions became largely screened, 
resulting in a decrease in brush thickness.63,68 Finally, contact 
angle measurements were in agreement with the increase in 
hydrophilicity and brush swelling. Following the deprotection of 
PtBA brushes, average contact angles shifted from 87.0 ± 0.6˚ 
to 37.4 ± 0.7˚ for PtBA and PAA brushes, respectively (Table S1). 
 
 
3.2. Polymer brush adhesion to SAMs 

Prior to studying polymer brush adhesion to cells and tissues, 
we first investigated their adhesion to model substrates (self-
assembled monolayers) presenting chemical moieties with a 
range of hydrophilicities, hydrogen bonding and charge. Fig. 3 
presents the detachment forces observed for the adhesion of 
PAA, PDMAEMA and POEGMA brushes to hydroxyl-terminated 
monolayers alongside the corresponding representative lift 
curves. Overall, similar adhesions were measured to both 11-
mercapto-1-undecanol monolayers assembled to gold and 
silicon oxide interfaces.  As the surface packing density for 
monolayers assembled on silica24,69 and gold70 substrates are 
reported to be in the region of 5 molecules/nm2, the similarity 
of these adhesion profiles is justified. POEGMA displayed little 
adhesion to these interfaces, in good agreement with its neutral 
structure, lacking strong proton acceptor or donor functions. 
POEGMA brushes indeed typically display moderate 
hydrophilicity and excellent anti-fouling properties.71,72 In 
contrast, PAA and PDMAEMA displayed moderate adhesions to 
both surfaces. At the near-neutral pH at which these 
measurements were carried out (the pH of deionised water and 
NaCl solutions was in the range of 7.0 ± 0.4, whereas that of PBS 
solutions was 7.4), PAA brushes are globally negatively charged 
(we found a ζ-potential of -29 mV)73,74 and PDMAEMA brushes 
are positively charged (ζ-potential of 40mV),29,75 whereas silica 
substrates are negatively charged (ζ-potential of -40 mV).74,76 
Hence, in the case of PDMAEMA brushes, electrostatic 
interactions should lead to increased adhesion. However, PAA 
and PDMAEMA brush adhesion (detachment force) to silanol 
and 11-mercapto-1-undecanol monolayers are typically 
comparable and, in some cases, increased in the case of PAA (in 
deionised water and in PBS, in the case of 11-mercapto-1-
undecanol monolayers; Fig. 3A and C). In addition, higher ionic 
strength (150 mM NaCl) did not lead to substantial reduction in 
adhesion force, as would be predicted in the case of oppositely 
charged surfaces. These changes were qualitatively reflected in 
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the corresponding detachment work (see Fig. S6A and B). 
Therefore, weak adhesion of PAA and PDMAEMA brushes to 
moderately hydrophilic and moderately charged silanol and 11-
mercapto-1-undecanol monolayers appeared to be dominated 
by weak hydrogen bonding. In PBS solutions, adhesion forces 
measured for PDMAEMA and POEGMA brushes remained 
comparable to those measured in 150 mM NaCl solutions. 
Indeed, PBS has a NaCl concentration of 137 mM, similar to that 
of the NaCl solution used, and the pH of both solutions were 
relatively close (pH 7.4 and pH 7.0 ± 0.4, for PBS and NaCl, 
respectively). For PAA brushes, adhesion forces were increased 
in PBS compared with 150mM NaCl (forces increased from 0.69 
to 1.29 nN and 0.82 to 6.60 nN for silanol and 11-mercapto-1-
undecanol SAMs, respectively). This phenomenon is associated 
with a reduction of the swelling of PAA brushes in PBS, 
compared to 150 mM NaCl, and may indicate the contribution 
of phosphate to hydrogen bonding at the surface. 
