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a b s t r a c t

This study assessed the solute permeability of a family of UV and moisture cured acrylates-based ad-
hesives during in vitro ageing in pH 7.4 buffer. Acrylates have a potential role in bone fracture fixation, but
their inability to allow microsolute exchange between the fractured bone surfaces may contribute to
ineffective healing. Cyclic voltammetry and chronoamperometry were used to determine the diffusion
coefficients for various electrochemically active probe molecules (O2, H2O2, acetaminophen, catechol,
uric acid and ascorbic acid) at proprietary acrylic, urethane e acrylate and cyanoacrylate adhesives. All
adhesives proved to be impermeable for up to 9 days ageing, following which a near-exponential in-
crease in permeability resulted for all solutes. At 18 days, the diffusion coefficients were in the range of
10�5 cm2s�1 for O2 and H2O2 and 10�6 cm2s�1 for the organic solutes; no transport selectivity was seen
between the latter. Adhesive joint strength showed a direct, inverse, correlation with permeability, with
the more hydrophilic cyanoacrylates showing the greatest loss of strength. Adhesive permeabilisation
does not appear to be compatible with the retention of bonding strength, but it serves as a new non-
destructive predictor of adhesion strength change during ageing and practical use.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The integrity of polymeric materials, whether used as implants
with mechanical properties [1] or barrier layers to control sample-
biosensor diffusional exchange [2], are strongly influenced by hy-
dration and later degradation. Regardless of application, a feature of
any polymer, no matter how dense its polymeric network, is the
change in its small molecule permeability during water uptake. We
selected an important polymer class, bone adhesives, which as
applied thin layers have attributes that can be referenced against
both solute permeability and mechanical strength.

Bone fractures are a major cause of disability and present sub-
stantial pressures on health care services. In the US alone, there are
B.V. This is an open access article u
an estimated 1.5 million fracture cases per annum leading to health
costs of $17bn, and now with more active lifestyles, these figures
are projected to increase by 50% in 2040 [3]. Standard fixation of
fractures using metal plates and screws ensure stable positioning
for bone healing and are particularly suited to fractures of major
long bones, but adhesives are being actively investigated as an
alternative as injectable, conformal, bonding agents, requiring no
further invasive procedure.

There is ongoing development of polymer-based adhesives for
bone fixation, and specifically, adhesives that can undergo rapid
in vivo setting, minimizing open surgical intervention and associ-
ated extended inpatient stays. However, these adhesives have not
to-date provided the joint strength needed for weight bearing
bones [4], but offer a high potential value in fixation of non-weight
bearing small bones, particularly where the anatomy is complex.
Following injection, ideally, an adhesive is fully resorbed to allow
complete biological bridging by the newly formed repair hard
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CA Cyanoacrylate
AU Acrylate-Urethane
CV Cyclic Voltammetry
PBS Phosphate-Buffered Saline
MW Molecular weight
DM Dialysis Membrane
AM Adhesive Membrane
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tissue (callus). However, there is a balance to be reached between a
water resisting adhesive, and one that allows water and solute
ingress to enable biological crosstalk between fracture surfaces.
Tissue remodelling, generally, requires active molecular signalling
and solute cues mediated by cytokine and small molecule gradients
and concentrations [5,6]. Remarkably, we know little about either
permeability or permeability change at such materials. Addition-
ally, adhesives will degrade in water, and the rate of this has im-
plications for adhesion lifetime in vivo and progress towards
increased permeabilisation for better fracture healing. In the case of
rapidly curing acrylate adhesives, it is well known that hydration
leads to degradation, in either water or moisture [7,8], but the
permeability correlation with strength is unknown. There are par-
allels here with the hydration and degradation of polymeric
membranes used for implantable glucose biosensors which are
exquisitely dependent on barrier membrane permeability [9].

