UNIVERSITY OF LEEDS

This is a repository copy of Aqueous Lubrication, Structure and Rheological Properties of
Whey Protein Microgel Particles.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/124862/

Version: Accepted Version

Article:

Sarkar, A orcid.org/0000-0003-1742-2122, Kanti, F, Gulotta, A et al. (2 more authors)
(2017) Aqueous Lubrication, Structure and Rheological Properties of Whey Protein
Microgel Particles. Langmuir, 33 (51). pp. 14699-14708. ISSN 0743-7463

https://doi.org/10.1021/acs.langmuir.7b03627

© 2017, American Chemical Society. This is an author produced version of a paper
published in Langmuir. Uploaded in accordance with the publisher's self-archiving policy.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

10

11

12

13

14

15

16
17

Aqueous lubrication, structureand rheological propertiesof

whey protein microgel particles

Anwesha Sarkar!*, Farah Kanti'-?, Alessandro Gulotta!, Brent S. Murray', Shuying Zhang!

!Food Colloids and Processing Group, School of Food Science and Nutrition, University of Leeds,

Leeds, LS2 9JT, United Kingdom,

2AgroSup Dijon, 26 Boulevard Docteur Petitjean, 21000 Dijon, France

Corresponding Author

*Email:|A.Sarkar@leeds.ac.pk

Food Colloids and Processing Group,
School of Food Science and Nutrition,

University of Leeds, Leeds, LS2 9JT, United Kingdom.


mailto:A.Sarkar@leeds.ac.uk

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Abstract

Aqueous lubrication has emerged as an active resesgahinarecent years due to its prevalence
in naturein biotribological contacts and its enormous technological sdfemapplications. In
this study, we designl aqueous dispersions of biocompatible whey-protein microgelclparti
(WPM) (10-80 volb) cross-linked via disulfide bonding and feduson understandingheir
rheological, structural and biotribological properties (smoptiydimethyl sioxane (PDMS)
contacts, R< 50 nm, ball-on-disk set up). The WPM particles, €6380 nm) displayed shear-
thinning behavior and good lubricating performance in the plaeaundary as wel as the mixed
lubrication regimes. Ae WPM patrticles facilitated Iubrication between bare hydotygh PDMS
surfaces (water contact angle tf)8eading toa 10-fold reduction in boundary friction force with
increased volume fractiond & 65%), largely attributed to the close packing-mediatedr laye
particles between the asperity contacts actingtras surface-separatdrshydrophobic moieties
of WPM binding to the non-polar surfaces and particles emplogiraling mechanism analogous
to ‘ball bearings the latter supported by negligible change in size andshicicture of the WPM
particles after tribology. An ultra-low boundary friction doéfnt, p< 0.03 was achieved using
WPM between @ plasma-treated hydrophilic PDMS contacts coated with bosimemaxillary
mucin (water contact angle 47 and electron micrographs revealed that the WPM partgteead
effectively as a layer of particles even at lgpw 10% , forming a lubricating load-bearing film
that prevented the two surfaces from true adhesive tomdagvever, above an optimum volume
fraction, p increased in HL+BSM surfaces due to thepeteatration of particles that possibly
impeded effective roling, explaining the slight increasdrition. These effects are reflected in
the highly shear thinning nature of the WPM dispersiomsndkives plus the tendency for the

apparent viscosity to fall as dispersions are forced to veryvoigime fractions. The present work
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demonstrates a novel approach for providing ultra-low friciiorsoft polymeric surfaces using
proteinaceous microgel particles that satisfy both loadrgeand kinematic requirements. These

findings hold great potential for designing biocompatible pesticlor aqueous lubrication in

numerous soft matter applications.
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I ntroduction

Microgel dispersions forms an important class of sub-midmmicron-sized, gellike coloidal
particles that essentially consist of a cross-linked awtvef polymer moleculeﬂ The particles
are swolen by the solvent (e.g., water), dage the abilty to swel or de-swel dependingon
the properties of the solvent, the cross-linking densityh@ffgolymer and other environmental
conditons. Microgel suspensions have attracted a lot of fugwtain and practical research
attention owing to their unique rheological properties, wisbhre the classical signature of both
polymer solutions andhard colloidal spherThese characteristics, together with their high
responsiveness to environmental conditions, high surfacet@kedume ratio as compared to bulk
hydrogel, and surface properties have led to a wide rangechofological applications, such as

surface coatings, oil recovery, foods, pharmaceutical and pérsare, advanced biomaterials,

lubrication and colloidal stabilizefst3

Recently, tribological characterization has also been eagldy assess the application of
microgels for aqueous lubricatigtjin nature, most biological lubrication systemse an aqueous
medium. Soft biological interfaces, such as the oral cawipy,joints, respiratory tracts and eyes
rely on aqueous lubricants, such as salva or food-salxture@) synovial fuids, mucosal layer,
or tears, respectively, to reduce sliding fricton. Howevetewon its own is a poor lubricant and

key approaches used in aqueous lubrication have involvethgyraf certain amphiphilic block

copolymerg;>|19such as polyethylene glycol (PEG) or polyethylene oxide JRE@® adsorption

of muci onto bare hydrophobic or plasma-treated hydrophilic poltiphesioxane (PDMS
substrates). These materials have demonstrated effereous lubrication, particularly under
solvent conditons where the polymer was stretched ouhighly solvated, creating an effective

barrier layer against the bare surfaces to ensurdiedfelsoundary lubrication.



