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Abstract

In this study, a microfluidic cross-slot device is used to examine the extensional flow response of diluted porcine synovial
fluid (PSF) samples using flow-induced birefringence (FIB) measurements. The PSF sample is diluted to 106206and 306 its
original mass in a phosphate-buffered saline and its FIB response measured as a function of the strain rate at the stagnation
point of the cross-slots. Equivalent experiments are also carried out using trypsin-treated PSF (t-PSF) in which the protein
content is digested away using an enzyme. The results show that, at the synovial fluid concentrations tested, the protein
content plays a negligible role in either the fluid’s bulk shear or extensional flow behaviour. This helps support the validity
of the analysis of synovial fluid HA content, either by microfluidic or by other techniques where the synovial fluid is first
diluted, and suggests that the HA and protein content in synovial fluid must be higher than a certain minimum threshold
concentration before HA-protein or protein-protein interactions become significant. However a systematic shift in the FIB
response as the PSF and t-PSF samples are progressively diluted indicates that HA-HA interactions remain significant at the
concentrations tested. These interactions influence FIB-derived macromolecular parameters such as the relaxation time and
the molecular weight distribution and therefore must be minimized for the best validity of this method as an analytical
technique, in which non-interaction between molecules is assumed.
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Introduction

Synovial fluid (SF) plays a vital role in the protection and

maintenance of healthy function in animal joints. In particular, the

rheology of SF, which is highly shear-thinning and viscoelastic [1–

3], contributes to the low friction between joint surfaces

undergoing flexion. Extensional rheological measurements have

also shown that SF is significantly strain-hardening under

elongational deformations [3], which is likely to provide shock-

dampening when joints experience sudden compressive loading, as

occurs in the knees during running and jumping for example [4,5].

Synovial fluid is predominantly a semi-dilute solution of the

glycosaminoglycan hyaluronic acid (HA), a high molecular weight

linear polysaccharide. In healthy SF the HA concentration is

around 0.3 wt.% and has a molecular weight of a few million

Daltons [6]. Synovial fluid is an ultrafiltrate of blood and, as well

as HA, also contains a significant amount of the serum proteins

globulin (< 0.7 wt.%) and albumin (< 1.1 wt.%) [7]. These

proteins may interact with the HA macromolecules in SF and

some authors have argued that such interactions can have

important functional consequences on the SF rheology. For

example, Oates et al. [8,9] compared the steady shear rheology of

a pure HA solution with that of a model SF composed of HA plus

bovine serum albumin and c-globulins. In a concentric cylinder

geometry, they observed phenomena including an enhanced

viscosity of the HA-protein mixture at low shear rates (#1 s21)

and rheopexy (a shear stress that increases over time) also at low

shear rates, which they attributed to the formation of protein

aggregates that entangle with the HA. However, more recently

Sharma et al. [10] have shown that very similar effects can be

observed in the rheometer due to the high surface activity of serum

proteins and the resulting formation of a cohesive layer at the air

interface of the rheometer geometry. In a 60 mm diameter 1u
cone-and-plate geometry, Bingöl et al. [3] found negligible

difference between either the shear or extensional rheological

properties of pure HA solutions and models of synovial fluid.

Furthermore, Bingöl et al. [3] found that the rheology of native

human synovial fluid was very well approximated by a solution of

0.3 wt.% of high molecular weight HA (MW = 4.6 MDa) with no

added protein and they concluded that the SF rheological

properties could be almost exclusively attributed to the HA alone.

Recently, Haward et al. [5] performed rheological experiments

with similar HA solutions and models of SF. In steady shear

experiments using a 40 mm diameter 2u cone-and-plate geometry

they observed the same kind of viscosity enhancements at low

shear rates in the model SF that were previously reported by Oates

et al. [8,9], but not by Bingöl et al. [3]. However, in the interface-

free extensional flow experiment in a cross-slot device Haward et

al. [5] found no observable difference between the response of the

model SF and the pure HA solution. The fact that the observation

of the apparent structure-building by the proteins in steady shear

(as reported by Oates et al.) seems to depend upon the

experimental flow geometry strongly hints at an interfacial as

opposed to a bulk rheological effect [5,10]. It is crucial in terms of

our understanding of the role of synovial fluid rheology in relation
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to its physiological function that the uncertainty over the nature of

serum protein interactions in SF be definitively resolved.

Another important protein that is present in the synovial fluid

but has received relatively little attention from rheologists is

lubricin. This probably has to do with the minute quantities of

lubricin that are available, combined with its prohibitive cost.

