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Abstract A surface-attached hydrogel made from an

entangled network of poly(acrylamide–acrylic acid) ran-

dom copolymer chains has been chemically bonded to the

surface of polydimethylsiloxane (PDMS) and demonstrated

ultralow friction in aqueous environments. The hydrogel

polymer, preformed in solution, possesses a high molecular

weight and exists as an entangled network under the

solution concentrations employed. Surface attachment is

accomplished through chemical modification of the PDMS

surface followed by subsequent reaction with acrylic acid

moieties along the polymer backbone. The friction coeffi-

cients of untreated and hydrogel-modified PDMS surfaces

were measured via microtribometry, employing both a

glass probe and a novel bioprobe made from the anterior

surface of a rat thoracic aorta. The unique approach to

hydrogel synthesis and its attachment to PDMS succeeds in

producing a robust, highly solvated polymer network of

sufficient water content to enable friction coefficients as

low as l = 0.003.
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1 Introduction

The study of soft matter interfaces is motivated by their

ubiquity in biological systems. With respect to the devel-

opment of biomaterials, the study of fundamental interfa-

cial properties has addressed topics of surface energy,

material stability, surface modulus, and friction [1–3].

Hydrogels represent a class of biologically significant

materials because their soft, hydrated, fluid permeable

polymeric network structures resemble many biological

tissues. In addition, numerous biomedical devices employ

hydrogel materials under conditions where these materials

interact with biological tissues [4–6]. For example, the

modern contact lens represents an application where

hydrogels offer, in many instances, low modulus, oxygen

permeability, wettability, biocompatibility, and low friction

in the ocular environment [7–11]. Numerous other bio-

material applications would benefit from the desirable

interfacial properties of hydrogels, but require greater

structural strength, toughness, flexibility, and imperme-

ability to drugs and biological agents than afforded by

silicone devices [4, 12]. To this end, the introduction of

hydrogel coatings represents a promising approach to

achieving a high water content, low friction, and biologi-

cally inert interface on an otherwise ideal material for

applications such as catheters and chemotherapy ports.

Polydimethylsiloxane (PDMS) is attractive as a bioma-

terial due to its ease of fabrication, low modulus, high

strain to failure, toughness, high oxygen permeability,

impermeability to many drugs, and its relative inertness in

aqueous environments [13–16]. In addition, silicones are

widely used in various biomedical applications and repre-

sent a viable alternative to latex, the use of which is limited

in some patients by allergies. After cross-linking, PDMS

materials have a hydrophobic surface that is notorious for
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having unacceptably high friction under aqueous environ-

ments against most counter surfaces. In biomedical appli-

cations such as urinary catheters and ophthalmic lenses,

high interfacial friction has been correlated with discomfort

and tissue damage leading to a general cascade of negative

effects including risk of infection [11, 17–19]. Designs and

strategies to reduce the friction of PDMS surfaces under

aqueous lubrication are being aggressively pursued. Some

commonly used techniques include exposing PDMS to an

oxygen plasma and corona discharge in order to produce

surface silanol groups that increase the surface wettability

by water. However, PDMS surfaces rearrange molecularly

on the timeframe of minutes, and low molecular weight

species can migrate to the surface causing the surface to

closely resemble its pre-treatment hydrophobic state

[14, 20–22]. Alternative approaches have explored the

introduction of coatings aimed at increasing the hydro-

philic nature of PDMS surfaces by grafting polymer chains

onto the surfaces [15, 23–25]. Due to PDMS’s inert sur-

face, activation is required for successful grafting and

numerous approaches have been reported including expo-

sure to gamma radiation, surface coronas or plasmas, laser

treatments, and incorporation of acrylic monomers during

the synthesis. Other approaches to modifying PDMS sur-

faces have involved the formation of interpenetrating

polymeric networks (IPNs), physically mixing PDMS with

other polymers, and copolymerization [14, 22].

The addition of a chemically bonded, molecularly

thick, low friction hydrogel layer to PDMS offers a

number of distinct advantages, the foremost being the

reduction in friction, overcoming the limiting tribological

properties of PDMS in aqueous environments. Beyond

this, the presence of a hydrogel layer would transform

the biomaterial interface with respect to water content

and wettability. One of the many attractive properties of

PDMS is its resistance to swelling in aqueous environ-

ment; the introduction of a hydrogel coating offers the

opportunity to have both dimensional stability and

toughness with tunable lubricity, controlled through the

synthesis of the hydrogel coating. Finally, the addition of

a lubricious layer on a soft flexible substrate such as

PDMS represents an excellent approach for managing

and limiting interfacial contact pressures and the asso-

ciated interfacial wear and tissue damage that is often

associated with the contact of microasperities [26–29].