Fig. 4 presents the adhesion forces measured for the three 
different polymer brushes to charged model substrates 
(associated detachment work values are given in Fig. S6). As 
expected, negatively charged PAA brushes strongly adhered to 
positively charged quaternary ammonium monolayers 
(QAPTES); this is further evidenced in Fig. 5A where the jump-
to-contact is indicative of a strong attractive interaction. In the 
corresponding representative lift curves (Fig. 5B), it is also clear 
that interactions between PAA brushes and oppositely charged 
monolayers (APTES and QAPTES) are strong (adhesion forces > 
10.16 nN in deionised water) and decrease at higher ionic 
strength (Fig. 4D), as would be expected from the 
corresponding screening of coulombic forces. Indeed, at neutral 
pH we found ζ-potentials of 13 mV77,78 and 37 mV for APTES and 
QAPTES, respectively, whereas ω-mercaptoundecanoic acid 
(MUDA) displays a ζ-potential of -40 mV.79 This behaviour 
contrasts with the adhesion of poly(2-vinylpyridine), which 
displayed increased adhesion forces at higher ionic 
strength.80,81 This was attributed to changes in brush 
conformation from the salted regime to the osmotic regime. We 
also note that the ionic strength range at which brush adhesion 
was maximised was above the range of ionic strength presently 
tested (matching that of physiological buffers such as PBS). The 
neutral POEGMA, in contrast, displayed interactions below 3.45 
nN, comparable to what was measured on neutral hydroxyl 
functionalised interfaces (detachment forces were reduced for 
hydroxyl SAMs in comparison to charged monolayers, however, 
from the detachment work (Fig. S6), interactions are of a similar 
scale), in agreement with its neutral charge. The adhesive 
response of PDMAEMA to these three charged monolayers was 
more surprising as, although it adhered weakly to APTES 
surfaces (< 4.05 nN), its adhesion to MUDA was not as 
significantly increased (< 5.93 nN), as was observed in the case 
of PAA adhering to APTES interfaces. This indicates that other 
interactions dominate the adhesive behaviour of PDMAEMA to 
the charged monolayers studied. 
In addition to electrostatic interactions, hydrogen bonding may 
significantly impact the adhesion strength of PAA and 
PDMAEMA brushes to charged monolayers, owing to their 
acid/base character. Indeed, in contrast to PAA brushes, which 

showed a marked decrease in interactions at increasing ionic 
strength, the adhesion of PDMAEMA brushes to MUDA 
monolayers remained unaffected by increasing ionic strength 
(150 mM NaCl vs. deionised water; Fig. 4C). At neutral pH (and 
slightly below), PDMAEMA is only partially charged and a 
substantial proportion of amine moieties are not 
protonated.29,82 Similarly, APTES and MUDA monolayers and 
PAA brushes will only be partially deprotonated at the neutral 
pH of the solutions used in this study. Therefore, hydrogen 
bonding between polymer brushes and APTES and MUDA 
monolayers may significantly contribute to bonding and 
adhesion profiles. Furthermore, although hydrogen bonding is 
reported to be influenced by the ionic strength of the medium, 
predicting the impact of electrolytes on hydrogen bonding 
remains difficult. Hence, cations are known to alter the melting 
temperature of double stranded oligonucleotides, although this 
is via their combined impact on coulombic repulsion between 
phosphates and on hydrogen bonding between bases.83 
Electrolytes were shown to reinforce hydrogen bonding84 and 
to perturb networks of intra-molecular hydrogen bonds of 
water molecules.85 In addition, electrolytes such as phosphates 
are particularly prone to hydrogen bond and alter interactions 
with biomacromolecules.86,87 The relatively high interactions of 
PAA and PDMAEMA to MUDA and APTES, respectively (Fig. 4 
and 5), in particular in PBS solutions, may therefore be 
explained by hydrogen bonding between the corresponding 
interfaces, perhaps stabilised by phosphate ions. 
Further to the evidence for strong hydrogen bonding between 
polymer brushes and monolayers, the adhesion behaviour of 
PDMAEMA brushes to QAPTES also implies some impact of 
hydrophobic interactions on adhesion strength (Fig. 4B and Fig. 