This in vitro study focussed on the dry to wet stage permeability
change at a precision designed bovine bone model using acrylate
adhesives, an adhesive group that is already of considerable med-
ical interest for soft tissue bonding, but with potential for small
bone repair and with potential as a formable sensing barrier
membrane, though that was not the focus of this present study. A
study question was, can electrochemical monitoring be applied to
tracking diffusion through a highly diffusional resistant polymer. In
accordance with this, an important adhesive sub-group was tar-
geted: cyanoacrylates. These have been extensively studied previ-
ously [10], and their adhesive potential recognised in the 1950s,
with a commercial product (Eastman 910®) emerging in 1958. Their
suitability is partly based on low viscosity so penetration of voids
and cavities in adherends is facilitated [11] and partly on structural
versatility, achieved through functional side group variation. They
are appropriate for bone because of its high surface voids, and
because side chain modification should allow tailoring of strength,
water uptake and degradation. It is known that longer side chains
provide higher strength and slower degradation [12e15], with
butyl-cyanoacrylates, for example, giving longer term strength than
ethyl-cyanoacrylates [16e18] and a reduced degradation rate than
methyl-cyanoacrylates [19], but permeability correlates are
unknown.

Whilst acrylates retain adhesive properties under wet condi-
tions [10], the toxicity of their degradation products is a concern.
Hydrolysis, even in physiological buffer generates formaldehyde
and cyanoacetate [20,21], although in in vivo deployment esterases
lead to the generation of lower toxicity alcohol and poly(cyano
acrylic) acid [15,22,23]. There are also operational variations; iso-
butyl 2-cyanoacrylate avoids toxic tissue effects [24], whilst butyl-
2-cyanoacrylate provokes evident tissue inflammation [25] and
short chain cyanoacrylate is directly cytotoxic [26,27].

At one extreme, complete fracture surface sealing by an adhe-
sive will retard bone repair [28], emphasising the need for tissue
solute exchange. Two adhesives types were considered in the
present study. First, those with acrylate groups (CH2]CHCOO�) as
in acrylic. Second, urethane-acrylate adhesives which undergo free
radical polymerisation under UV in the presence of photoinitiator
and cyanoacrylates (CAs) with electronwithdrawingeCOOCH3 and
eCN groups to allow anionic polymerisation in moisture [29,30].
Also, as adhesives are known to hydrate and take up water, an
underlying aim was to understand the effect of water ingress [31].
The ‘dry to wet’ conversion is known to lead to strength loss and
ultimately adhesive failure; the penetration of water alone can lead
to swelling and stresses within the interlocking surfaces [32,33], so
reducing the efficacy of the adhesive prior to degradative porosity
increase. If these materials are to be introduced as biosensor ma-
terials more widely [34] further insight into ageing effects are
warranted. We combined cyclic voltammetric [35] and chro-
noamperometric [36,37] measurements of simple probe molecules
for non-destructive tracking of permeability changes (bulk prop-
erty) and later correlated this with destructive mechanical testing
of adhesion (surface property) at bone surfaces.

We proposed to study the nature of the partial sealing associ-
ated with degrading acrylate adhesives during ageing, never pre-
viously considered. With cyclic voltammetry, peak current was
used to obtain diffusion coefficients through the Randles-Sevcik
equation:

ip ¼
�
2:686� 105

�
n3=2v1=2D1=2AC (1)

Where ip is peak current, n is the number of electrons, v is the
scan rate, D is diffusion coefficient, A is electrode surface area and C
is solute bulk concentration [38e43]. The second approach utilising
chronoamperometry used transient, dynamic electrode responses
to step changes in target molecule concentration. With this latter
approach we monitored and matched responses on a real time
basis against model simulated responses incorporating Fick's Laws.
We have previously reported on software to achieve this based on a
bipartite, time partitioned, solution to Fick's Laws that combines
speed, repeatability and simplicity [37,44e49].