Additionally, the use of a surface-attached, low-modulus

hydrogel may further reduce contact pressures at delicate

tissue surfaces. Two recent studies have reported the

introduction of hydrogel layers to PDMS surfaces, by

means of either chemical grafting with alginate [30] or

physical attachment through the addition of micropillar

anchor structures [25], but neither report addressed the

impact on interfacial friction.

Herein we report on the chemical attachment of a

hydrogel layer composed of a poly(acrylamide–acrylic

acid) random copolymer to PDMS and the subsequent

reduction in friction under aqueous environments. The

copolymer, preformed in solution, possesses a high

molecular weight. At the conclusion of the polymerization

reaction, the solution exists as a thick, mucus-like entan-

gled network under the concentrations employed. Surface

attachment of the preformed entangled network is accom-

plished through a multi-step chemical modification of the

PDMS surface and the incorporation of acrylic acid moi-

eties along the polymer backbone, thus introducing

chemically specific anchor points. Friction has been mea-

sured on untreated and hydrogel-modified PDMS surfaces

via microtribometry, employing both a glass probe and a

novel bioprobe made from the anterior surface of a rat

thoracic aorta. The unique approach of creating an entan-

gled network in solution followed by attachment to PDMS

succeeds in producing a robust, highly solvated polymer

network of sufficient mesh size and accompanying water

content to enable friction coefficients as low as l = 0.003.

2 Materials

PDMS was commercially obtained in the form of a base

and a curing agent (XIAMETER� RTV-4232-T2 Base

Translucent and XIAMETER� T-2 Curing Agent, Dow

Corning) and synthesized according to manufacturer’s

instructions [31]. Hydrochloric acid (HCl, 37% stock

solution), (3-aminopropyl)triethoxysilane (APTES,

C98%), acrylamide (AAm, C99%), acrylic acid (AAc,

99%), and 2,20-azobis(2-methylpropionamidine) dihy-

drochloride (AIBA, 97%) were obtained from Sigma-

Aldrich and used as received. 1-Ethyl-3-(3-dimethy-

laminopropyl)carbodiimide hydrochloride (EDC) and

N-hydroxysulfosuccinimide (S-NHS) were purchased from

Thermo Fisher Scientific and used as received. Phosphate-

buffered saline (PBS, 1X, pH 7.4, Corning� Cellgro,

Mediatech Inc.) was used for synthesis and in tribological

measurements.

3 Experimental

3.1 Synthesis of Poly(acrylamide–acrylic acid)

(P-AAm–AAc) Random Copolymer Network

High molecular weight, physically entangled P-AAm–AAc

random copolymer networks were synthesized via free

radical polymerization under an inert nitrogen atmosphere.

AAm and AAc were mixed in a 10 to 1 ratio, respectively,

and AIBA was employed as a thermally activated source of
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free radicals [32–34]. Table 1 lists the specific monomer

solution composition used to make the P-AAm–AAc

copolymer networks examined in this study. Monomer

solutions were prepared by mixing all components listed in

Table 1 in a 50-mL polyethylene (PE) centrifuge tube in a

nitrogen-filled glove box. The PE tube containing the

solution was capped in the glove box. Polymerization was

carried out for 3 h at 80� C, within the capped PE cen-

trifuge tube.

Following polymerization, the P-AAm–AAc copolymer

network underwent dialysis in DI H2O, in order to remove

unreacted chemicals and low molecular weight compo-

nents. To accomplish this, the polymerized network was

placed into Spectra/Por� dialysis tubing (volume/

cm = 9.3 mL, molecular weight cutoff *3500, dry

cylinder diameter = 34 mm, dry thickness = 0.001300),
submerged in 1000 mL of DI H2O, and dialyzed at room

temperature under stirring for 3 days. During dialysis, the

water bath was exchanged twice a day. Following dialysis,

the P-AAm–AAc copolymer network was dehydrated by

means of rotary evaporation over the course of several

hours. The copolymer network was further dried overnight

in a vacuum chamber equipped with a roughing pump. The

dialyzed and dried P-AAm–AAc copolymer network film

was stored in a vacuum desiccator until further use.