5B). Indeed, QAPTES is highly positively charged and cannot 
directly be involved in hydrogen bonding with other molecules. 
Therefore, the high charge density of cationic PDMAEMA (at 
neutral pH) should result in repulsive forces. In contrast to this 
expected behaviour, we observed no evidence of repulsion in 
the corresponding landing traces (Fig. 5A) and relatively strong 
adhesions can be observed in the retraction traces (Fig. 5B). 
Quaternary ammoniums such as those of QAPTES are known to 
display some level of hydrophobicity, enabling the solubility of 
salts in some organic solvents. In addition, PDMAEMA also 
shows significant hydrophobicity and a clear pH-responsive 
behaviour, as detailed above, especially close to its pKa and 
above.29 Therefore, hydrophobic interactions between these 
two interfaces are likely to play an important role in 
determining adhesion profiles. 
In order to probe further into the impact of hydrophobic forces 
in regulating adhesion of PAA, PDMAEMA and POEGMA 
brushes, we generated octyl and perfluorooctyl SAMs on silicon 
substrates (with contact angles of 96.3 ± 1.3˚and 103.7 ± 1.4˚, 
respectively). Significant adhesion was measured for 
PDMAEMA and PAA brushes, whilst POEGMA brushes displayed 
lower adhesions, but higher than what was reported for 
hydrophilic SAMs (Fig. 6; detachment works follow similar 
trends, see Fig. S6). In particular, PDMAEMA displayed strong 
adhesion to octyl SAMs (> 5.13 nN) and the perfluorooctyl SAMs 
(10.30 nN in 150 mM NaCl solutions). PAA displayed overall 
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weaker adhesion to octyl SAMs, especially at high ionic 
strength, but relatively high adhesion to perfluorooctyl SAMs. 
The relatively strong adhesion of weak polyelectrolyte brushes 
to hydrophobic surfaces is likely due to their partial 
protonation/deprotonation at neutral pH and associated 
moderate hydrophobicity.29,82 Hence, PDMAEMA brushes were 
found to adhere relatively strongly to PDMAEMA surfaces at 
neutral pH,88 whereas little adhesion was observed between 
two symmetrical hydrophilic polymer brushes.89 Similarly, 
polymer brushes displaying a Lower Critical Solution 
Temperature (LCST) were reported to strongly adhere 
(symmetrical interface bonding) above their LCST, but displayed 
weak interactions below their LCST.90 Interestingly, the 
adhesion force of sparse (grafted to) PAA brushes was also 
reported to be significantly higher to alkyl monolayers than 
corresponding hydroxyl and carboxylic acid-terminated 
SAMs,91,92 although this was for single desorption events rather 
than the cumulative desorption forces associated with full 
detachment of the tip. To account for such strong interactions 
between PAA brushes and hydrophobic SAMs, Friedsam et al. 
proposed that the structure of water close to these interfaces 
(and the lack of hydrogen bonding of interfacial water 
molecules, in contrast to the networks formed with hydroxyl 
and carboxylic acid terminated SAMs) led to easier 
displacement of water molecules closely associated with the 
hydrophobic SAMs, compared to hydrophilic SAMs. Indeed, the 
profiles of desorption of our PAA brushes displayed strong 
adhesion forces with a sharp detachment step in the case of 
alkyl SAMs (> 6.43 nN detachment force, > 2.78 fJ detachment 
work and < 22.3 nm detachment lengths; Fig. S7), whereas 
detachment from hydrophilic silanol SAMs displayed an overall 
weak adhesion force, but a more gradual detachment profile 
and increased detachment length (3.69 nN detachment force, 
0.48 fJ detachment work and 68.4 nm detachment length; Fig. 
S7). Such difference in the structure of water at hydrophobic 
and hydrophilic SAMs is also supported by molecular dynamics 
studies that give evidence for the occurrence of 0.3 nm gaps 
between vicinal water and hydrophobic SAMs.93 Similarly, such 
water structuring was found to impact the adhesion of 
moderately hydrophobic peptides presenting catechol residues 
(DOPA), which showed increased bonding forces to 
hydrophobic SAMs, despite increased hydrogen bonding to 
hydrophilic SAMs.94  Hence, our results also support the 
occurrence of an aqueous interfacial layer that differentially 
regulates adhesion of moderately hydrophobic polymer 
brushes to hydrophobic SAMs (Fig. 7). 