68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

There hae been efforts to understand the aqueous lubrication propeftiesd gels, ie.,

concentrated dispersions of microgels made up of polysacchasidels as, agarogé]! alginatem

k-carrageenaft:| These studies suggest that particle entrainment weay aletermining factor,
which reduced or increased the friction coefficient betwéhe contacting surfaces depending
upon the elasticity of the particles, their size, volumactibn, as well as the surface roughness of
the tribopairs. On the other hand, surfactant-functioréliparbon microspheres of ~450 nm
diameter have demonstrated their efficacy in reduciegfrittion between two siica surfaces via
a “pall-bearing mechanism” and generating extremelpw friction coefficients (u = 0.03) if the
particles are somehow trapped and not squeezed out of the

Thus, aqueous dispersions of microgels could be particularly igmigmcombining the
lubrication behaviour of the solvent, i.e., taking advantafjthe efficiency of the aqueous phase
as lubricant for potential fuid film formations “surface separator”, as well as the particles, the
latter providing potentiafbal-bearing effects. From a practical viewpoint, aqueous lubrication
properties can be particulgr important when considering interactions of microgel pestiolith
biological environments, such as the oral cavity, where bogndad mixed-lubrication regimes
come into play and rheological measurements alone canngietelyn describe the behaviour of
these particles between the sliding surfadesour knowledge, there have been no studies on the
effectiveness of sub-micron sized biopolymeric microgeligiest as aqueous lubricants between
soft surfaces that also evaluate the rheological behawibsuch dispersions.

In the work described here, biocompatible whey-protein micr¢@é?M) particles were
prepared for tribological studies via thermally induced disulphidessinking. The size and
structure of the microgels, as well asrthmilk shear rheological behaviour as a function of volume

fracton were investigated. To comprehensively compare Iubdcating mechanisms and
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eficiency of the microgel particles at different volurfiactions, two tribological contacts based
on hydrogmilic and hydrophobic surfaces were considered. Bare hydrophobic apthstha-
treated hydrophiic PDMS/PDMS contacts at 37 were employed for their resemblande
wettability of external human skin surfaces (water acinaingle > 100@ and internal mucosa-
coated surfaces (water contact angl@0 Oﬁ, respectively. In the case of the-Plasma-treated
PDMS, the substrate was coated with bovine submaxillarginmto enhance its relevance to
human oral conditions, where mucin-mediated aqueous kibrnicdas a crucial impact on oral
health, swalowing, mouthfeel, etc. We hypothesize thastbemicron sized WPM particles will
act as aqueous ‘ball bearings” and the lubrication behaviour wil be strongly dictated by the
volume fraction of these particles entrained within ttil®logical contacts, thus contributing to
both kinematic and load bearing properties, respectively. Althdbgie has been one study that
investigated the tribological properties of sub-micron sized(asopropylacrylamide)-graft-
poly(ethylene glycol) (PNIPAAM-g-PEG) microgﬁ,to the best of our knowledge, ths the
first study that reports the aqueous lubrication behavariocompatible protein-based microgel

particles between soft tribological contacts.

Experimental Section

M aterials. Whey protein isolate powder (WPI) containingthw>90% protein was donated by
Fonterra Limited (Auckland, New Zealand). Phosphate buffers purchased from Fisher
Chemicals (Loughborough, UK). Analytical grade sodium azides marchased from Sigma
Aldrich, Gilingham, UK. Bovine submaxillary mucin BSM (TydeS, M3895) was purchased
from Sigma Aldrich, Dorset, UK. As described by the supplierMB&ntained 9-24% bound

sialic acids and < 2.5% free sialic acids. For the purification, BSM (30 mg/mL) was dispersed in
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Mili-Q water and dialyzed in a 100 kDa molecular weight -affit membrane folowed by
lyophilization, as described previouﬁPolydimethysiloxane (PDMS, trade name Syigard 184
elastomer kit) was obtained from Dow Corning, Midland, MI, USAI-Ri water (water purified

to aresistivity of 181 Q.cmby Milli-Q apparatus, Milipore Corp., Bedford, MA, USA) was used
as a solvent unless otherwise specified.

Preparation of agueous dipersion of whey protein microgel (WPM) particles. An agueous
dispersion of whey-protein microgel (WPM) particlesaswprepared based on a slight
modification of the methods previously described by Sarkaral¢| and Murray and
Phisarnchananah|via the disulphide bond-mediated covalent crosslinking of WRiwed
by controlled shearing. Whey protein solution (10 wt%) wapgerl by dissolving WPI
powder in 20 mM phosphate buffer at pH 7.0 for 2 hours to ensure etempblubilization.
The WPI solution \as heated at 95 °C for 10 minutes and cooled at room temperatui®0 for
minutes followed by storage at 4 °C overnight tarfoa WPI gel. The gel was broken into
fragments using a hand blender (HB711M, Kenwood, UK) for 10 minuterebef
homogenization using two passes through the Leeds Jet Homageopmyating at pressure
of 300 + 20 bar. In the Jet Homogenizer, the ratio of thdogelffer was adjusted using two

chambers of the jet homogenizer to obtain 80 vol% of WPM meticking equation (1):

wt% X

T @+y)p

vol% = x 100% (1)

where, p is the density of the get is the weight of the gel, andis the weight of the buffer at pH
7.0. To obtain aqueous dispersions with lower volume fractions RWI\{LO-75 vol%), 80 véb
WPM was diuted with buffer at pH 7.0.

Rheology. A modular compact rheometer, MCR-302 (Anton Paar, Austria) used to measure

the viscosity of WPM aqueous dispersions (volume fraction,8A@eol%). A cone-and-plate



137  geometry (CP50-2, diameter: 50 mm cone anglgwas used for al measurements at 25 °C. The
138 rheometer was inttialized with 0.2@08m gap between the cone and plate. The shear rate was set
139 in the range of 0.1-sto 50 s, except for the extreme volume fractions (10 and 80 volb), evher
140  the shear rate ranged from-4@o 1C° st at both 25 and 37 °C. For each measurement, a small
141 amount of sample was pipetted onto the top of the plate, excladigicair bubbles. Siicone oil
142 was used to prevent evaporation during the measurementpleSamere left in the rheometer for
143  approximately 5 minutes to achieve a steady state, afteh ulie viscosity was measured. Then,
144  after a 2 min interval, hysteresis was checked for by uremsnt at shear rates 50'¢o 0.1 st

145  Although the normal forcevas nominal set to zero, during measurements it typicalstuaited
146  between 0.3 and 0.5 N. Viscosity at each concentratias measured three times on separate
147  samples. Viscosity values for each sample were exported Awaton Paar RheoCompass 1.13
148  software and analyzed using OriginPro 9.1.