Permeability determination at barrier membranes require high
electrolyte permeability across the membrane to create a three
electrode cell with the working electrode on the detection side and
the counter and reference electrode on the bulk solution side. The
barrier adhesive films used in the project had an extremely low
micro-solute diffusion coefficients, so a different arrangement for
the electrode cell was needed. This utilised an internal dialysis
membrane as the electrolyte carrier allowing all three electrodes to
be placed internal to the barrier layer. Whilst permeability analysis
has been reported for low permeability materials, this has not
previously used amperometry and has reported, for example,
potentiometric interfacial measurement for ion permeability [50]
and conductivity for water vapour permeability [51]. Certainly, O2
permeability has been measured at various membrane barriers by
amperometry, but this is at high permeability materials, e.g. Nafion
[52]. The electrochemical rig used here enabled precision mea-
surement of crystalloid and O2 diffusion coefficients at ultra-low
values. The work, moreover provides the first bridging communi-
cation linking material permeability/porosity with a material me-
chanical property. It has also shown that in contrast to the latter, a
logarithmic scale increase in permeability provides a much higher
sensitivity tomaterials ageing, at least in the case of adhesives, than
mechanical testing. Whilst polymers tend to have high perme-
ability to low polarity gas molecules compared with permeability
to other microsolutes, this is the first study to also show that
despite its relatively high polarity H2O2 (dipole 2.2 D), its perme-
ability approximates to the O2 rather than to the other tested small
solutes including catechol (dipole 2.6 D). In the context of bio-
materials, the closest systemwith a low permeability to be studied
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are dental adhesives and resins, but here the permeability prop-
erties focus on H2O ingress and transport, and not solute transport
[53]. Also, whilst there have been quantitative diffusion coefficient
measurements through polymer membranes such as cellulose ac-
etate, these have focused on providing a biological model [54] or for
use in gas separation.

2. Experimental details

2.1. Materials and reagents

Di-sodium hydrogen phosphate (Na2HPO4), sodium dihydrogen
phosphate (NaH2PO4), sodium chloride (NaCl) and sodium hy-
droxide solution (NaOH), were supplied by BDH (Dorset, UK).
Deionised water was used for solution preparation and contact
angle measurements. All experimental reagents; acetaminophen
(analytical standard), L-ascorbic acid (reagent grade, crystalline),
pyrocatechol (�99%), hydrogen peroxide solution (30wt % in H2O,
ACS reagent), and uric acid (�99%, crystalline) were obtained from
Sigma-Aldrich (Dorset, England).

All measurements were undertaken in phosphate buffer (PBS,
0.1M, pH 7.4). Various stock solutions of 500mM and 10mM of the
analytes, acetaminophen, L-ascorbic acid, pyrocatechol, hydrogen
peroxide solution, and uric acid, were prepared in 0.1M PBS and
stored at 5 �C.

For oxygen sensing, 50ml of 0.1M PBS was purged with nitro-
gen (N2) gas to fully deoxygenate the solution and internal elec-
trolyte film of the adhesive membrane covered electrodes. The
deoxygenated solutionwas sealed with Parafilm® and stored at 5 �C
prior to use. For the diffusion studies, a separate 50ml of 0.1M PBS
solution was air equilibrated and injected into the deoxygenated
solution, which had been purged with nitrogen bubbling.

Cellulose dialysis tube membrane of flat width 76mm was ob-
tained from Sigma-Aldrich (Dorset, England). Glass microscope
slides (75� 50mm, Corning®, USA) were used to cast adhesive
films. To create fixed depth adhesive layers, 50 mm diameter wire
was used as spacer. Platinum wires with porous Teflon tips (CH
Instruments Inc., USA) were utilised as counter electrodes. Paraf-
ilm® (Bemis, USA) and Sellotape Original Tape (Henkel) were used
to seal open vessels.

Proprietary medical grade acrylate adhesives (both moisture
and UV curable) were provided by Henkel Ltd (Hemel Hempstead,
UK) (Table 1).

2.2. Strength characterisation

Bone diaphyses from bovine metacarpus was rough-cut and
then ground utilising a sequence of P60 e P800 (Klingspor Abra-
sives Inc., USA) papers and finally polished with a sequence of
P1000 e P4000 silicon carbide papers (Struers Ltd, UK) to obtain
5� 5� 20mm cuboids. For adhesive joint strength testing, the
adhesive was applied to bone overlap areas of 5mm� 7mm for lap
shear testing and to a 5mm� 5mm area for butt joint testing.
Table 1
Adhesives used along with their known monomers.