GPC of purified copolymer was performed using a

Wyatt Technologies miniDAWNTM TREOS multi-angle

light scattering system, a Waters corporation 2414 refrac-

tive index detector, a Waters ultrahydrogel linear column,

and a Viscotek A5000 column. Samples were analyzed in

0.1 M NaNO3 aqueous solution at a flow rate of 0.5 mL/

min and concentrations of 0.5 mg/mL. Molecular weight

calculations were performed using ASTRA 6.1 software,

and analysis was verified using PEO and PEG standards

(20 kg/mol\MP\ 864 kg/mol, PDI\ 1.1) purchased

from Agilent.

3.2 Viscosity Characterization

Dried copolymer was used to prepare a 5 wt% aqueous

solution in DI H2O for the purpose of establishing c*,

which is the crossover point between the dilute and semi-

dilute regime and provides information on the chain length

and corresponding mesh size of the network. Subsequent

division and dilution of this sample produced solutions

ranging in concentration from 0.01 wt% up to the original

5 wt%. The viscosity of these solutions was measured at

room temperature using a Kinexus Rheometer (Malvern

Instruments, Ltd.). Solution viscosities were recorded as

the average of 10 measurements, employing a roughened

cone and plate configuration at a shear rate of 100 Hz.

3.3 Poly(dimethylsiloxane) Functionalization

Poly(dimethylsiloxane) sheets (PDMS, XIAMETER�

RTV-4232-T2 Base Translucent and XIAMETER� T-2

Curing Agent, Dow Corning) were prepared according to

manufacturer’s instructions [31]. Briefly, the base and the

curing agent (10:1 wt./wt.) were manually mixed, respec-

tively, for 5 min and then degassed in a vacuum chamber

and held at *500 mTorr for 10 min. The mixture was then

cast between two polyethylene terephthalate-coated glass

plates, separated by 1.6-mm spacers, and allowed to cure

for 24 h at room temperature.

PDMS circles (*34 mm diameter) were cut out from

the sheets, washed consecutively with a 1% Alconox�

solution, acetone, ethanol, and deionized water (DI H2O),

and dried with a jet of air. Plasma cleaning was performed

at 400 mTorr for 2 min on a high setting (18 W) using a

PDC-32G plasma cleaner (Harrick Plasma Inc., Ithaca,

NY) in an atmosphere achieved by bubbling oxygen

through a 6% hydrogen peroxide solution. Plasma cleaning

of PDMS samples was carried out in order to remove

organic contaminants and functionalize the surface with

silanol groups that are reactive with the APTES silane

agent [20, 35].

APTES functionalization of PDMS was performed

immediately following plasma cleaning via CVD in order

to minimize surface rearrangement [36–40]. Plasma-

cleaned PDMS samples were placed into a 2.4 L Pyrex�

glass vacuum desiccator containing 200 lL of APTES (in

an open vial) and pumped down to 10-2 Torr in order to

achieve the desired APTES vapor. A syringe line was then

used to introduce HCl vapor (37% v/v) for 30 s to the

desiccator to catalyze the surface reaction [36, 39]. Fol-

lowing HCl exposure, the desiccator was sealed and treated

at 80� C for 30 min. Unreacted APTES was removed by

rinsing samples with ethanol and DI H2O and dried under a

Table 1 Monomer solution composition used to prepare P-AAc–AAm copolymer gel

Component Concentration Amount Moles Molarity in final solution (M)

AAm 10% solution in DI H2O 20.0 mL 0.0281 0.703

AAc 99% 200.0 lL 2.92 9 10-3 0.073

AIBA 97% 10.0 mg 3.69 9 10-5 9.22 9 10-4

DI H2O (deoxygenated) N/A 19.8 mL N/A N/A
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flow of nitrogen. Sessile drop water contact measurements

(2 lL) were taken on the samples within 10 min of surface

functionalization to confirm the presence of APTES.

Contact angles in the range of 50�–70� matched previously

reported values [41]. Functionalized PDMS samples were

subjected to subsequent modification steps within 10 min

of being made.