Lubricin is a mucinous glycoprotein that exists in SF at a

concentration of < 0.2 wt.% [11] and its primary function is

generally regarded as providing boundary lubrication of cartilage

surfaces under load. However, Jay et al. [12] have also shown

evidence that lubricin may influence the bulk rheology of SF

through interactions with the HA. In steady shear experiments

they found that the viscosity of an HA solution decreased

considerably after the addition of lubricin, and that the viscosity

of a bovine SF sample increased after the protein had been

digested by the enzyme trypsin. This would certainly seem not to

be explained by protein aggregation at the air interface of the

rheometer, which would be expected to cause an apparent

increase in the fluid viscosity. In combination with measurements

of the diffusive behaviour of tracer particles suspended in the test

fluids, the rheological results of Jay et al. [12] suggest the HA

adopts a more coiled and less extended conformation in the

presence of lubricin. Without speculating on the nature of the

interaction, they suggest that the lubricin renders the HA more

deformable and thus facilitates greater energy dissipation over the

loading cycles that occur within the joints during mammalian

locomotion.

In a recent paper, Haward [13] performed a detailed study of

the extensional response of dilute HA solutions over a range of

molecular weights, 0.9 MDa # MW # 4.8 MDa and concentra-

tions, 0.01 wt.% # c # 0.07 wt.%. Flow-induced birefringence

(FIB) measurements were made as a function of the strain rate, _"",
imposed at the stagnation point of a microfluidic cross-slot device.

In such strong extensional flows, at beyond a critical strain rate

( _""c&0:5=t, where t is the longest macromolecular relaxation time)

long chain coiled molecules like HA in solution will undergo a coil-

to-stretch transition, orienting and aligning in the direction of flow

and leading to optical anisotropy, or FIB [14,15]. Such

measurements of FIB in the cross-slots were used to establish a

relationship t , M1.8, consistent with expectations that HA is an

expanded, semi-flexible partially solvated random coil at equilib-

rium [13,16]. In addition, it was found that the plateau value of

the birefringence measured at high strain rates correlated linearly

with the concentration of the HA in solution [13]. It was

demonstrated how such FIB measurements within a microfluidic

extensional flow device could be of potential use for the rapid

assessment of the HA molecular weight and concentration in a

small sample of diluted synovial fluid. However, the validity of

such measurements depends upon the assumption of the diluteness

of the HA macromolecules and that they are unperturbed from

their natural conformation in the solvent. Real synovial fluid is

clearly not a simple dilute aqueous solution of HA and contains a

number of additional components of arguable rheological

significance. Therefore, for the valid application of potential flow

techniques to assess the HA parameters in real SF it is vital to

ascertain how dilute the SF should be before the ideal behaviour of

the HA macromolecules is achieved, and also whether any

proteinaceous constituents in the SF influence that behaviour. The

effects of potential HA-HA and protein-HA interactions in the

synovial fluid was not investigated in the original study [13], and is

the primary purpose of the current investigation. Intermolecular

HA interactions in the SF sample will affect the macromolecular

relaxation time, and hence the molecular weight determined from

the measurement; the same will be true if there are protein-HA

interactions in the sample that may affect the HA flexibility or coil

dimensions, or indeed if protein-protein interactions affect the

rheology of the surrounding medium in which the HA is present.

The extensional flow technique is extremely sensitive to variations

in macromolecular parameters, as has been demonstrated by

experiments involving solutions of nearly monodisperse polymers

in solvents of various viscosity and quality, and of polyelectrolytes

in the presence of various concentrations of counterions [17].

Therefore the technique represents a good potential opportunity

to learn more about the dynamical behaviour of the HA in

synovial fluid.

In this article the influence of dilution upon the shear and

extensional rheological response of synovial fluid samples is

investigated using SF harvested from healthy porcine tarsal joint.

In addition, to investigate the influence of protein-HA interactions,

SF samples are treated with the trypsin enzyme in order to digest

the protein content while leaving the HA macromolecules intact.

This approach to investigating protein-HA interactions in the SF

has the significant advantage over comparing pure HA solutions

with models of synovial fluid (as in the works of Bingöl et al. [3],

Haward et al. [5] and Oates et al. [8,9]) in that the undigested SF

contains all the serum proteins and the lubricin, all of which are

potentially implicated in the fluid rheology. The results of the

study will be of significance to the validity of synovial fluid HA

analysis, either by microfluidic or by other techniques where the

SF is first diluted (for example GPC), and will also provide insight

into the nature of intermolecular interactions between the various

proteins and HA components of synovial fluid.