Chemical Type Cure Method/Trade Name

Acrylate-Urethane UV Cure: Loctite 3301

Acrylic UV Cure: Loctite 3926

Cyanoacrylate Moisture Cure: Loctite 4011
UV Cure: Loctite 4304
Acrylate adhesive bonds optimally at thicknesses of <1mm, so
fixed, low, adhesive depth was ensured by using spacer wires of
50 mm diameter. Moisture-cured adhesive was left for 24 h at room
temperature before testing. For UV curing, sequential 5min UV
exposure of each joint edge was carried out using an Omnicure
Series 1500 light -curing lamp (EXFO Inc., Canada) and left for 24 h
before testing.

Adhesive joint strengths were determined using a mechanical
testing machine (Instron 5967 Dual Column Tabletop Universal
Testing System, Instron, United Kingdom), with a cross-head speed
of 0.5mm/min.
2.3. Electrochemical measurements

An inverted oxygen Electrode (Rank Brothers Ltd., UK) was used
for electrochemical analysis. A potentiostat (PalmSen, The
Netherlands) was used for the voltammetry experiments. The
potentiostat was software controlled using PSTrace software
(PalmSen, The Netherlands).

To create adhesive based membranes for electrochemical mea-
surements, preparations of defined thickness were made by
applying adhesive solution to a 75e80mm strip of dialysis mem-
brane, with a second dialysis membrane placed on top using two
spacers (10mm from each end). The laminate was allowed to cure
(Section 2.2) whilst sandwiched between two microscope slides. A
Stereo Microscope (Leica Microsystems, Germany) was used for
cross sectional examination of the cured adhesive laminate (Fig. 2).
A laser micrometre (Mitutoyo, Hampshire, UK) was used for
thickness measurements of the generated adhesive membranes.

Diffusion coefficient measurements of target molecules were
carried out with only a dialysis membrane covered working to
establish inherent dialysis membrane permeability prior to use of
the laminate tri-layer of dialysis membrane-adhesive-dialysis
membrane. Membranes were pre-soaked in 0.1M PBS solution
for 10min to ensure electrolyte loading into the dialysis membrane
to serve as a bridging electrolyte between the Pt working and Ag/
AgCl reference electrode. The latter had the format of a partial ring
round a Pt disc and was set back from the plane of the working
electrode (Fig. 1). A platinum wire immersed in the solution above
the Pt served as the counter electrode for the CV studies. Assays
used 5ml PBS solution, and each CV based diffusion determination
used 10 independent voltage sweeps.

For chronoamperometry, the cell set up was similar, except that
the Ag/AgCl ring now served as a combined counter/reference
electrode. A polarising voltage of þ0.65 V vs. Ag/AgCl was used for
ascorbate, H2O2, acetaminophen, uric acid and catechol and
of �0.65 V vs. Ag/AgCl for oxygen. Three rapid syringe injections,
50 ml of 0.5M analyte stock solution, were made in stirred solution
to give concentration jumps in 5mM steps. Air equilibrated buffer
volumes were injected into de-oxygenated buffer for the O2
increments.

For the CV measurements, laminate covered electrodes were
first incubated for 70min in assay solution to allow target molecule
Reported Monomers

Isobornyl Acrylate
2-Hydroxyethyl acrylate
Urethane-acrylate oligomer (Proprietary)
Isobornyl Acrylate
2-Hydroxyethyl acrylate

, Ethyl 2-Cyanoacrylate



Fig. 1. Schematic of cross-sectional view of the cell setup for modified electrode.

Fig. 2. Stereomicroscopic cross section of adhesive layer laminate with dialysis
membranes shown at. higher magnification without glass slides.
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equilibration within the laminate. This time interval was based on
the maximum observed period needed for completion to plateau of
amperometric responses at the same membranes during the
amperometric studies. In order to maintain consistency and to
avoid any complications, film deposition on electrodes due to (non-
reversible) solute oxidation, only the first cycle was used for each
diffusion coefficient calculation.

2.4. Contact angle analysis

Adhesive polymer was applied to glass microscope slides with a
rocking motion to achieve uniform spread prior to curing. Contact
angle measurements were carried out at room temperature using a
deionised water drop applied via instrumented controlled needle
flow on a Drop Shape Analyzer (DSA100, KRÜSS GmbH, Germany)
with a goniometer/image capture facility. Sessile drop fitting
analysis was undertaken using the instrument program to establish
contact angle of water drop. Ten readings were taken of each drop
during first 5 s of drop application. Seven repeat measurements
were taken for each contact angle value determination.