APTES-treated PDMS samples were placed into 15 mm

diameter disposable PS petri dishes, one sample per petri

dish. Each sample was completely submerged in a mixture

consisting of 1 mL of 2% wt./wt. of P-AAm–AAc/PBS and

1 mL of EDC/S-NHS/PBS solution (100 mg of EDC and

20 mg of S-NHS in 1 mL of PBS) and reacted for 2 h at

room temperature under gentle stirring. Stirring was carried

out using a Mistral Multi-Mixer� 4600 (Lab-Line Instru-

ments, Inc.). Coated PDMS samples were removed from

reaction solution and rinsed for 2 min under flowing DI

H2O. The surface composition of the coated samples was

evaluated with X-ray photoelectron spectroscopy (XPS),

and the surface morphology was measured by means of AC

mode atomic fore microscopy (AFM).

3.4 Microtribometer Friction Measurements

Microtribological experiments were performed using a

custom-built microtribometer described in detail by Dunn

et al. [27, 42] and are illustrated in Fig. 1. Briefly, a

borosilicate glass probe (3.1 mm radius of curvature) was

slid against neat and treated PDMS samples in PBS. In all

cases, the unmodified side of samples was first dried and

then adhered to a polystyrene (PS) dish, in turn mounted to

a horizontal, linear reciprocating, piezoelectric stage. The

PS dish containing the PDMS sample was filled with PBS

to completely cover the sample and the hemispherical

probe during tribological measurements. The probe was

mounted to a dual titanium flexure cantilever with normal

and tangential force constants of 85.9 and 72.2 lN/lm,

respectively.

For some experiments, the probe was modified through

the attachment of a section of thoracic rat aorta obtained

from a freshly killed animal following University of Flor-

ida Institutional Animal Care and Use Committee proce-

dures. This section was used within a few hours of removal

and was stored on ice in a PE centrifuge tube filled with

Dulbecco’s Modified Eagle Medium (DMEM) with 5%

fetal bovine serum (FBS) buffer until use. The section of

aorta was cut longitudinally and unfolded to lay flat. A

sample, approximately 6 x 6 mm, was cut out from the

unfolded aorta section to be used as the probe for friction

measurements. A glass hemisphere (3.1 mm radius of

curvature) mounted on the end of a 4–40 9 1/200 set screw

using Norland Optical Adhesive 68 (Norland Products Inc.,

Cranbury, NJ) was used as the base to support the rat aorta

sample. The 6 9 6 mm rat aorta sample was positioned

onto a glass hemisphere with the aorta endothelium facing

out. The sides of the rat aorta sample were adhered to the

glass hemisphere using super glue (Gorilla Glue, Inc.).

Probe assembly is illustrated in Fig. 2. The rat aorta probe

was mounted to a dual titanium flexure cantilever with

normal and tangential force constants of 160.7 and 74.6 N/

m, respectively.

Forces resulting from tribological interactions of the

sample and the probe were measured through normal and

lateral capacitive displacement sensors mounted normal to

and tangential to the cantilever assembly. The probe was

lowered into the PBS solution by a coarse-positioning

vertical micrometer stage. The measured cantilever dis-

placements arising from buoyancy forces, resulting from

submerging the probe in PBS, were reinitialized (i.e., zer-

oed) prior to sliding. A vertical piezoelectric stage con-

trolled the initial approach of the glass probe to the surface

of the sample. This stage was also used to apply

Fig. 1 Microtribometer experimental setup for friction measure-

ments. The sample and the probe are submerged in testing solution

(i.e., PBS) during friction measurements

Fig. 2 2D cross section of the rat aorta probe assembly used for

making microtribological friction measurements. Not to scale

3 Page 4 of 11 Tribol Lett (2017) 65:3

123



monotonically increasing normal loads from *100 to

1500 lN, with at least 20 reciprocating cycles between

each increase in normal load. The reciprocating stroke

length was 800 lm, ensuring the probe moved entirely out

of its initial contact zone, and the sliding velocity was

200 lm/s. Each reciprocating cycle generated a friction

force loop consisting of 400 data points. The middle 20%

of the friction force loop was analyzed to calculate the

average friction force during sliding for each cycle, using

Eq. 1:

Ft;avg ¼ Ft;forward � Ft;reverse

2
ð1Þ

where Ft,avg is the average friction force, Ft,forward is the

friction force in the forward sliding direction, and Ft,reverse

is the friction force in the reverse sliding direction. The

average normal load for each cycle was calculated over the

middle 20% of the reciprocating loop. The largest source of

normal load uncertainty originated from misalignments in

the contact geometry. Ten cycles were averaged for each

steady-state normal force. The friction coefficient was

determined by taking the slope of the curve obtained by

fitting friction force (Ff) versus normal force (Fn) data and

their corresponding uncertainties using a Monte Carlo

simulation [43]. For each sample, the microtribological

response was evaluated at three different locations. The

glass probe used for friction measurement was cleaned

with a methanol-soaked KimwipeTM prior to making

measurements on new samples or a new location on any

given sample.