 
3.3 Polymer brush adhesion to cell monolayers 

Having studied the impact of substrate chemistry in a set of 
monolayers with a range of hydrophobicity/hydrophilicity, 
charge and hydrogen bonding potential, we next turned our 
attention to the adhesion profile of weak polyelectrolyte 
brushes and POEGMA to epithelial cell sheets. These 
biointerfaces can be regarded as simplified systems to the 
understanding of tissue bonding due to the greater cellular 
homogeneity within cultured cell sheets, their planarity and 

relative rigidity (at the macroscale, owing to the rigidity of the 
underlying substrate). We focused on two epithelial models: 
HaCaT cells (a human epidermal cell line) and primary 
keratinocytes (stem cells responsible for the homeostasis of the 
interfollicular epidermis).95 
Fig. 8A and B present the adhesion profiles and quantification 
of adhesion forces of POEGMA, PDMAEMA and PAA brushes to 
cell sheets of keratinocytes and HaCaT cells. Due to the high 
density and the length of their oligo(ethylene glycol) side 
chains, POEGMA brushes are known for their excellent protein 
and bacterial resistance.71,72 The exact detailed mechanism of 
their protein resistance remains only partially understood, but 
was proposed to result from their combined hydration shell and 
steric hindrance (and high chain densities), restricting the 
infiltration of biomacromolecules.49,50 In agreement with these 
reports, POEGMA brushes were found to display very low 
adhesion to both HaCaT and primary keratinocyte monolayers, 
with adhesion forces below 0.29 nN (Fig. 8A and 8B). Such 
adhesions are lower than those measured for POEGMA, in the 
case of hydrophobic or charged SAMs, indicating relatively 
hydrophilic and weakly charged cell membranes. This is in 
contrast with the moderate adhesion forces measured between 
POEGMA brushes and bacteria,27 which typically display 
relatively charged and hydrophobic membranes (with 
lipopolysaccharides).26 
PDMAEMA displayed relatively weak interactions with both cell 
monolayers; this is associated with low adhesion forces and 
detachment work (< 1.14 nN and < 0.87 fJ, respectively; Fig. 
8A/B and Fig. S8A). Although higher than that measured for 
POEGMA, such low adhesion is surprising considering the high 
positive ζ-potential of PDMEAMA brush-based colloids and 
their rapid uptake by cells, for example for gene delivery 
applications.30,96,97 Hence, it is possible that the rapid fouling of 
cationic polymer brushes by proteins and components found in 
the medium, results in the substantial modification of the 
PDMAEMA brush surface and associated decrease in ζ-
potential,98 leading to a masking of short range hydrophobic 
interactions and hydrogen bonding.  
In contrast, PAA brushes displayed strong adhesions to primary 
keratinocytes (3.91 nN and 4.41 fJ, respectively; Fig. 8A/B and 
Fig. S8A). This behaviour was associated with substantially 
longer detachment lengths than those reported for SAMs (752 
± 17 nm, compared to lengths typically < 100 nm for SAMs), 
suggesting that the retraction of PAA-coated colloids is 
associated with substantial deformation of the cell membrane, 
contributing to the overall retraction profile. Strikingly, the 
adhesion of PAA brushes to HaCaT cells was very low (0.33 nN). 
To test whether fouling occurred at the brush surface, repeated 
measurements (600 adhesion and retraction events) were 
carried out and plotted as a function of cycle number (Fig. S8B). 