Materials and Methods

2.1 Ethics statement
The animal material used was purchased from a local butcher

and was not produced for the purpose of the investigation. It is a

by-product of the meat industry, available for consumption from

some butchers, or otherwise part of the waste stream.

2.2 Test fluid preparation
Slightly more than 2 g of porcine synovial fluid (PSF) was

harvested from the tarsal (ankle) joints of a freshly slaughtered

healthy pig that had shown no sign of joint pathology prior to

sacrifice. The PSF was centrifuged at 4000 g for 10 minutes to

remove the bulk of extraneous material, divided into two equal

quantities of approximately 1 g each and stored at 230uC in

sterile Eppendorf containers until required for use. One quantity

of the pure PSF was subdivided into three smaller volumes and

diluted with a phosphate-buffered saline (PBS, 0.01 M, pH 7.4,

Sigma Aldrich) to yield three quantities of between 5 g and 6 g of

fluid at 10x, 20x and 30x their original undiluted mass (dilution

factor f = 10, 20 and 30, respectively). This provided sufficient fluid

at each dilution to allow duplicate testing in each subsequent

rheological experiment. Prior to experimentation the diluted PSF

samples were centrifuged for a second time at 4000 g for 10

minutes to further remove impurities.

To investigate the role of synovial fluid serum proteins and

lubricin on the PSF rheological response, the second stored

quantity of the pure PSF was digested with 1-tosylamide-2-

phenylethyl chloromethyl ketone (TPCK)-treated trypsin (Isogen

Life Sciences). A 25 mL aliquot of a 0.2 wt.% solution of trypsin in

PBS was added to the < 1 g of PSF and incubated for more than

2 hours at 37uC with intermittent gentle agitation. The trypsin

enzyme digests the synovial fluid protein component without

affecting the integrity of the HA macromolecules. Subsequent to

incubation, the trypsin-treated PSF (which will from now on be
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referred to as t-PSF) was subdivided into three smaller quantities

and diluted in PBS by the same factors, f, as the undigested PSF.

As with the diluted PSF samples, prior to rheological testing the t-

PSF samples were also centrifuged again at 4000 g for 10 minutes.

To prevent any possibility of bacterial infestation of the PSF and

t-PSF samples, 0.02 wt.% sodium azide (Merck) was also added to

each sample.

2.3 Steady shear rheological measurements
Fluids were tested in steady shear at 25uC using an Anton Paar

Physica MCR 301 stress controlled rheometer with a 75 mm

diameter 1u cone-and-plate fixture. To prevent sample evapora-

tion during the tests, a solvent trap and covering hood were

utilized.

2.4 Extensional flow experiments
The response of the test fluids to an extensional flow field was

examined using a microfluidic cross-slot device. Cross-slots consist

of orthogonally bisecting rectangular channels. Fluid is pumped

into two opposing channels and is forced to exit through the

remaining two diametrically-opposed channels. Symmetry of the

flow field results in a stagnation point at the centre of the device

and planar extension of fluid elements flowing along the streamline

directed outwards from the stagnation point along the centreline of

the two exit channels. The cross-slots used in the present

experiment have a channel width of w = 200 mm and a depth of

d = 1.05 mm. The same device has been described in a few

previous publications [18,19] and details of their construction and

application to extensional rheometry with Newtonian and model

viscoelastic fluids can be found therein. The nominal rate of

extension, or strain rate in the device is given by:

_""&
1:7U

0:5w
ð1Þ

where U is the average flow velocity in each channel and the

numerator, 1.7U, is the maximum flow velocity on the channel

centreline. Flow velocimetry measurements have shown that Eq.

(1) provides a good estimate of the strain rate at the stagnation

point for Newtonian fluids and it should also be valid for weakly

elastic fluids that do not significantly perturb the flow field [19].

The flow velocity, and hence _"", is controlled by varying the

amplitude and period of a triangular voltage signal applied across

a system of oscillating piezoelectric micropumps. This method

provides for extremely accurate and smooth displacements of very

low fluid volumes. The system as a whole is known as the

extensional flow oscillatory rheometer (EFOR), and has been

described in detail several times previously [13,18,20].