4 Results

4.1 Polymer Characterization

High molecular weight, physically entangled P-AAm–AAc

random copolymer networks were synthesized according to

the procedures described above. GPC analysis revealed a

number average molecular weight of 154 ± 15 kDa, a

weight average molecular weight of 643 ± 20 kDa, and a

polydispersity index of 4.184 ± 0.434, with uncertainties

as calculated by the ASTRA software package. The GPC

data reflect that the majority of the polydispersity falls to

the high molecular weight side of the distribution. The

physical state of the polymer in aqueous solutions was

further characterized by viscosity measurements as a

function of polymer concentration over the range

0.01–5.0 wt%. For example, a 2% wt./wt. solution of

P-AAm–AAc/PBS behaves like a viscous fluid, exhibiting

a viscosity of *0.06 Pa-s at 100 Hz; the viscosity of

gastrointestinal mucus has been reported to be between

*0.01 and 0.1 Pa-s at 100 Hz [44]. A marked change in

the scaling behavior of viscosity as a function of concen-

tration was observed at *1.0 wt% polymer. Based on

these measurements, a c* of 1.0 wt% is assigned to this

P-AAm–AAc polymer and all experiments performed at

1.0 wt% and higher are understood to entail an entangled

network (Fig. 3).

High molecular weight, physically entangled P-AAm–

AAc random copolymer networks were covalently bonded

to APTES-functionalized PDMS (Fig. 4). Following the

procedures outlined above, hydroxylated PDMS was first

functionalized with APTES via chemical vapor deposition

(CVD) in order to introduce reactive amine functionalities

on the surface [36–40]. Subsequently, APTES-treated

PDMS was modified through the covalent attachment of

P-AAm–AAc via EDC/S-NHS covalent coupling of pri-

mary amine and carboxylic acid groups [45–51]. XPS

measurements of surface composition at each stage

reflected the presence of the anticipated moiety (OH, NH2,

acrylamide, respectively). Convolution of signals arising

from the substrate, APTES, and hydrogel layer prevented

any estimation of film thickness from the XPS data.

However, AFM measurements reflected a dense array of

globular deposits across the surface with feature sizes

ranging from \0.5 to 5 lm. The rms roughness was

observed to increase relatively from 29 nm for the PDMS

surface to over 170 nm for the hydrogel-coated surface,

noting that differences in surface modulus prevent an

absolute height determination. The size and globular nature

of the deposits are consistent with the picture of surface

attachment of an entangled polymer network, preformed in

solution and bonded to the surface en masse.

Fig. 3 Log–log plot of P-AAm–AAc solution concentration versus

viscosity is indicative of a change in polymer conformation in

solution above 1.0 wt%
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4.2 Friction Measurements on PDMS Surfaces

The tribological impact of hydrogel attachment was

assessed by measuring the friction coefficient of uncoated

and coated PDMS samples, before and after a 12 h heat

treatment in DI H2O at 80 �C. In this set of measurements,

sliding occurred in contact with a glass probe immersed in

PBS solutions. The uncoated sample was stored for several

days in air prior to tribological measurements. Following

synthesis, P-AAm–AAc-coated samples were vortexed for

15 min in DI H2O to remove any unattached P-AAm–AAc

copolymer chains and then stored in 10 mL of fresh DI

H2O. The results are presented in Fig. 5 and summarized in

Table 2.

Under the aforementioned testing conditions, uncoated

PDMS samples exhibited a significantly higher friction

response than the coated PDMS samples. The average

friction coefficient of the uncoated PDMS sample was

l = 0.887 ± 0.057, while the average of the coated PDMS

samples was l = 0.003 ± 0.005. The measured friction

coefficient values for coated PDMS samples approached

the detection limit of the instrumental setup, which in this

configuration is approximately l = 0.002 [29]. In order to

evaluate the stability of the covalently attached hydrogel

network, coated samples were remeasured following an

extended exposure to elevated temperatures. Although a

slight increase in the COF was observed following heat

treatment (Table 2), the frictional response remained

orders of magnitude lower than that of the PDMS substrate.