149  Tribology. Tribological measurements of the WPM dispersions at diffevelime fractions (10-
150 80 voln) at pH 7 were performed in a Mini Tracton MachiTiM2, PCS instruments, UK)
151 using a ballon-disk set up to facilitate a mixed roling didihg contacSmooth hydrophobic
152 polydimethylsiloxane (PDMS) bals (& 19 mm) andcdild 46 mm with surface roughness {R
153 < 50 nm were prepared by mixing base fuid and cross linker (@0v), as described in the
154  specification of the Sylgard 184 kit, vacuuming to remove t@@oed air, casting using smooth
155 stainless steel moulds and subsequently curing overnig'mO

156 In order to investigate the effect of the surface chgmish the lubrication properties, two
157  types of PDMS disks were used that differed in their hydropity. Bare PDMS bals and disk
158 without any treatment were hydrophobic in nature, reportddBakereafter. For the preparation

159  of hydrophilic surfaces, some of tieDMS balls and disk were subjected to oxygen plasma
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treatment (Zepto, Diener Electroni@ta vapor pressure of 0.4 mbar fomin. To avoid loss of
hydrophilicity on storage, tke substrates were stored immersed in Mlliwater and used for
tribology experiments within 4 days. These balls and diskheneafter referred to as hydrophilic
(HL). The HL bals and disks were coated with 100 pL of BSMiten (30 ng/mL) for 30

minutes followed by drying in By as a model to represent a thin fim of salva on the stbstis

observed in oral environments3%| This system is hereafter reported as HL+B3WVhormal load

of 2 N was used, which is equivalent to a maximum Hertziartacbpressure (fx) of 100 kPa.
According to Amontons' rule (1699hecoefiicient of friction, p =F/W, where F is friction force
and W is the normal load was measured as a functiondimfgsispeeds starting from high (2000
mm/s) to low (1 mm/s) as well as from Ide+high, at a slidinge-rolling ratio (SRR) of 50% and
at afixed load (W=2 N). We only report the data obtained fromtbidpw speeds, as the Stribeck
curves showed negligible hysteresis. The entrainmentdsplethe contact between the surfaces
was calculated according to the following equation (2):

U= _(U'+U" @)
where, U is the entrainment speed, U’ is the roling speedf the ball and U” is the sliding speed
of the digs Prior to each test, the surfaces were cleaned with acetohrinsed with MiliQ water
for the HB balls and disks. One bal-and-disk pair was usdutiea foranindividual experime nt
and then discarded. The temperature used for al the tribmlogests was 37 °C + 1, aiming to
mimic human oral conditons. All the experiments wereiedrout at pH 7 where BSM and WPM
are negatively chargedhe mean value of three measurements for each sampleised to plot
the Stribeck curve.

Contact angle of the PDM S disks. The contact angled) of MilliQ water on the PDMS disk

(hydrophobic, HB; hydrophobic coated with BSM, oxygen plasma treblleédnd oxygen plasma
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treated coated with BSM, HL+BSM) was measured using a drapesanalysis device (OCA 25,
Dataphysics UK)which consistd of a computer-controlled automatic liquid deposition system
and a computer-based image processing system. The measunjegof the apparatus for contact
angle was 0-180° with a resolution of £0.1° and each reporlad wan average of more than
five independent measurements. Typical measurement vesoless than 2°. A 500 puL volume
of MilliQ water was used, produced via a straight need.# mm outer diameter and 0.26 mm
internal diameter, to form a sessile drop. The temperatiitbe chamber during the tests was at
20 °C to reduce evaporation of the liquid.

Particle size. The mean hydrodynamic diameter h\Df the WPM particles before (25 °C) and
after subjecting 10 vol% to tribological stress (at@ywas measured via dynamic light scattering
(Zetasizer, Nano ZS series, Malern Instruments, Worsbste UK), equipped with a 4 mwW
He/Ne laser (wavelength=633nm). Sizing was performed (at 26) at 10 s intervals in disposable
plastic cuvettes (ZEN 0040) using non-invasive backscajteat a detection angle of 173 °.
Measurements of the WPM particle size were based oatmererefractive index of 1.150, i.e.
assuming a refractive index of WPI (1.53) to 1.33 for the aqueous.pHas absorbance value of
the WPM particles was set at 0.001.

Confocal scanning laser microscopy (CLSM). The microstructure of 10 vol% dispersions of
WPM particles before and after subjecting to tribological stfess837°C) was studied using a
Zeiss LSM 700 confocal microscope (Carl Zeiss Microlmaging Gmigtha, Germany). Fast
Green (1 mg mt! in Mil-Q water, 1:100, v/v) was used to stain WPM {Ne laser with an
excitation line at 633 nm). About 10 pL of WPM before and dfiertribology experiment was
mixed with D pL of Fast Green for 15 min and imaged using a concave slda G&x

magnification.
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Scanning electron microscopy (SEM). In order to directly visualize the interacton of PDMS
surfaces with WPM particles, SEM observations were daoid using a FEI Quanta 200F FEG
microscope (FEI Company, Eindhoven, Netherlands). A smal poofiche PDMS disk (HB or
HL+BSM coated) in the presence and absence of WPM particlesol§a)) before and after being
subjecting to tribological shear at 32, were cut and mounted on 13 mm diameter pin stubs and
coated with platinium (5 nm thick) in a Cressington 208HR eputbater. The samples were

imaged at 5 kV at 50,000 and 5,09@agnification.