Various dimensionless parameters are used to characterize the

flow of complex fluids in the EFOR device. Since the flow is

oscillatory in nature, both a Deborah number and a Weissenberg

number are necessary to describe elastic effects. The Weissenberg

number characterizes the strength of the extensional flow field at

the stagnation point and is defined by:

Wi~ _""t ð2Þ

where t is the longest characteristic macromolecular relaxation

time. The values of t for the various SF-based test fluids will be

determined directly from the results of the subsequent flow

experiments (as described later on) and are presented in Table 1.

Elastic effects associated with the onset of macromolecular

deformations in the flow are expected to occur when _"" exceeds

a critical value such that Wi exceeds the value 0.5. The value of

the Wi probed in the current experiments varies between

approximately 0,Wi,10.

The Deborah number characterizes the ability of macromole-

cules to relax on the timescale of the imposed flow and, for flow in

the EFOR, can therefore be defined as follows:

De~2t=T ð3Þ

where T is the periodic cycle time of the micropumps driving the

flow. In the experiments described here, the shortest value used for

T is approximately 4 seconds, which results in the largest

experimental value for the Deborah number (i.e. at the highest

imposed strain rates) of De < 261023. This low value for De

indicates that the macromolecules have ample time to relax given

the timescale of the flow.

Inertial effects within the cross-slot microchannel are quantified

by the magnitude of the Reynolds number, defined by:

Re~rUDh=g ð4Þ

where r < 1000 kg m23 is the fluid density, Dh = 2wd/(w + d) =

336 mm is the hydraulic diameter and g is the fluid viscosity,

which is measured using standard rotational rheometry (see

Section 3.1). Despite the relatively low viscosities of the test fluids

employed, the small size scale of the cross-slot device used in the

study means that the Reynolds numbers remain moderate. The

maximum Reynolds number values at the highest imposed strain

rates are Re < 20.

2.5 Birefringence measurement
An optical line centred as closely as possible on the stagnation

point is used to quantify the flow-induced optical anisotropy (FIB)

that results from the orientation and alignment of the fluid

microstructure as the strain rate is varied. The active components

of the optical train consist of a temperature stabilized solid state

laser (650 nm, 60 mW, OzOptics), polarizer, analyser, a l/4-plate

and a cooled 14-bit CCD camera (Andor Technology). The

polarizer and analyser are positioned on opposite sides of the

cross-slots and crossed at 645u to the direction of flow. The l/4-

plate is inserted and rotated until the transmitted intensity from

the laser is minimized, thus compensating for any residual

birefringence in the system. Subsequently, the polarizer and

analyser are adjusted iteratively to achieve the maximum

extinction. Finally, the polarizer is uncrossed slightly (by ,3u)
allowing a background signal to be detected by the CCD. This

technique has the advantages (over simply using crossed polarizers,

for example) of increasing the signal to noise ratio and also

linearizing the usually quadratic relationship between the

Table 1. Characteristic relaxation times of PSF and t-PSF
samples at various dilution factors, determined from
stagnation point birefringence measurements in a cross-slot
device.

Characteristic relaxation time, t [ms]

Fluid sample 106dilution 206dilution 306dilution

PSF 5.060.3 4.260.3 2.860.2

t-PSF 5.260.4 5.060.3 3.060.2

doi:10.1371/journal.pone.0092867.t001
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birefringence, Dn, and the light intensity measured at the CCD

[21]. The measured intensity as a function of the strain rate is

calibrated to a retardation, R, by using a rotatable Brace-Köhler l/

30 compensator to introduce known values of R into the optical

line. The relationship between retardation and birefringence is

given by R = dDn, where d is the pathlength through the

birefringent material, which is taken to be equal to the depth of the

flow cell.

For each imposed value of _"", a video is captured with the image

acquisition settings (i.e. exposure time, frame rate, etc) of the CCD

camera optimized in order to maximize the detected signal

without saturating pixels and to provide sufficient frames within

each cycle of the driving oscillatory micropumps to allow

confirmation that a steady signal is achieved and maintained, as

described in earlier work [13]. An accompanying background

image is also captured with the same acquisition settings as the

aforementioned movie but under quiescent conditions. Subse-

quent image processing is performed using ImagePro Plus software

(Media Cybernetics) and involves three steps: firstly the back-

ground image is subtracted from each frame of the movie to

remove the excess background intensity; secondly each frame of

the movie is divided by the background image. This second step

represents an effort to correct for any variation in laser intensity

over the field of view (e.g. the Gaussian profile of the laser spot).

Finally, the intensity to retardation to birefringence transform is

applied to the entire intensity-corrected movie.