A further exploration of the tribological properties of the

hydrogel coating entailed friction measurements as a

function of solvent quality. To accomplish this, seven sets

of friction loops were measured over the range of 0–50

volume% ethanol concentrations (in 18.2 M-X water).

Instead of measuring friction as a function of load as

before, here load was maintained at a constant 500 lN

while collecting 10 friction loops over a travel distance of

800 lm travel at a sliding speed of 200 lm/s, reporting an

average friction coefficient of each experiment set. The

friction coefficient doubled upon the introduction of 5%

ethanol and continued to increase, approaching l = 0.3,

Fig. 4 Schematic illustrating the methodology for functionalizing hydroxylated PDMS with APTES and P-AAm–AAc copolymer network
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Fig. 5 Comparative plot of representative Ff versus Fn data obtained

from friction measurements of uncoated (square, l = 0.817 ± 0.050)

and coated (circle, l = 0.003 ± 0.003) PDMS samples sliding

against a glass probe in PBS. Each data point on the friction versus

load plot is an average of 10 friction cycles performed at a given load
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with decreasing solvent quality, which is consistent with

the collapse of the surface gel in the poor solvent.

4.3 Hydrogel–Tissue Interactions

A probe modified through the attachment of a section of

freshly harvested thoracic rat aorta was used to model

potential in vivo interfaces experienced by PDMS-based

catheter surfaces. The aim here was to evaluate whether the

presence of P-AAm–AAc copolymer network on the surface

of PDMS produces improvements in interfacial lubricity for

contact with a surface composed of endothelium cells com-

mon to the linings of arteries. The PDMS samples were

prepared according to the aforementioned procedures. The

tribological evaluation was conducted using a single rat aorta

probe, first interrogating the coated PDMS sample, then

uncoated PDMS, and then finally the coated sample again. In

these measurements, low loads were used in an attempt to

prevent damaging the biological tissue of the probe; loads

ranged between 50 and 200 lN. Average normal load and

friction force data were determined as described above, and

the friction coefficient was calculated from the slope of the

linear fit of Ff versus Fn plots.

A comparative plot of Ff versus Fn data obtained from

friction measurements of uncoated and coated PDMS sam-

ples sliding against a rat aorta probe in PBS is represented in

Fig. 6. While the COF of the uncoated PDMS sample in

contact with the rat aorta endothelium (l = 0.15) is, not

surprisingly, lower than that measured with the glass probe, it

remains categorically high for an interface entailing an

endothelium surface under aqueous conditions. In contrast,

measurements of the coated PDMS sample exhibited a low

friction (l = 0.07) reflecting the lubricious character of

hydrogel coating. Subsequent measurements demonstrated

that the friction properties of the hydrogel-coated PDMS

sample were independent of the order in which the samples

were measured. The relative increase in frictional properties

measured on the hydrogel-coated PDMS sample may have

resulted from alterations to the aorta endothelium cell layer

as a result of sliding on the uncoated PDMS.

5 Discussion

The synthesis approach described in this work demon-

strates a dramatic improvement in the tribological proper-

ties of PDMS through functionalization with a surface-

bound P-AAm–AAc copolymer network. According to the

literature, high MW linear PAAm (MW on the order of

106 g/mol) can be formed via aqueous solution polymer-

ization when the initiator concentration is kept low relative

to the monomer concentration and the polymerization

reaction is carried out in a deoxygenated environment

[52–55]. Similar conditions have been employed here in an

effort to produce in solution molecular chains of sufficient

length that entanglement will occur under workable poly-

mer concentrations. The results of the GPC characteriza-

tion demonstrate molecular weights on the order of

105 g/mol; the sizable spread in the molecular weight

distribution confirms as well the presence of chains

exceeding 106 g/mol.