Results and Discussion

Rheology of aqueous dispersions of WPM particles. Figure 1 shows the viscosity versus shear
rate for WPM dispersions at 10 and 80 volo, with the mean t@andiessd deviation plotted for
measurements on 3 separate aliquots of the same dispersionhdt3?3&. At both temperatures
and volume fractions ¢, extreme shear thinning behavior was observed, with dioggesof
plateau values being reached only at the low and higar shee limits (16* and 16 s?) for ¢ =
80% and 10 vol%, respectively. These shear rates repres@weisé and highest values at which
reproducible data could be obtained for these samples withhebeneter used. Despite the data
atd = 80% apparently suggesting definite low and high sheailimitieg viscosities, it was not

possible to obtain a satisfactory fit of the Cross equation:

NN _ 1 3)

No—Neo  1+Ky™

to the data across the ful shear rate ramdere 7..and 7 are the ‘infinite’ and ‘zero’ shear rate
limiting viscosities, vy the shear rate, K and m arbitrary constants. Flocculated particle networks or

solutions of entangled or weakly cross-linked polymers typically follow this equation and other

11
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workers®? have managed to fit data of other microgels to such models, suggesting that the WPM
rheology is more complex than this. However, the errors in the data at the low shear rates i
particular should be noted, so that it would be unwise tqomaterthis much further. Of more
relevance here is the fact that the viscositiesuett $ow shear rates are unlkely to be of much
relevance to conditions of the lubrication measuremémisst of which wil be at much higher
shear rates) or the shear rates operating in the mbathatter being generally accepted to lie in
the range of approximately 0.1t0 5

It may also be noted that the viscosity curves at 25 and 3i&%haost indistinguishable
at ¢ = 80%, whereas dt = 10% the viscosities at 37 °C are significantly highen tia25 °C for
shear rates > 8&G1. The reasons for this are not clear, but possibly the \&iPpayticles swell
slightly at the slightly higher temperature, gwvingeri® slightly higher viscosities that are more
noticeable at lowed. Viscosity as a function af at 25 °C was measured in more detail. Because
of the difficulties in obtaining reproducible data at very haghd low shear rates, plus the Imited
relevance of measurements in this range to lubricatiea restricted ourselves to the shear-rate
range of 0.1 to 50sand did not attempt to find low or high shear-rate limitingcasities at each
¢, i.e., viscosities independent of shear rate in the low ghddhiear rate regions. In additon,
hysteresis effects turned out to be significaras explained below. Figure 2 compares the viscosity
versus shear rate data in Figure 1 with data obtained fompletely separate preparation of WPI

particle dispersions, over a wider rangeppbut probed over a narrower range of shear rate.

12
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Figure 1. Viscostty ) of WPM dispersions versus shear rate at vaiye=(10 %, 25 °C (grey +);
80 %, 25 °C (green filed triangle); 10 vol%, 37 °C (black x); 80 volts, I@ré€n open triangle).
Error bars are shown for repeat sets of measurements deré@ntlifaliquots the same dispersion.
The dashed line shows the viscosity of 70 wt.% glycerol &C2f®r comparison with tribological

data later.

The data for the second dispersionp at 10 vol% show very good agreement with the data
described in Figure 1 for the first dispersion at the sérieut the viscostties are considerably
higher for the second dispersiagn= 80%, for example(error bars have been omitted for clarity,
but they are of the same order as in Figure 2 for both setspefrsions). In this shear-rate range,
the plots of log n versus log shear rate are practically linear (and parallel), enabling fitting each

set of data between ¢ = 10 to 80 vol% to a simple power law model:

1=k (%) @

dt

13
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Equation 4 gave values of n between 0.73 between and 0.90, with all linear regression coefficie nts

> 0.99 at each.

10
103 i
102 4
wn 101 i
©
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10—2 4

10’3 T T T T T T T
104 10% 102 101 10° 10! 102 10°
shear rate/ s™

Figure 2. Comparison of viscosityn( versus shear rate at different apparent volume fractions (
for two different preparations of WPM dispersions. Daté atl0 and 80 vol% are for the first

preparation shown in Figure 1 (grey x and green filledhgiea respectively). Data for the second
preparation (open symbols) are showrpat 10 % (black cross); 20 % (red circle); 50 % (pink

triangle); 60% (blue diamond); 75% (purple square); 80% (greeglédian

The data of Senff & Richterirﬁfor poly (N-isopropylacrylamide) (PNIPAM) microgels
show a similar value of n (approximately 0.6) for the mastovis | = 3 Pa s at 0.1'§ system
they studied, although all their systems showed lower Miesoghan the WPM at equivale nt
effective volume fractions and shear rates, giving tefimero shear rate imiting viscositieg o)
at much higher shear rates. This may be a reflectioam godater contribution of microgel particle
aggregation tony in the case of the WPM particles. We note that inieeaWor on WPM

rheology, a strong dependence of WPM dispersion rheology on pHheted, attributed to

14
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changes in the protein charge as a function of pH, whigulted in changes in their state of
aggregation. One other curious feature to note in diguior the second dispersion, is thadtd
= 75% is apparently higher than gt 80%. Mcrogel particles are generally accepted as being
compressible to some extent and the maximum packing fractions that can be reached are generally
much higher than for model hard spheres Such a reversal in viscosity with ¢ is not predicted for
any hard-sphere models. At least part of the reason is explained in Figures 3A and 3B, which
show viscosities measured at 0:1ad 50 3, respectively, at eaap where the shear rate was
ramped up (full lines on the Figure 3) and then ramped dolashed lnes in Figure 3), as
described in the Methods section. For clarity, the data paisonly shown for the shear rate
‘up’ curves. It is seen that, at the ‘low’ (0.1 s’1, Figure 3A or ‘high’ (50 s, Figure 3B) shear rate
the viscosity increases extremely steeply withs¢p > 50%, as might be expected as the particles
become more close packed.