2.5. Ageing

Adhesively-bonded joints and adhesive membranes were
immersed in 100mMphosphate buffered saline (pH 7.4) and stored
in the ovens at 37 �C for 18 days (Precision™ Compact Ovens). The
joints and membranes were removed from the ovens every 3 days
and tested for strength and permeability.

3. Results

3.1. Imaging

Fig. 2 shows stereomicroscopic images of a cross section of ad-
hesive layer laminates. The thickness of the adhesive membrane
laminates was 100± 0.004 mm. Dialysis membrane pieces were
used as permeable supporting structures for the adhesives. The
molecular weight cut off (MWCO: 12,400) of these membranes was
well above that of the probe molecules, and their permeability was
established being greater than an order of magnitude of the values
for the adhesive layers, allowing their added barrier effects to be
disregarded.

3.2. Contact angle measurement

Sup. 1 shows the contact angles recorded for drop formation of
water on each adhesive. For cyanoacrylate (CA) adhesives, Loctite
4011 and Loctite 4304, there were no significant differences be-
tween contact angles. Loctite 3926, an acrylate only adhesive,
showed the highest contact angle and was significantly different
from both the acrylate-urethane (AU) adhesive and the cyanoac-
rylate adhesives.

3.3. Electrochemical measurements

3.3.1. Chronoamperometry
The current-time profile provides an overall visual check on

analyte diffusion and its consistency with a single rate-limiting
Fickian diffusion barrier (Sup. 2). Dialysis membrane covered
electrodes displayed a steep response rise, signifying fast analyte
diffusion and stable steady state response were achieved under the
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stirring conditions and sample volume used. Laminate covered
working electrodes on the other hand displayed slowly rising cur-
rents (Sup. 2b), but again gave steady state responses. Observed
response times varied, depending on probe molecular weight, with
the smaller oxygen and hydrogen peroxide, generating steeper
response profiles than the organics (acetaminophen, ascorbic acid,
catechol, uric acid). Whilst with a dialysis membrane covered
electrode, a current response was initiated immediately on analyte
addition, the laminate covered electrodes showed an extended lag
phase before registering a response, e.g. a response for organics
initiated at 70min on day 9 and at 20min on day 18. For oxygen and
hydrogen peroxide, responses were triggered at 40min on day 6
and 10min on day 18. There was a consistency across the organics
suggesting that size alone, and not charge or polarity determined
solute ingress.
3.3.2. Cyclic voltammetry
Preliminary diffusion studies with bare and dialysis membrane

covered electrodes were conducted to establish baseline
voltammograms.

The cyclic Voltammogram of acetaminophen (Fig. 3) displayed
reversible behaviour with defined anodic (oxidation) (Epa¼ 0.85 V)
and cathodic (reduction) (Epc¼ 0.17 V) peaks. The observed peak
separation (DEp¼ Epa - Epc) of 66mV and peak current ratios (ǀipa/
ipcǀ¼ 1.8) is consistent with quasi-reversibility with and electro-
chemical reduction followed by chemical reaction mechanism [55].

Acetaminophen displayed similar well-defined redox waves
with dialysis covered and bare platinum electrodes. The peak po-
tential and peak separationwere identical which indicated that the
electrode contacting dialysis membrane had no effect on electron
transfer (Yin et al., 2010). However, peak currents were reduced
Fig. 3. CVs of acetaminophen (10mM in PBS) at 100mV/s vs Ag/AgCl showing (a) reta
(100e500mV/s) for a. dialysis membrane covered Pt electrode.
confirming a barrier effect. In parallel, cyclic voltammograms for
the laminate covered electrodes showed a substantial decrease in
peak current confirming the major reduction in diffusivity of the
diffusant molecules (Fig. 3).