The scatter of the data as function of cycle number, compared 
to the overall average, clearly indicates no significant positive or 
negative deviations as a function of time. To account for the 
high adhesion of PAA brushes to primary keratinocytes, we 
proposed that the glycocalyx (a proteoglycan brush-like layer 
that coats the cell membrane)99 of the epithelial cell sheets 
studied differed. Staining of the glycocalyx with wheat germ 
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agglutinin (WGA) and specific immunostaining of the heparin 
component of the glycocalyx indeed revealed striking 
differences in the abundance and localisation of the glycocalyx 
in primary keratinocytes and HaCaT cells (Fig. 9).  
Heparin was found to be expressed at lower levels in HaCaT 
cells, compared to primary keratinocytes (Fig. 9A and B). In 
contrast, non-specific staining of the glycocalyx using WGA did 
not show the same trend; instead of a diffuse relatively 
homogenous staining, the glycocalyx was strongly localised at 
cell-cell junctions in the case of HaCaT monolayers (Fig. 9A). 
With primary keratinocytes, the glycocalyx was spread more 
uniformly on the apical membrane, with little sequestration at 
cell junctions. This was quantified by plotting the intensity 
profile of WGA sequestration in HaCaT cells and keratinocytes.  
This differential regulation of the localisation of the glycocalyx 
is proposed to result from the culture conditions: HaCaT cells 
were cultured in normal DMEM medium, which contains high 
levels of Ca2+, enabling the formation of cell junctions, whereas 
keratinocytes were cultured in KSFM, a medium containing low 
levels of Ca2+, in which cadherin-mediated junctions are 
typically not stabilised.100 Overall, these results indicate that the 
localisation and abundance of the glycocalyx in HaCaT cells and 
keratinocytes differs significantly, and this correlates with the 
changes in adhesion measured for polyelectrolyte brushes to 
the corresponding cell monolayers. 
To further test the impact of the glycocalyx on colloidal probe 
adhesion to primary keratinocytes, we treated cell sheets with 
neuraminidase (broad spectrum enzyme cleaving the 
glycocalyx) and heparinase (enzyme specifically cleaving 
heparin components).101 The efficiency of such cleavage was 
confirmed by staining and fluorescence microscopy (Fig. 9B). 
Following such treatment, we found that PAA brush adhesion 
was significantly reduced (Fig. 8C and Fig. S8C). In particular, 
heparinase treatment resulted in a reduction of adhesion forces 
to levels comparable to POEGMA adhesion on untreated cells. 
Neuraminidase treatment had a more modest impact, 
indicating that, although cleavage of heparin accounts for most 
of the adhesion strength of PAA brushes to cell membranes, full 
cleavage of the glycocalyx reveals buried domains and 
potentially directly exposes the phospholipid bilayer, 
accounting for the moderate adhesion measured. These 
observations are in good agreement with the work of Servais et 
al., who reported that the adhesive force of pectin/CMC 
formulations to the mesothelium of several different tissues 
(investigated via uniaxial tensile strength tests using a 
customized apparatus for load/displacement measurements) 
was reduced after treatment of these samples with 
neuraminidase; in some cases this was by as much as 50%.102 
The dependence of weak polyelectrolyte adhesion to cells, 
mediated by the glycocalyx, is therefore demonstrated across 
multiple length scales. Similarly, enzymatic cleavage of the 
glycocalyx components had a significant impact on the adhesion 
of PDMAEMA brushes, indicating that steric repulsion may also 
be responsible for the weak adhesion profile of these brushes 
to cell monolayers; this further suggests that fouling of the 
PDMAEMA surface is responsible for such low adhesion, despite 
the absence of medium or serum in the testing conditions. 

Surprisingly, the adhesion of POEGMA brushes slightly 
increased after enzymatic treatment of primary keratinocytes 
(to 0.55 and 0.42 nN after heparinase and neuraminidase 
treatment, respectively). This suggests that such enzymatic 
treatment leads to the exposure of residues, perhaps with 
higher hydrophobicity, as this was a particular type of 
interaction that promoted stronger adhesion of POEGMA 
brushes with SAMs. 