Although the viscosities plotted in Figure 3 are not in Niewtonian regime (i.e. shear
thinning), the large increase inoccurs in the region of an assumed volume fractionisttigpical
of the effective volume fraction seen in other studiadose to the random close packing imit (64
vol%o) of truly hard spheres. However, betwaen 65 and 70 %, on the viscosity up curves, ie.,
where the shear rate was being increased, thereak ia fipparent viscosity, folowed by an
increase in apparent viscosity dat 75% and then another fall @t= 80%. The latter explains
why the viscosity at 75 vol% is higher than at 80 vol% as siscl above with reference to Figure
2. As discussed by Senff & Richterﬁ;and many others, the bulk rheology of microgel particles
as a function ob is a complex and controversial subject, since the sphere®oahard or indeed

have a true surface in the usual sense, since teeyadicles of a gel network. Thus the surface

15



299  is expected to be porous and ‘fuzzy’ to some extent, whilst the particles may be deformable, as

300 already noted, or even be able to interpenetrate to some extent.

GV B)
1.5
GO0 -
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= i =
ZUU .")"\ r U.E T / r
_.-"I.l * 4
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0 20 40 o G0 80 . 0 210 IU ' 30
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301 Figure 3. Detailed viscosity 1{) versus apparent volume fractiof) @t pH 7 (black symbols and/or
302 lines) at shear rates of (A) 0.1 and (B) 50 3, for the second dispersion referred to in Figure 2.
303 Data are shown for the shear rate increasing from 0.1 to!Ffuls ines) and the shear rate
304 decreasing from 50 to 0.1'gdashed lines).

305

306 In our case, the calculategl was based on the volume of gel broken up into particles and
307 the volume of extra added buffer. This completely ignoresptssibility of release of aqueous
308 phase from the gel to the bulk during its disruption intoragel particles, or during the rheology
309 measurement itself, or any sweling or shrinkage of tmiclea after their formation. Therefore,
310 in line with many other studies, it is difficult to be edt of the effective volume fraction of the
311 particles. However, it is not the purpose here to try am fdlze rheology of the WPM particles
312 in the context of all detailed prior work in this area, lost jto point out that the particles have

313  similar characteristics to the behavior observed with otlienogel particles.
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Thus, the apparent increase and decreasgwith ¢ suggest some sort of colapse or
interpenetration of the WPM particles as they are ém@ed sheared together at these very high
volume fractions, effectively decreasing thein other words decreasing tieand/or enhancing
particle aggregation i.e. increasing the which might havean influence on their lubrication
behavior. Upon decreasing the shear rate, (the shear doxes)call viscosities are lower than on
the up curve, indicating some irreversible change (st leathe time scale of the measurements).
The up and down shear rates values gradually convergev at On the other hand, highef is
stil seen atp at 75 % than 80 % on the shear ‘down’ curve, making the collapse followed by
recovery ofn as a function o even more convincing. It should also be noted that we ageimpt

to fit eachn versus¢ curve, up to the first fall im, to the Krieger-Dougherty model of viscosity
but no value of a maximum volume packing fraction could bedfofon each curve that would
gve convergence. This is perhaps not surprising, givenhylteresis just described, which
emphasizes the fact that the particles cannot be traathdrd spheres, aggregating or not.
What the detailed rheology measurements show is thgpdtieles can give very wide
rangingn values as a function of shear and shear history. Inceidiigh values of| persist after
subjection to fairly high shear rates (58 ®ven though the systems are highly shear thinning.
Thus, the particles may aggregate or interpenetrate uastah of shear and volume fraction, but
they are certainly not destroyed completely by subjectiegn tto these conditions, so this must
occur reversibly to some extent, suggesting the partiesmore resiient under the conditions of
shear than suggested by the moduli of the WPI gels frdmehwthey are prepared (see

Supplementary Figure 1 for modulus of the whey protein geta fwhich WPM was prepared).
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Surface properties and tribology. To gain insight into the abilty of the aqueous dispersions of
WPM to wet the PDMS surfaces, the water contact anglekDMS surfaces with and without 2O

plasma treatment was determined. In general, the sutbP®MS is widely accepted as highly

hydrophobic, with water contact angles reported to lie inrdhge of 95110°9°9As shown in

Table 1, he measured water contact angle of the HB PDMS remaiagly tonstant, at 108°
(Table 1). Immediately after plasma treatment, the PDMStsates became hydrophilic (30°, data
not shown)due to the conversion of the methyl groups to hydroxyl and cdrlgpaups at the
exposed surface of PDMS, but had a rapid rate of hydrophobic recasagported previous
|jln about 3 days, the contact angle reachet(Bible 1) and remained at the same value for up
to a week.

A marked decrease in contact angle (p < 0.01) was observedcoptimy with BSM in
the case of HL PDMS, i.e., the coated HL surfaces wgndisantly more hydrophilic than the
uncoated HL surfaces (Table 1) suggesting adsorption by mu@ncohtact angle was in a similar
range to previously reported values of PDMS modified with mucin of 'perooriginﬂ We
hypothesize that such low contact angles (< 50°) migsultr in easier wetting of the HL His
surfaces by the WPM dispersions. The aqueous dispersions ofWiliPMigh viscosities (Figure

2), might spread and enable the formation of a lubricating finth@msubstrate.

Table 1. Contact angles of water droplets measured with the sessile drop method on the different

PDMS disks with or without plasma treatment and BSM coating.