The synthesis approach aimed at producing high MW

linear PAAm chains was augmented specifically to allow

the introduction of chemical anchor points along the

polymer backbone, which is an important strategy as sur-

face attachment via the end group of the polymer chain

within the entangled network is nearly impossible. This

was accomplished through the inclusion of acrylic acid

(AAc) sub-units along the backbone, which are in turn

incorporated randomly into the polymer chain through the

reaction of the vinyl group. With appropriate functional-

ization of the PDMS surface, this approach succeeds in (1)

Table 2 Average friction

coefficient for sliding contact

between a glass probe and

uncoated, silanized, and coated

PDMS samples in PBS

Sample type Friction coefficient ± 1 standard deviation

Uncoated PDMS l = 0.887 ± 0.057

Coated PDMS (vortexed) l = 0.003 ± 0.005

Coated PDMS (heat treated) l = 0.008 ± 0.003

Fig. 6 Comparative plot of Ff versus Fn data obtained from friction

measurements of uncoated and coated PDMS samples sliding against

a rat aorta probe in PBS. Coated sample (circle) was measured first,

followed by measurements of uncoated PDMS (square), and then a

repeat measurement on the coated sample (triangle)
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producing a specific polymer structure (entangled hydrogel

network) in solution and (2) providing a chemically

specific pathway for attachment that does not depend upon

end-group chemistry (Fig. 4). Given the complete mixing

of polymer chains of all molecular weights in solution, the

formation of an entangled network is envisioned to involve

molecules of all chain lengths; the designed surface

attachment scheme permits coating formation through

adsorption of the entangled collection of molecular chains.

The AFM data of surface morphology depict a range of

globular deposit diameters fully covering the surface and

thus exclude the scenario of preferential site blocking by

attachment of short chains that are not entangled.

The resulting P-AAm–AAc copolymer network is

strongly bound to the PDMS surface. This conclusion is

drawn from the observation that coated PDMS samples

consistently exhibited low friction responses following

vigorous washing with DI H2O (15 min of vortexing),

storage of the samples in DI H20, and heat treatments.

Vortexing of samples in DI H2O was implemented to

mechanically remove loosely bound P-AAm–AAc

copolymer networks before sample storage in DI H2O. In

addition, coated samples were subjected to a 12 h 80� C

heat treatment in DI H2O intended to drive potential dif-

fusion and gel disentanglement, thereby evaluating the

stability of the coatings. A slight increase in the friction

coefficient of coated PDMS following heat treatment was

observed; however, the retained low friction coefficient

(l = 0.008) demonstrates the successful retention of the

copolymer network on the surface. Hydrolysis of APTES–

PDMS bonds represents a mechanism for detachment for

changes in the surface-bound P-AAm–AAc copolymer

network layer. Given that the friction properties of the

silanized PDMS samples before and after analogous heat

treatments were very similar, the hydrolysis of the APTES

likely does not affect the stability of coatings [36]. The

P-AAm–AAc copolymer-treated PDMS samples consis-

tently exhibited low friction throughout the evaluations,

demonstrating that the coatings are robust, strongly bound

to the surface, and highly lubricious.

From the microtribological results, it is clear that the

presence of P-AAm–AAc copolymer network on the sur-

face of PDMS significantly reduced interfacial friction

between the PDMS sample surface and the glass probe

under aqueous conditions. Interactions between the glass

probe and uncoated PDMS resulted in very high CoF, in

contrast to the coated PDMS, which exhibited an extremely

low CoF in sliding contact with the glass probe. From an

interfacial perspective, an additional difference entails the

dramatic increase in hydrophilicity, resulting from the

attachment of entangled hydrogel network. Upon attach-

ment, both DI H2O and PBS completely wet the PDMS

surface. The favorable and unique interfacial interactions

introduced through the presence of the hydrogel are in turn

seen to reduce adhesion between glass and PDMS [56, 57]

as well as to modify the fundamental nature of frictional

interactions at the interface. Given the measured friction

coefficient of l = 0.003, it is concluded that the presence

of the P-AAm–AAc copolymer network on the surface of

PDMS reduces the friction forces with the glass probe by

altering the interface contact mechanics and introducing

the requisite structure associated with the regime of fluc-

tuation lubrication [28, 29]. In this regime, random thermal

fluctuations of polymer chains, the amplitudes of which are

proportional to the mesh size, are envisioned to reduce the

barriers to sliding and relax the shear strain generated

during sliding.