 
3.4. Polymer brush adhesion to soft tissue samples 

We next studied the adhesion of polymer brushes to soft 
epithelial tissues: the gingiva (which structure and homeostasis 
is regulated by gingival keratinocytes) and the epicardium (a 
membrane to which adhesion is particularly relevant for 
epicardial placement strategies).103,104 Fig. 10 presents the 
detachment force and work measured during the adhesion of 
PDMAEMA, POEGMA and PAA brushes to porcine gingiva and 
epicardium samples. Overall, interactions of polymer brushes 
were stronger with the epicardium compared to the gingiva. As 
expected, adhesion between POEGMA brushes and both tissue 
types was minimal, consistent with the protein resistance of this 
polymer brush. Adhesion forces and work of PAA and 
PDMAEMA brushes to gingival epithelium were increased 
compared to that of POEGMA but remained overall relatively 
weak (< 2.72 nN). In contrast, the adhesion of PAA and 
PDMAEMA brushes to the epicardium increased significantly 
(3.58 and 5.67 nN, respectively). Hence PDMAEMA was found 
to adhere relatively strongly to the epicardium, perhaps 
reflecting a higher coulombic attraction or hydrogen bonding 
with this tissue. The adhesion of PAA brushes to the epicardium 
was in line, although slightly lower than that measured to 
primary keratinocyte monolayers. These differences in 
adhesion to the epicardium and gingiva likely reflect differences 
in the composition of the cell surface, and in particular that of 
the glycocalyx in these two tissues.  
To the best of our knowledge, the epicardial glycocalyx has not 
yet been characterised. The parietal and visceral pericardium 
(epicardium) are known to be similar in structure, both 
comprising a serosal (mesothelial cell) component adjacent to a 
fibrous tissue layer.105 The parietal pericardium has been shown 
to display a rich glycocalyx coating, in particular, rich in sialic 
acid residues.106 Assuming there is similarity in the glycocalx 
structure of both of these layers, the higher level of sialic acid 
content at the surface of the epicardium could qualitatively 
account for the strong adhesion observed for PDMAEMA 
brushes to this tissue. 
In the oral mucosa, the epithelium forms a keratinized layer in 
which the glycocalyx interpenetrates with the salivary film.107 
The presence of a glycocalyx layer on the surface of corneocytes 
has been evidenced via electron microscope,108,109 but to the 
best of our knowledge the exact composition of this layer is yet 
to be determined. The salivary film, which is estimated to be 70-
100 µm thick,110 contains several molecules which include a 
large concentration of mucins111 and a number of different 
types of bacterial species. These bacteria have been shown to 
adhere to each other, as well as to the surface of the oral 
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epithelium via a network of their glycocalyx.112,113 As such, there 
are a number of potential molecules that could contribute to 
polymeric adhesion to the keratinized gingiva; additional 
enzymatic studies will be required to identify the specific 
molecules present and the role that each plays in adhesion. 
However, it should be noted that significant differences in tissue 
stiffness could account for at least some of the differences in 
adhesion measured between these two tissues. Indeed, the 
epicardium was found to be significantly softer than the gingival 
epithelium. This can be clearly seen in the large retraction 
lengths measured for the epicardium, especially for PDMAEMA 
brushes, compared to those measured for the gingiva and even 
cell monolayers (Fig. 10C and D). To confirm such differences in 
stiffness at the microscale, we measured the Young’s modulus 
of these tissues, based on the curves obtained from the AFM 
adhesion data, using the Oliver-Pharr method to quantify 
corresponding moduli.59 The gingiva was found to be 
significantly stiffer than the epicardium (1020 ± 130 and 20.7 ± 
0.5 kPa, respectively), suggesting that the colloidal probe 
indentation may result in substantial conformal deformation of 
the epicardium, and therefore an associated increase in contact 
area. As such, our data suggests that tissue biochemistry and 
stiffness combine to regulate the strength of adhesion of soft 
polymeric interfaces. 