As an example, Fig. 1a shows a false-colour image of a

birefringent strand in the cross-slot device with a PSF solution at

206 dilution (f = 20). The image is a single frame taken from a

movie that has been processed as described above. The pumping

frequency is 0.18 Hz, which in this case provides a strain rate of

_"" = 1346 s21. The exposure time of the image is 20 ms and the

acquisition rate is 33 fps (frames per second). Hence approximately

183 frames are captured during each pump cycle. In this particular

case, the birefringence reached a steady state after approximately

10 to 15 frames had been acquired and Fig. 1a in fact shows the

27th frame of the movie.

It is clearly seen in Fig. 1a that the birefringent strand is highly

localized about the stagnation point and the intensity decays

rapidly within the horizontal exit channels (x-direction). A line

profile across the birefringent strand, along the x = 0 axis, is shown

in Fig. 1b. This is produced by averaging the pixel intensity

between the vertical dashed lines centred on x = 0 that are

superimposed in Fig. 1a. Fig. 1b shows clearly how the

birefringence is peaked on the stagnation point streamline (i.e.

the y = 0 axis). The peak value of the birefringence at x = 0, y = 0

(i.e. at the stagnation point), determined as described, is taken as

the measurement value of Dn for each test fluid at each imposed

strain rate; in this test case example for PSF solution at 206
dilution and _"" = 134621, Dn = 0.8761026.

It is vital for the best validity of the flow-induced birefringence

measurements that the flow field remains stable, two-dimensional

(i.e. nominally invariant through the channel depth) and

symmetric. The development of flow instabilities in viscoelastic

fluids in planar stagnation point flows in cross-slot devices has been

reported and investigated by a number of authors in recent years

[22–25]. In a very recent study employing a range of polymeric

test fluids (including HA aqueous solutions) in planar stagnation

point flow in an optimized-shape cross-slot device [26], Haward

and McKinley [25] identified two distinct modes of instability

depending on the fluid elasticity number, E1 = Wi/Re. For

highly elastic fluids with E1.1, the flow became asymmetric about

the stagnation point beyond a critical Weissenberg number,

Wicrit.3. For low elasticity fluids with E1,1 an ‘‘inertio-elastic’’

oscillatory mode of instability was reported beyond a (fluid

dependent) critical Reynolds number, Recrit.20, or higher. In

both cases, the onset of the flow instability can be clearly identified

by the modified appearance of the birefringent strand – either a

distortion of the strand about the stagnation point in the former

case, or rapid spatio-temporal fluctuations of the intensity of the

strand in the latter case (which most often appears as a smearing

out or delocalization of the strand and a reduction in its intensity).

Birefringence measurements made beyond the onset of instability

in either case will be highly unreliable due to both the severely

modified flow field and the high uncertainty associated with the

Figure 1. Birefringence in the cross-slots for a porcine synovial
fluid (PSF) sample diluted by a factor of 206with phosphate-
buffered saline (PBS). (a) An image of a birefringent strand at a
nominal strain rate of _"" = 1346 s21. Flow enters through the vertical
channels and exits through the horizontal channels. The image also
indicates the coordinate system, with origin at the stagnation point. (b)
A line profile across the birefringent strand where pixel values have
been averaged between the dashed lines centred on x = 0 as shown in
(a). The peak intensity at y = 0 can be taken as the measurement value
of Dn for this test case.
doi:10.1371/journal.pone.0092867.g001
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intensity of the strand. In the present experiments the elasticity

number is quite low (E1 < 0.5), so inertio-elastic flow instabilities

would be expected to occur above some critical value of the

Reynolds number. However flow instabilities are not the focus of

the current investigation; here the main purpose is to investigate

the conditions under which FIB measurements can be used to

perform quantitative macromolecular characterizations on the HA

in synovial fluid. Hence, all the reported measurements are made

while the flow field remains stable, as is ascertained from the

symmetry and uniformity of the birefringent strand in each case.

Results

3.1 Steady shear rheology
The results of steady shear experiments in the cone-and-plate

rotational rheometer are presented in Fig. 2.

The least dilute fluid (f = 10) has a zero shear viscosity of around

2.4 mPas and is slightly shear thinning over shear rates

10s{1
ƒ _ccƒ1000s{1. The two more dilute fluids have similar

viscosities of around 1.3 to 1.4 mPas that do not shear thin

significantly over the range of shear rates tested. It is notable also

that there is really a negligible difference between the behaviour of

the diluted PSF and t-PSF samples. There is no evidence of the

steep shear-thinning at low shear rates reported by Oates et al.