Previous studies of linear (non-cross-linked) PAAm

networks revealed that the mesh size (n, in angstroms) of

these networks follows the relationship

n ¼ 2:09C�0:76�0:03 ð2Þ

when the concentration (C) is greater than the critical

concentration for entanglements (c*), which represents the

concentration where polymer chains begin to interact with

each other and the solution transitions into the semi-dilute

regime [60, 58]. It is possible to estimate c* using the

following equation.

c� ¼ 3M

4pNAR3
g

ð3Þ

Here M is the molar mass, NA is the Avogadro number, and

Rg is the radius of gyration, which can be approximated by:

Rg � bNv ð4Þ

In this expression, b is the monomer size (0.252 nm for

the acrylamide monomer within the polymer backbone),

N is the number of Kuhn monomers (equal to DP), and v is

the excluded volume scaling exponent (equal to 0.5 in a h
solvent and 0.588 in a good solvent) [58]. Table 3 provides

a theoretical estimate of c* for PAAm with MW in the

range of 105–106 g/mol. As can be seen, PAAm solutions

entailing polymer chains in this MW range enter into the

semi-dilute regime between 0.7 and 0.1 wt%, respectively.

The GPC and viscosity results presented above correlate

well with this estimate. The results empirically establish

that the P-AAm–AAc solutions employed here, consisting

of a distribution of molecular weight chains, exhibit a c* of

*1 wt%. Correspondingly, Eq. 2 can be applied to deter-

mine n when C[ c*. During attachment of the entangled

P-AAm–AAc hydrogel to PDMS, C = 2% and the mesh

size n is estimated to be 6–7.9 nm.

It is this structural feature, namely the mesh size associ-

ated with the entangled P-AAm–AAc network, which gives

rise to the favorable interfacial properties observed. First, the
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introduction of a highly solvated hydrogel network to the

PDMS surface is seen to modify the contact mechanics by

providing a low-modulus surface [28, 29]. This in turn is

seen to significantly reduce local contact pressures at the

interface. Second, the mesh size and correlated low polymer

density for the P-AAm–AAc network are seen to produce a

unique structure at the sliding interface. Recent work has

clearly demonstrated that hydrogel friction can be described

in terms of polymer fluctuation under the sliding speeds

employed here. The mesh sizes associated with the entan-

gled network attached to the PDMS surface and the corre-

lated presence of solvent within the structure result in a

greatly reduced friction coefficient.

Hydrogel properties in the past have typically been

explored using hard, impermeable probes. Previous test

conditions differ from those found within the biological

environment, where interactions occur between soft, per-

meable materials. Recent microtribometer hydrogel friction

studies have reported that the friction behavior between a

hard probe and a hydrogel substrate can differ significantly

from that of a soft hydrogel probe and the identical

hydrogel substrate. The emerging understanding is that in

order to better simulate behavior under biological condi-

tions using hydrogels, soft hydrogel probes should be used

for measurements of hydrogel substrates [28, 42]. As the

P-AAm–AAc copolymer network coatings for PDMS hold

potential significance in terms of biological applications,

friction measurements were repeated using a tissue section

of a rat thoracic aorta at the contacting probe surface. The

results (Fig. 6) demonstrate that the low friction measured

on the P-AAm–AAc-modified PDMS persists when sliding

against biologic tissue in PBS. Although the friction is

higher than when measured with a glass probe, it is likely

due to issues of surface roughness and the complex com-

position of the cell and extracellular matrix surface.

Nonetheless, the results clearly demonstrate the potential of

such an approach for reducing friction at PDMS surfaces in

applications where friction and the corresponding tissue

damage, such as in catheters [11, 17–19], is a primary

concern. In this study, friction tests were performed in PBS

at room temperature. Additional testing is needed under

conditions more closely matching the biological environ-

ment to more fully evaluate the performance of these

coatings in vivo.

6 Conclusions

The chemical attachment of a hydrogel layer composed of

a poly(acrylamide–acrylic acid) random copolymer to a

PDMS surface served to reduce friction, measured in

contact with a glass probe under aqueous conditions, by

more than two orders of magnitude. The hydrogel, pre-

formed in solution, exists as an entangled network and is

covalently bound to functionalized PDMS through acrylic

acid moieties along the polymer backbone. This approach

to chemically anchoring the hydrogel layer preserves, at

the surface, the mesh size of the entangled network formed

in solution. The creation of this highly hydrated hydrogel

structure introduces the novel mechanism of thermal fluc-

tuation lubrication to the surface of the typically high-

friction PDMS. The reduction in friction is seen to persist

when the coated PDMS surface is placed in contact with

tissue samples consisting of endothelium cells, highlighting

potential pathways to reducing friction at the interfaces of

biomedical devices composed of PDMS.
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