PDMS Surfaces Contact angle (0)
HB 108.0+ 3.0
HL 63+1.0
HL+BSM 47+2.0
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To understand the influence of surface hydrophobicity on lularicgproperties, HB (108°)
and HL+BSM (47°) disks were used for tribological measurementaqoéous dispersions of
WPM particles (10-80 vol%o) at pH 7. Figure 4 shows the lbng properties of the WPM
particle dispersions with a range of volume fractions ascidn of the entrainment speeds with

HB and HL+BSM balls and disks forming the tribological contagfases. Based on classical

tribological behaviof?|3lone might expect that at the boundary condition, the PDM%utihlithe

disk are in dry contact where both the continuous phase d@hd/particles are excluded from the
dry contact area. As the disk speed starts to increastgnfris expected to decrease due the
dispersion material filling the gap between the surfasperdties in the mixed regime. The

inclusion or exclusion of WPM patrticles in the gaps leetwthe contacting surfaces wil largely
depend on the size of the particles compared to the size gdpke As the speed increases further
the pressure of entrained multilayers of particles pugtirmous phase should further push the
two contacting surfaces apart, reducing the friction apthe beginning of hydrodynamic

lubrication regime, where bulk rather than surface priegedominate.

The plateau boundany (< 10 mnvs) and mixed regime (100<<300 mmys) of lubrication
could be clearly identified in all the Stribeck curvesg@feé 4). In case of the buffer, the
elastohydrodynamic lubrication regime was also evident (308 2000 mmvs). AtJ > 500 mm/s,
the friction coefficient ranged between 0.006 to 0.012, irrespectiviee ®WPM concentration and
the hydrophobicity of the substrates used. Considering tbeanek to biologically relevant
speeds (e.g., tongue speed), we have only focused on the bourdianixeah lubrication regimes
(U <300 mm/s). The Stribeck curve of the phosphate buffer alooéecesn much higher friction
coeficients (1> 1.0) in the boundary and mixed lubrication regimes. Swgth ihterfacial friction

might be due to the buffer being squeezed out from the triboet®rds well as the adhesive nature
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of the PDMS-PDMS interface in the absence of any load-bearing atiomig ﬁIm.ﬂlnterestingly,
native whey protein soluton (data not shown) gave sinflietion coefficients as phosphate
buffer, suggesting no formation of hydration layer betwéerstirfaces. However, the presence of
WPM particles significantly reduced the friction caafint by up to one decade, especially in
mixed lubrication regime, that is for sliding speeds 10-30Gmeven for extremely low volume
fractions (10 vols) (Figure 4A). The difference in lubtica properties between natve whey
protein/ buffer and WPM particles might be attributed to ghesence of exposed hydrophobic
moieties in the Iatteﬂ which possibly conferred adsorption and lubricity on the hydrbmho
PDMS surfaces. Although WPM particles skawairly effective lubricating properties the
mixed regime, a sharp bd the lubricity was seen with decreasing entrainmemeed (Figure
4A). This suggests that at the low volume fractions Wpdvlicles were squeezed out from the
contact region at low speeds due to low numbers of hydrophobidieso@&nchored to the HB
PDMS surfaces, resulting in partial direct contacts eetwthe HB PDMS surfaces. However,
such boundary fricton was reduced at higher volume idragt which is discussed in more detail
below.

Focusing on the lubrication behavior of WPM particles lfer bare HB PDMS surfaces
(Figure 4A-F), all the aqueous dispersions of WPM pastiqi@0-80 vol%e) showed superior
lubrication properties as compared to the buffer. In panticd significant (p < 0.05) fall i

values to ca. 0.06-0.4 was seen in the townid speed range (p < 0.05).
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Figure 4. Stribeck curves of aqueous dispersions of WPM particles (10 vol%) (a), 40 vol% (b), 60

vol% (c), 65 vol % (d), 70 vol% (e) and 80 vol% (f) between smooth HB PDMS tribopairs (®) and

HLA+BSM-coated PDMS tribopairs (O), showing apparent coefficient of friction measured as a

function of the entrainment speed. Stribeck curve of phosphate buffer is represented by A . Error

bars indicate standard deviation as obtained from three independent measurements.
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The plateau boundary friction coefficient was almost @gimlower with WPM,
particularly for¢ > 65 vol% WPM (Figure 4 D-F), reaching very low p values (ca. 0.08) compared
to u = 0.5 at lower ¢ (10-60 vol%) (see Figures 4 A-C).

Since the PDMS surface had adRirface roughness of 50 nm, whist the WPM particles
had diameters 100-500 nm (discussed later), the particles actules third body flling the gap
between the asperities and result in a roling motion, ik.asasubmicron scale ‘ball bearings’,
asreported previously by St.Dennis eland Alazemi et ﬁwith carbon microspheres of
similar size range (450 +20 nm). Having said this, carborospberes are expected to be much
stifer than WPM particles. Excellent lubricity withgher volume fractions of WPM (Fig. 4D}F
was also observed in the mixed regime, p reaching valsdsw as 0.02 at 100 mnvs, i.e., more
than 1 order of magnitude lower than that with 10-40 vol%o WRM 0.4) (Fig. 4A-G. A clear
trend of the dependence of friction forcedo(1 N, 10 to 40 vol%; 0.69 N, 60 vol% and < 0.3 N,

65 to 80 vol%) is seen (Figure 5A) in both boundary and mixedcdtion regimes (p < 0.05).
Interestingly, the magnitude of the friction forces wiamy similar (p > 0.05) in both the mixed
and boundary regimes for highérsamples(= 65 vol%).