4. Conclusions 
Overall, our results indicate that the adhesion profile of weak 
polyelectrolyte brushes is relatively complex, arising from 
combinations of electrostatic and Van der Waals interactions, 
as well as hydrogen bonding. The response of such adhesive 
behaviour to electrolytes and changes in the Debye length are 
in turn equally complex, and are further modulated by the 
formation of hydrogen bonds with electrolytes (such as 
phosphates). In this respect, the comparison of adhesion 
profiles to model substrates with those observed with cells and 
tissues is particularly insightful. Specifically, based on our data, 
we propose that: 1. adhesion to cells and tissues is primarily 
mediated by hydrogen bonding and electrostatic forces, based 
on the differential adhesion profiles observed for the three 
brushes tested on biointerfaces and their comparison with the 
response to SAMs; 2. the glycocalyx has a profound impact on 
such adhesion and its composition (and abundance) at the 
surface of tissues will modulate soft matter adhesion; 3. the 
mechanics of the tissue/substrate (non-deformable in the  
context of SAMs) has a strong impact on the measured 
adhesion, in particular at the microscale, since it will dictate 
contact areas promoting adhesion. Therefore, our results 
demonstrate that simple considerations of electrostatic and 
hydrophobic interactions between polymer brushes, and even 
relatively simple interfaces (self-assembled monolayers), 
cannot fully account for adhesive profiles. In this context, in 
studies of brush adhesion to cells and tissues, the prediction of 
interactions remains particularly difficult to establish; relatively 
elaborate models, such as molecular dynamics simulations 
based on atomistic and coarse grain models, will be essential to 
capture the complex nature of polymer brush-interactions with 

biological samples, whether bacteria, eukaryotic cells or tissues. 
Our study also points to the need for an improved 
understanding and characterisation of the glycocalyx of the 
epithelium, or the surface chemistry of tissues, to which 
biomaterials bonding is required. Some studies have explored 
the structure and morphology of the glycocalyx in epithelial 
layers, but this is not systematic across all tissues, and often 
remains incomplete. 
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Figure 1. Quantitative analysis of colloidal probe adhesion profiles. (A) Extraction of detachment work and force from AFM retraction curves. (B) Physical representation of the 
detachment length, taken from the retraction portion of the AFM curves, and the three different polymers which are used to functionalise the colloidal probes. The detachment 
length is defined as the distance between the colloidal probe and the substrate at the maximum negative force value.
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Figure 2. Functionalisation of silicon substrates and silica microparticles with PAA brushes. (A) Kinetics of the growth of PtBA polymer brushes from silicon substrates, monitored 
by ellipsometry. (B) Dynamic light scattering data of functionalised and non-functionalised 300 nm silica microparticles. SiO2 beads and PtBA functionalised beads were dispersed 
in ethanol and PAA in deionised water. (C) Ellipsometric swelling ratio measured for PtBA and PAA brushes in deionised water (DI) and 150 mM NaCl aqueous solutions. (D) 
Ellipsometric swelling ratio of PAA brushes (pH kept at 7.0 ± 0.4, except for PBS which had a pH of 7.4). 
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Figure 3. Detachment forces and corresponding representative lift curves for the adhesion of PAA, PDMAEMA and POEGMA brushes to hydroxyl-terminated monolayers. 
Representative curves are taken from adhesion experiments performed in deionised water. (A) Detachment forces to silicon oxide interfaces. (B) Representative lift curves for 
adhesion to silanol monolayers. (C) Detachment forces to 11-mercapto-1-undecanol monolayers assembled on gold-coated silicon substrates. (D) Representative lift curves for 
adhesion to 11-mercapto-1-undecanol monolayers. Data is plotted as means, with box plots. ***, p ≤ 0.001. n.s., non-significant. 
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Figure 4. Detachment forces measured for the adhesion of PAA, PDMAEMA and POEGMA brushes to charged monolayers. (A) Detachment forces to ammonium (APTES) monolayers. 
(B) Detachment forces to quaternary ammonium (QAPTES) monolayers. (C) Detachment forces to undecanoic acid (MUDA) monolayers assembled on gold-coated silicon substrates. 