[8,9] and Haward et al. [5] in model SF solutions and attributed

by Oates et al. to structure-building by the protein content.

However, this may not be surprising since in the works of Oates et

al. and Haward et al. large differences between the rheology of HA

solutions with and without proteins present were observed only at

shear rates below _cc&1s{1. For the dilute, low viscosity fluids

under consideration here, the torque at such low shear rates falls

below the noise floor of the rheometer, (indicated by the dotted

line on Fig. 2).

3.2 Extensional flow birefringence measurements
Representative images of the birefringent strands observed in

the cross-slots for two of the test fluids at strain rates spanning the

range of measurement are presented in Fig. 3. Fig. 3a shows the

birefringence observed in the PSF sample at 306 dilution, while

Fig. 3b shows the birefringence observed in the t-PSF sample at

106 dilution. In both cases the birefringent strand remains

symmetric and localized about the outflowing stagnation point

streamline up to the highest applied strain rates, indicating the

stability of the flow field at these rates, as discussed above. There is

some background noise in the images, which is largely due to the

presence of residual impurities in the fluids that unfortunately

results in a less-than-perfect background correction. However, it is

important to note that the intensity of the birefringent signal is

easily measurable above the backbround noise, even in the most

highly diluted PSF sample (i.e. Fig. 3a).

Flow birefringence measurements made as a function of the

strain rate at the stagnation point of the cross-slot device (as

described in Section 2.5 and Fig. 1) are presented in Fig. 4. The

results for the diluted PSF samples are shown in Fig. 4a, while

Fig. 4b shows the results for the diluted t-PSF samples.

In all cases the birefringence becomes measureable at quite low

strain rates of _"" < 40s21, beyond which the signal increases

monotonically up to eventual plateau values. The plateau

birefringence Dnmax decreases as the dilution factor, f, increases

and the concentration of HA in the fluid becomes reduced. The

response of the diluted PSF and t-PSF solutions at each dilution

appear to be very similar.

In Fig. 5 the value of the birefringence for all the fluids has been

normalized by the dilution factor, f, and plotted again as a function

of the strain rate. Here it is easy to see that there is indeed very

little difference between the response of the PSF and the t-PSF

fluids at each dilution factor. However, there is a systematic

change in the fluid response as the dilution factor is increased; the

birefringence tends to increase more rapidly as the strain rate is

increased and to reach a greater eventual plateau value. These

observations indicate that the fluids may not be truly dilute and

that there may be some HA intermolecular interactions that are

inhibiting the stretching of the HA macromolecules to some

extent. Previous flow studies with solutions of a 4.8 MDa HA

showed dilute behaviour for concentrations c # 0.02 wt.% [13],

while light scattering data can be used to estimate the overlap

concentration for such a molecule at c* < 0.04 wt.% [27]. On the

assumption that the HA concentration in the undiluted PSF is c <
0.03 wt.% [6], the concentration in the diluted samples would be

around c < 0.03, 0.015 and 0.01 wt.% in the f = 10, 20 and 30

samples, respectively. It is very possible that the molecular weight

of the HA in the assumption the plateau value of the birefringence

(Dnmax) can itself be used to estimate the HA concentration using

the empirically-determined relation PSF sample is somewhat

greater even than 4.8 MDa, which would shift the limit of dilute

solution behaviour towards lower concentrations. In addition, the

macromolecular stretching induced by strong extensional flows

can lead to interactions between chain ends even when c = c*

[28,29]. Therefore it is perhaps not surprising that there is some

degree of residual HA intermolecular interactions in the test fluids.

Even so, it seems reasonable to assume that at 306 dilution the

PSF and t-PSF test fluids must certainly be approaching the dilute

limit and on this Dnmax < 0.0084c [13]. Taking Dnmax =

0.6561026 (see Fig. 4) a value of c < 0.008 wt.% is obtained.

Multiplying this by the dilution factor of 30 yields an HA

concentration in the pure PSF of c < 0.24 wt.%, which is in

reasonable line with expectations for healthy fluid.