The higher lubricity of 65-80 vol%e WPM might be attributed h® higher viscosity of the
dispersions and the higher number of hydrophobic moieties adgabinydrophobic PDMS
surfaces, inhibiting the dispersion from being squeezed athieoflap. Furthermore, the WPM
particles apparently rolled easiy between the HB contadt®ut any jamming even at high
volume fractions of 80 vol%. Thus, the WPM at higidenust replenish the contact region creating
effective hydratedmonolayet of particles, filing asperity contacts (of the order of a fewadreds
of nanometers). Figure 5A indicates this schematicalplaining the higher effective lubrication

with PDMS-PDMIt is noteworthy that the appearance of tribological diffees in the two
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volume fraction regions¢(=65% and < 65 vol%) is highly congruent with the regions oftmos
significant increase im (Figure 2). As close packing is approached, the microgeiclparimight
associate with each other and/or have some degree pémnation, helping to fil in the surface
asperites more effectively, preventing surfaces from rgpnmto contact even in the boundary
condition region.

Low volume fractions of WPM showed relatively poor lubricityih high friction forces
in the mixed lubrication regime, possibly due itsufficient numbers of WPM particles
replenishing the contact region (Figure 5A), as well agrdomumbers of particles sticking to the
surfaces. At this point it is also worth comparing the effectivene$she WPM in reducing friction
with that of a high viscosity Newtonian aqueous solutonamely 70% glycerol. Supplementary
Figure 2 shows the Stribeck curve for 70% glycerol solutiod the dashed line on Figure 1 shows
the corresponding viscosityn (= 27 mPa s) of this solution (at 25 °C) over the same shgar
range as measured for the WPM dispersioi®o at ¢ = 10 vol%o, for example, the viscosity of
microgel dispersion is lower than for 70% glycerol above arstae of ca. 1'5 whereas the
viscosity of¢ = 80 vol% is higher than that of 70% glycerol until ca® 48 notwithstanding the
hysteresis observed in Figure 3. Once again, it is baobrpare entrainment speed with shear
rate, but the fact that even the 10 vol% WPM dispersioncesdthe friction even more than the
70% glycerol at the highest entrainment speed (see SuppdagneFigure 2), whist the 80 vol%
gves lower friction at all entrainment speeds, points torabtied mechanism with the microgel

particles, i.e., it is not just the viscosity of the dispersihat is important.
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451  Figure 5. Effect of microgel volume fraction on the friction force of HB PDMS (©) (A) and
452  HL+BSM-coated PDMS (0O) (B) in the boundary, U=3 mmv/s (closed symbols, solid line) and
453 mixed lubrication regimes, U= 100 mnvs (open symbols, dashed line) with insets of schematic
454  representation of the proposed mechanism of microgel lubrication. Balls and disks are represented

455 i grey, microgel particles are presented by small gray spheres, the continuous phase is represented

456 by blue lines, BSM is represented by red solid dots in case of HL+BSM PDMS surfaces.
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Turning to the HL+BSM surfaces in detail, the data iruféigd show clear differences in
the Stribeck curves between the bare HB and HL+BSM surfincependent of the WPM volume
fracton (Figure 4AF). In the case of HL+BSM + WPM particles, the friction féoent was
reduced by more than one order of magnitude as compared HBtisarfaces at entrainment
speeds (1-300 mnmys) for 10-65 vol%. At kighvolume fractions (70-80 vol%), the differe nces
lubricity between HB and HL+BSM were not significant (p>0.B5the boundary regime. Thus,
at high volume fractions WPM particles were excelletridants independent of hydrophobicity
of the PDMS substrate.

It is noteworthy that, irrespective of WPM volume fractiaskra-low boundary friction
coeficients (i<0.01) were achieved with HL+BSM. This suggests that wulis surface WPM
perhaps formedamonolayer preventing true adhesive contact completely amduwusly fowed
into the contact region with particles even at low volun&ctibns (10 vol%), due to effective
wetting of the surfaces, as schematically ilustraiteéigure 5B. Interestingly, the trend of friction

force with ¢ was markedly different in case of the hydrophilic PDMS aspened to hydrophobic

PDMS. It appears that there is an optingak< 65 vol%e WPM) for effective Ilubrication with
HL+BSM surfaces where the contact region is saturatéld mwvicrogel particles. Above this
volume fraction, the friction force starts to increagmirg possibly due to particle close packing
and aggregation/interpenetration that impedeis thiing motion rather than shear thickening due
to friction between particles as seen in close packed hagtlespbispensions.

Together, these findings are in agreement with our hypistitbat the volume fraction of
WPM particles play an important role in the lubricity bioth HB and HL+BSM PDMS surfaces.

The experiments also demonstrate for the first time phateinaceous microgel particles can
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479  generate ultralow fiiction forces < 100 mN between HB PDMS and HL+BSM surfaces at higher
480 (¢ > 65 vol%) and lower (<65 vol%) volume fractions respectively, respectively.

481  Size of WPM particles before and after friction measurements. The WPM particles had Dy of
482 380+ 26 nm with a relatively prominent peak i the region 100-1000 nm and a small peak above
483 1000 nm, the latter ascribed to their aggregation (Figure 6). The 380 nm size is ~7.5 times larger
484  than the surface mean roughness of the PDMS surfaces, ie., it is worth re-stating that it is unlikely
485  that the particles would get trapped between the surface asperities of the PDMS This would

486  facilitate the ability of the particles to reduce friction by a rolling mechanism.

487
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489  Figure 6. DLS measurements (A) of WPM particles (10 vol%) at 25.0 °C (o, dashed ling after
490  subjecting to tribological shear at 37.0 °C (e, solid line ), plotted as hydrodynamic size vs mtensity,
491  with insets representing the corresponding confocal laser microscopy images. Scale bars
492  correspond to 50 pm, respectively.
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494  Furthermore, there was no significant change in this Dy after subjecting the particles to tribological
495  shear between the HB contacts surfaces, as can also can be observed in the confocal images. A
496  slight increase in the peak in the region of 1000-10000 was observed (Figure 6), suggesting the
497  tribological measurement induced some slight aggregation of the WPM particles, as might be
498  expected due to the entrainment stresses. However, overall the particle size was largely preserved
499  under the extreme boundary lubrication conditions, further supporting the suggestion of a rolling
500  lubrication mechanism. This is also consistent with the fact that the presappled (2 N normal
501 load) was almost 2-3 orders of magnitude lower than the ydssof the WPM gels from which
502 particles were formed (Supplementary Figure 1).