(D) Representative lift curves for adhesion of PAA to QAPTES monolayers in solutions of increasing ionic strengths. Data is plotted as means, with box plots. **, p ≤ 0.01. ***, p ≤ 
0.001. n.s., non-significant.
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Figure 5. Representative lift and land curves for the adhesion of PAA, PDMAEMA and POEGMA brushes to charged monolayers. All curves are taken from adhesion experiments 
performed in deionised water. (A) Land curves representative of adhesion of brushes to QAPTES monolayers. (B) Lift curves representative of adhesion to quaternary ammonium 
(QAPTES) monolayers. (C) Lift curves representative of adhesion to ammonium (APTES) monolayers. (D) Lift curves representative of adhesion to undecanoic acid (MUDA) 
monolayers assembled on gold.
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Figure 7. Proposed mechanism of adhesion of PAA brushes to hydrophobic and 
hydrophilic monolayers. Representative lift curves are taken from adhesion 
measurements for alkyl (octyl and perfluorooctyl) and hydrophilic (silanol) SAMs 
submerged in deionised water. The desorption profiles indicate strong adhesion forces, 
with a sharp detachment step in the case of alkyl SAMs but overall weak adhesion 
forces with a more gradual detachment profile for hydrophilic SAMs. These profiles 
support the occurrence of an aqueous interfacial layer that differentially regulates 
adhesion of moderately hydrophobic polymer brushes to hydrophobic SAMs.91,92

Figure 6. Detachment forces and corresponding representative lift curves for the adhesion of PAA, PDMAEMA and POEGMA brushes to hydrophobic monolayers. Representative 
curves are taken from adhesion experiments performed in deionised water. (A) Detachment forces to octyl monolayers. (B) Representative lift curves for adhesion to octyl 
monolayers. (C) Detachment forces to perfluorooctyl monolayers. (D) Representative lift curves for adhesion to perfluorooctyl monolayers. Data is plotted as means, with box plots. 
***, p ≤ 0.001.
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Figure 8. Characterisation of adhesive interactions between polymer brushes and cell monolayers. Testing was carried out on samples submerged in PBS. (A) Detachment forces 
between polymers and primary keratinocyte (PK) and HaCaT cell monolayers. (B) Representative AFM lift curves displaying the interaction between the polymers and primary 
keratinocyte cells. (C) Detachment forces between polymers and primary keratinocyte monolayers with and without enzymatic treatment. Data is plotted as means, with box plots. 
**, p ≤ 0.01. ***, p ≤ 0.001. 
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Figure 9. Quantification of the glycocalyx in primary keratinocytes (PK) and HaCaT cells through staining with wheat germ agglutinin (WGA) and specific immunostaining of the 
heparin component of the glycocalyx using anti-heparin.  (A) Representative fluorescence images (Blue, DAPI; Green, anti-heparin or WGA) for HaCaT cells and primary keratinocytes. 
Primary keratinocytes were treated with Heparinase III and Neuraminidase and staining was carried out using anti-heparin and WGA, respectively. Cross-sections in the fluorescence 
values illustrate the differing localisation of the glycocalyx for HaCaT and primary keratinocyte cells. (B) Fluorescence intensity values for HaCaT cells, primary keratinocytes and 
enzyme treated primary keratinocytes, stained with either anti-heparin or WGA. Data is plotted as means. *, p ≤ 0.05. ***, p ≤ 0.001. n.s., non-significant.
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Figure 10. Characterisation of adhesive interactions between polymer brushes and porcine tissue samples. Testing was carried out on samples submerged in PBS. (A) Detachment 
force of epicardium and keratinized gingiva to polymers. (B) Detachment work between polymers and soft tissue samples. (C) Representative AFM lift curves between polymers 
and gingival samples. (D) Representative AFM lift curves between polymers and epicardium. Data is plotted as means, with box plots. *, p ≤ 0.05. ***, p ≤ 0.001. n.s., non-significant.