The birefringence versus strain rate curves can be used to

extract macromolecular relaxation times. Point by point differ-

ences are used to differentiate the curves and they are plotted as a

function of 1/ _"" in Fig. 6. These curves represent the spectrum of

longest relaxation times present due to polydispersity in the

molecular weight distribution of the macromolecules in the fluid

Figure 2. Flow curves of viscosity as a function of shear rate for
the various test fluids composed of diluted porcine synovial
fluid. Solid symbols: PSF, hollow symbols t-PSF. The dotted line
represents the approximate sensitivity limit of the rheometer.
doi:10.1371/journal.pone.0092867.g002
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sample that contribute to the birefringence (i.e. predominantly the

HA). They are well described by log-normal distribution functions,

the peak of which can be used to determine a general

characteristic relaxation time for the sample according to t <
0.5/ _"". Table 1 lists the relaxation times determined for all six fluids

following this method.

A general reduction in the relaxation time is observed as the

dilution factor is increased, consistent with the earlier observation

that the fluids are tending towards dilution, but in which there is

still some degree of interaction between HA chains. At lower

dilution factors the relaxation time is longer due to interactions of

the HA not only with the solvent but also with itself.

Using the relationship between relaxation time and molecular

weight for hyaluronic acid, t , M1.8 [13], the axes of Fig. 6 can be

rescaled to yield the apparent molecular weight distributions of the

HA present in the samples. The x-axes must be raised to the power

of 1/1.8 (or 5/9) and scaled by an appropriate prefactor, which

can be determined using a calibration standard of known

molecular weight. The y-value of each point on the curve must

by multiplied by a factor _""14/9, which serves to maintain the area

beneath each fraction of the distribution curve. The resulting

apparent molecular weight distributions are shown in Fig. 7.

Table 2 lists the resulting values of the weight-averaged and

number-averaged molecular weights (Mw and Mn) and the

polydispersity index Mw/Mn.

It is seen in Fig. 7 that as the dilution factor is increased there is

a small, but significant shift of the peak of the apparent distribution

to higher molecular weight and also that the width of the

distribution narrows. Of course, these effects are artefacts and not

genuine, since the HA in each sample should be identical in all

cases – the differences are again due to the changing degree of HA

intermolecular interactions as the dilution increases and the

corresponding effects on the macromolecular response to the

extensional flow as revealed by the FIB measurements. Examina-

tion of Table 2 reveals that in fact there is no clear systematic effect

on the weight-averaged molar mass, Mw, as the dilution factor is

increased; the main effect is an apparent reduction in Mn. This

causes a broadening in the apparent polydispersity index, Mw/Mn,

and pushes the peak of the distribution towards lower molecular

weight.

At the highest dilution (f = 30), where the analysis should be

most accurate, there is really negligible difference between the

derived molecular weight distributions of the PSF and t-PSF

samples. Therefore the best estimate of the HA molecular weight,

which results from these two samples, is Mw < 5.5 MDa with a

narrow poydispersity index of Mw/Mn < 1.3. These parameters

are quite consistent with those expected for the HA in healthy

synovial fluid [6,30].

The lack of clear evidence for either the serum protein

structure-building proposed by Oates et al. [8,9] or the lubricin-

HA interactions proposed by Jay et al. [12] is perhaps a little

surprising. Possible explanations for the absence of the former are

more apparent: (a) possibly the effects reported by Oates et al.

[8,9] were an artefact due to the air interface of the rheometer

geometry, so are not observed here; (b) at the dilutions studied

here any protein aggregates may be too small to form effective

entanglements with the HA in the manner proposed by Oates et

al.; or (c) if they were present, the protein aggregates were broken

up in the extensional flow field. Such aggregates are only weakly

associated with estimates of the interaction energy < 3kT [31,32],

and hence lifetimes of order microseconds, so can be easily broken

up by flow-induced deformations. In the experiments of Oates et

al. [8,9] the apparent protein structure-building was only reported

at shear rates of _ccƒ1s{1, the explanation for this being that the

protein structures could not sustain hydrodynamic forces at shear

rates greater than this. In the present experiment, the minimum

Figure 3. Images depicting the evolution of the flow-induced birefringent strand observed along the outflowing axis of the cross-
slot device as the strain rate is increased for: (a) a PSF sample at 306dilution, and (b) a t-PSF sample at 106dilution.
doi:10.1371/journal.pone.0092867.g003
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extension rates probed are _"" < 10s21, corresponding to

characteristic channel shear rates of the same order of magnitude.