503  Morphology of WPM particles and surfaces before and after friction measurements. Figures
504 7 and 8 show the SEM images of the HB, and HL+BSM surfaces used, before and after tribology
505  measurements. The HB disks had the smoothest surfaces (Figure 7), whereas some scratches and
506  channels were visible in HL+ BSM surface (Figure 8). The imperfections in the latter are probably
507  due to the plasma treatment, as reported previously.m The HB PDMS disks with WPM particles
508  showed a rather sparse distribution of particles on the surface, suggesting that there was limited
509  retention of the hydrophilic particles on the hydrophobic substrate (Figure 4), which might be
510  expected, especially with 10 vol% particles. After the tribological measurements, there were some
511  visible remnants of particles, which might indicate some particle abrasion while stil mamntaining
512 some degree of lubricity, as observed in Figure 4a. In contrast, Figure 8 shows that the HL+BSM
513  surfaces were almost completely covered by a jammed layer of WPM particles, indicating better
514  binding of the WPM particles to the hydrophilic substrates, congruent with the findings of reduced
515  p(see Figure 4) irrespective of the volume fraction. Figure 8 shows that, after application of the

516 tribological stresses, a significant proportion of particlemamed intact and appeared to wet the
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517  surfaces more evenly. Compared to the HB surfaces, thimss® fit in with the much lower
518 fricton forces as observed with the HL surfaces (sgmrd- 4a) and the suggested rolling

519  mechanism of WPM particles.

5, 000 x 50, 000 x

Disc

Disc with
WPM particles

Disc with
WPM particles
after tribology

520

521  Figure 7. SEM images of HB PDMS disks in absence or presence WPM particles (10 vol%)
522 before and after subjecting to tribological shear. Scale bars in 5,000 x and 50,000 x correspond to

523 30 and 3 pm, respectively.
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Figure 8. SEM images of HL+BSM PDMS disks in absence or presence WPM particles (10 vol%)
before and after subjecting to tribological shear. Scale bars in 5,000 x and 50,000 x correspond to

30 and 3 pm, respectively.
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Interestingly, the particles also did not show any apparemigehin particle morphology
on exposure to tribological shear when examined at higherifitagon (Figure 8) and consistent
with the only slight change observed in the DLS data. latter (see Figure 6) shew achange
in the size distribution of particles on the surface, bugignificant change in meamDThe WPM
particles in the SEM images before and after shear aggpéarbe rather smaller compared with
the DLS data, but this is probably due to the inevitablénksing during sample preparation for
SEM. The HL+BSM surfaces with WPM showed the presenceroé degree of inter-connected
WPM particles. This might be due to depletion flocculationthef weakly negatively charged
WPM with the BSM at pH mor the shearing processes in the narrow gap betweenrihees.
The SEM micrographs of the WPM particles on the PDMSsfdefore and after tribology are
also consistent with the rheology results, which inferpossible interpenetration of particles as a
function of shear whilst they did not irreversibly qode.

It is also worth noting that some WPM particles showed some sharp facets (almost like
crystals), which might be expected to impede rolling, although, such particles would favour a “flip-
flop’ mechanism ofparticle faces between surfaces. These flat sided objects appear more prevalent
after shearing, but there are far more particles visible on the surfaces before shearing, and the
densely packed layer makes it difficult to determine the fraction of more flat sided particles over
more rounded ones. It is possible that some separation of the two types of particles occurs during
shearing and that the flat-sided type sticks better to the surfaces and so are apparently more
prevalent than the round ones in the SEM images. However, it is difficult to compare with certainty
the sphericity of the WPM particles embedded on the PDMS surfaces before and after tribology
because of the possble effects of preparation for SEM on particle morphology, as already

mentioned. Also, it is important to understand the change (if any) of the sphericity of the particles
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after rheological measurements. Hence, additional high-resolution characterization, before and
after rheology as well as shearing in confinement between the surfaces, is needed in order to clarify
if one type of WPM particle morphology is more important than another mn providing the ultra-

low friction observed.

Conclusions

The aqueous dispersions of WPM particles have been shown to be efficient boundary lubricants
in PDMS-PDMS contacts. The coefficient of friction p varied as a function of volume fraction of
WPM used, closely associated with the packing fraction when confined between the HB PDMS (¢
>65%) or HLA-BSM (¢ <65%) contact surfaces. The key mechanism proposed to prevent adhesion
and lower friction between the sliding contacts was probably a rolling mechanism, analogous to
that provided by ball-bearings as well as load bearing ability attributed to the viscosity of closely
packed WPM particles. The motion of the top surface causes the WPM particles to roll, while the
confined region was continuously replenished from the surrounding medium with WPM particles
at higher volume fraction. In addition, the hydrophobic moieties of the WPM particles ensured
effective adsorption to the hydrophobic PDMS surfaces while the hydrophilic moieties of WPM
formed a true hydration layer, in other words a ‘surface-separator’. In the case of the hydrophilic
PDMS surfaces, the effective wetting by WPM allowed reduction of boundary friction even at low
volume fractions (¢ =10-40 vol%), supported by electron microscopy observations. However,
above an optimum volume fraction, the mterpenetration of particles possibly impeded effective
rolling, explaining the slight increase in friction. These findings provide a fundamental
understanding of the rheological and aqueous lubrication properties of proteinaceous microgel

particles and may lead to mnovative strategies for the development of food, drugs, personal care,
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biological and biomaterial applications, exploiting their excellent aqueous lubrication and shear

thinning properties.
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