Complete electrolyte conductivity was not achieved until day 6,
as indicated by a slow drifting baseline which restricted the time
window for the sequence of CVs undertaken for any one mem-
brane. The CVs for Loctite 3301 at day 15 (Fig. 4) are qualitatively
similar to those observed with the other adhesives. Measurable
peaks were demonstrated only at day 9 for hydrogen peroxide and
oxygen, and at day 12 for the organics (Fig. 4 and Fig. 5).
3.3.3. Diffusion coefficients
In order to maintain consistency throughout the study, only the

forward (anodic) peaks (cathodic for oxygen) were considered for
diffusion coefficient calculations. Forward peaks are registered
when the target molecule diffuses in through the adhesive from the
bulk solution, whereas reverse peaks represent locally electro-
chemically generated product. The diffusion rate between these
two could be starkly different owing to (i) a shift in molecular
properties and/or (ii) insufficient electrochemical generation for
distribution of product through the ‘dead volume’ presented by the
covering film þ dialysis void volume.

The pattern of change in permeability against time was similar
for all adhesives, with no evident permeability initially, and a
breakthrough effect on ageing with 9e12 days with an exponential
increase in permeability, presumably coinciding with a critical pore
generating phase. Importantly, the property separation across the
organic vs non-organic groups was maintained, with possibly a
marginally greater transport for oxygen as against the more polar
hydrogen peroxide (Fig. 6). The consistency of these findings across
ined peak profile and (b) maintained diffusion control across a range of scan rates



Fig. 4. Day 15 cyclic voltammograms (broken lines) of various analytes diffusing through Loctite 3301 adhesive membrane aged in Phosphate Buffer Solution (0.1M, pH 7.4) at 37 �C.
Solid lines. represent analytes diffusing through dialysis membrane. Scan rate: 100mV/s.
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the adhesive range shown in Fig. 7.
Whilst the trends are similar, a consistent difference in perme-

ability is seen between the different adhesive types. However,
notably, for the charged, diffusion through cyanoacrylate adhesive
is faster than through acrylic and acrylate-urethane adhesives.

3.3.4. Strength measurement
Butt joints were susceptible to ageing effects at an earlier stage

than lap shear joints (Fig. 7). These lost strength at day 6 compared
to 9 days for the latter. In all cases, after the first loss in joint
strength, subsequent losses were linear in contrast to the expo-
nential permeability effects, and the greatest loss occurred with the
more hydrophilic adhesives. Importantly, a clear (tenfold) increase
in oxygen and hydrogen peroxide permeability (Fig. 7) is seen
coinciding, at day 6, with the stage where strength starts to
weaken, before the loss of strength accelerates significantly. So as a
bulk property phenomenon, diffusion is more sensitive to
hydration change than adhesion as a surface integrity property.

4. Discussion

The uptake of water by a polymer is variously considered in
terms of micro void uptake (free volume theory) and hydrogen
bonding (interaction theory) [56e58]. The final steady state
outcome is an equilibrium hydration state [59e61] defining general
permeability behaviour. This is well recognised in the case of
membrane based biosensors, where stable permeability and
selectivity is attained within minutes on exposure to a sample and
which, in the absence of fouling, offers relatively stable perme-
ability and therefore response [62,63]. Water ingress prior to
equilibration causes an accelerated permeability change which is
known to have an exponential profile [64], and this was exactly
observed for the hydrating adhesive polymers here. However, even
for the dense adhesive layers used here, the hydration equilibrium



Fig. 5. Diffusion coefficients obtained via cyclic voltammetry (CV) and chronoamperometry.

Fig. 6. Diffusion coefficients of analytes vs molecular weight thorough a Loctite 3301 adhesive. membranes at various time periods during ageing for Loctite 3301 in PBS, 0.1M, pH
7.4 at 37 �C; (a) day 12, (b) day 15 (c) day 18.
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period for such thin layers would not be expected to continue for
well beyond a week, and moreover would show dependence on
hydrophilicity. This is evidently not the case with respect to the
time of permeability initiation (Fig. 7). This supports the possibility
of degradative changes in the pH 7.4 buffer, though any contribu-
tion of leachables loss cannot be discounted.