Even at the lowest strain rates at which the HA stretches, _"" <
40s21, it is likely that any serum protein aggregates (if they ever did

exist) would have already been broken up before fluid elements

had reached the stagnation point where the birefringence was

being monitored. The likely total serum protein concentrations in

the diluted PSF samples (c ,0.2 wt.% and lower, depending on

the dilution factor [7]) would have a minimal impact on the

solvent viscosity if the proteins were not in an aggregated or

structured state. In a microfluidic shear rheometer with no air

interface, Sharma et al. [10] reported the viscosity of even a

1 wt.% solution of bovine serum albumin to have a viscosity

virtually indistinguishable from that of the PBS solvent. Therefore

the serum protein content in the diluted PSF samples is in all

likelihood too small to have a measureable effect on the HA

relaxation time through any modification of the solvent viscosity.

Explanations for the lack of any evidence for lubricin-HA

interactions are less apparent. If, as suggested by Jay et al. [12], the

lubricin causes a contraction of the HA equilibrium coil (by an

unexplained mechanism) rendering it more flexible and deform-

able in flow, then this should result in a decrease in the HA

relaxation time and should be readily detectable in the present

experiment by a shift in the onset of birefringence to a higher

Figure 4. Birefringence as a function of the strain rate at the
stagnation point of the cross-slots for (a) diluted PSF samples
and (b) diluted t-PSF samples.
doi:10.1371/journal.pone.0092867.g004

Figure 5. Birefringence normalized by the dilution factor for all
the test fluids. Solid symbols: PSF, hollow symbols t-PSF.
doi:10.1371/journal.pone.0092867.g005

Figure 6. Relaxation spectra for (a) diluted PSF samples and (b)
diluted t-PSF samples. The experimental data points (symbols) have
been fitted with log-normal distribution functions (solid lines), the
peaks of which can be used to obtain characteristic relaxation times for
the HA macromolecules.
doi:10.1371/journal.pone.0092867.g006
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strain rate. It may be that in the diluted PSF fluids tested here the

lubricin concentration is simply too low have any measureable

effect on the HA response. This would indicate the requirement of

a critical minimum lubricin concentration for the interaction to be

effective.

Conclusions

Birefringence measurements made as a function of the strain

rate at the stagnation point of a microfluidic cross-slot device have

been used to examine diluted solutions of porcine synovial fluid

(PSF) and trypsin-treated porcine synovial fluid (t-PSF), in which

the protein content had been digested by the trypsin enzyme.

Despite the high sensitivity of the measurements to possible

alterations in the macromolecular conformation, flexibility and

relaxation time, at each fluid concentration tested no significant

differences were observed in the evolution of the birefringence

with strain rate between the PSF and t-PSF samples. Therefore in

the present experiments, no conclusive evidence of protein-HA or

protein-protein interactions in synovial fluid has been found. This

does not necessarily discount the possibility that such interactions

may play a role in the function of the synovial fluid in the joints,

but simply means that in the diluted fluids tested here the absence

of protein in the t-PSF samples had no appreciable effect on the

fluid rheology or the macromolecular response to the extensional

flow field in the cross-slots device. In the case of serum proteins, it

is likely that even if protein aggregation did occur, the aggregates

would have been destroyed at strain rates well below those at

which birefringence due to orientation of the HA macromolecules

occurred. In the case of lubricin-HA interactions, it is possible that

the protein concentration must exceed a critical minimum

threshold before such interactions begin to have noticeable effect

on the HA conformation and relaxation behaviour.

Far more significant than the presence or absence of protein in

the test fluid is the concentration of the HA in the fluid. As the

fluid is progressively diluted the birefringence develops more

rapidly with strain rate and reaches a higher eventual plateau

value relative to the concentration. This results in a reduction in

the measured HA relaxation time and a narrowing of the derived

apparent molecular weight distribution of the HA in the synovial

fluid sample.

The results indicate that the digestion of protein is not a

necessary step in the microfluidic synovial fluid HA analysis

proposed in earlier work [13]. However the results of such an

analysis can clearly be influenced somewhat by HA-HA intermo-

lecular interactions, which must therefore be minimized in order

for results to be most accurate. Hence it will be important to

perform any such analysis at the highest dilution factor possible.

The maximum dilution factor will only be limited by the sensitivity

of the optics used for the FIB measurements and increasing the

dilution factor will provide the significant advantages of reducing

the quantity of SF required to perform each test and of diluting

any impurities that remain suspended in the test fluid after

centrifugation.

Next steps in the development of the research will therefore

primarily focus on working towards maximizing the sensitivity of

the FIB detection. It will also be important to test SF samples from

a range of sources in order to gauge the variability in HA

parameters between healthy donors as well as between donors

from different species. This will eventually allow microfluidic

screening of microscopic SF samples and the rapid assessment of

whether or not the HA content of the SF lies within normal

healthy parameter limits.
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