For such tightly controlled barriers with markedly reduced
diffusion profiles for low molecular weight organics as compared
with that in water, some discrimination would be expected against
weight, charge, polarity and perhaps even aromatic group content
(Fig. 6). Surprisingly, no such discrimination is seen, and further
mechanistic analysis is warranted in the future together with high
resolution structure analysis and BET. The fact that oxygen and
hydrogen peroxide are profoundly different suggests a distinctly
different transport mechanism. Thus, it is possible that transport, in
addition to that through the adhesive voids, also occurs through the
polymer matrix. This has implications for barrier membranes used
for oxidase based first generation biosensors where greater oxygen
permeability is demanded and observed, as compared with sub-
strate to reduce co-substrate limitation. Quantitative analysis at
low permeability systems such as these is demanding, but the
agreement between the CV and amperometry studies indicates that
meaningful interpretation is possible.
Further analysis of larger molecular weight species is required in

order to determine higher molecular weight access at further,
extended, ageing periods. This has future importance for the period
when there is partial bridging of the fracture surfaces, and adhesive
joint is partly degraded; it is at this stage that biomolecule crosstalk
for healing and remodelling of bone may become especially
important. The fact, also, that oxygen permeability provided the
earliest indication of porosity change is further in line with the high
tendency of all polymer barriers to allow gas transport [65] even if
other solutes are blocked, and may allow even a non-degraded
adhesive to permit oxygen cellular access to a mostly vascular
disrupted tissue field.

H2O2:ascorbate diffusion coefficient ratio was 7:1 on day 12 and
15:1 on day 18. This indicates a higher sensitivity of small molecule
monitoring for ageing and suggests that the non-pore mechanism
for transport may be further augmented by ageing, assuming that
the organics are only able to transfer through physical pores and
not between polymer chains.

The generally accepted cut-off for surface wetting vs de-wetting
by an adhesive is a 90� water contact angle [66]. All the contact
angles here were below this value indicating a capacity for



Fig. 7. a) Single Joint Lap Shear Strengths and b) Tensile Butt Strengths of cyanoacrylate adhesives to bone, along with diffusion coefficients (DC) of ascorbic acid across the full range
of adhesives, aged in PBS, 0.1M, pH 7.4 at 37 �C for up to 18 days (n¼ 7).
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substrate penetration and wetting of a hydrophilic surface such as
mineral bone. Differences in polarity, however, were not reflected
in initial strength differences even though both a referable to
interfacial properties (Fig. 7).

This study has determined effective diffusion coefficients
(permeability) and does not compensate for solute partition vari-
ation. The polymeric adhesives are porous and may have been
subject to partitioning increase as the polymers aged, but the
measurements here provide the physically relevant measure of
transport.

The strong correlation between permeability and adhesive joint
strength was not expected, since the former is a bulk property
whilst the latter is predominantly a surface phenomenon. The na-
ture of the bone substrate adds another set of variables to confound
the correlation; bone is a hydrophilic, porous structure able to
absorbwater and trapwater which then serves as a variable surface
hydration source [67,68], inevitably with maximal effect at the
interface, and minimum effect in the bulk. Shear strength loss is
more marked than that of tensile strength (Fig. 7). This may have
been because of differences in water uptake from bone since sur-
face contact was with aligned vs transected Haversian systems,
though edge exposure to water was also geometrically different.
Whilst permeability has a prime relevance for use in any biosensor,
the added value of adhesion is the ability to create membrane
laminates with mechanical integrity; certainly for extended use
and as flexible interfaces [69], however stable a barrier material, a
failure to retain stable adhesion to contiguous layers is a potential
drawback.
5. Conclusion

This is the first study to use permeability analysis as a bridge to
mechanics; the finding of permeability initiation coinciding with
joint weakening is an important indicator of hydration outcome,
and has implications for all barrier materials, including those used
in sensing. Molecular selectivity, as seen here for O2 and H2O2,
could be a basis for evaluating porosity and warrants use of a wider
library of probe molecules. Extension to large molecule studies will
enable study of the stage at which cell signalling molecules are
transported across an adhesive joint, and the strength properties
this is associated with. Such studies could also serve as the basis for
designing adhesives that are capable of creating more stable lam-
inates for biosensing, beyond their more obvious application for
fracture fixation.
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