
P
a
t

D
M
a

b

c

C

a

A
R
R
A
A

K
L
T
H
L
W

1

o
s
i
s
a
t
p
o
t
D

a
c

0
d

International Journal of Pharmaceutics 423 (2012) 326– 334

Contents lists available at SciVerse ScienceDirect

International  Journal  of  Pharmaceutics

journa l h omepa g e: www.elsev ier .com/ locate / i jpharm

hysical  characterisation  and  component  release  of  poly(vinyl
lcohol)–tetrahydroxyborate  hydrogels  and  their  applicability  as  potential
opical  drug  delivery  systems

iarmaid  J.  Murphya, Mayur  G.  Sankaliaa,  Ryan  G.  Loughlina, Ryan  F.  Donnellya,
ark  G.  Jenkinsb, Paul  A.  McCarronc,∗

School of Pharmacy, Queen’s University Belfast, Belfast, UK
Antrim Area Hospital, Antrim, UK
Department of Pharmacy and Pharmaceutical Sciences, Saad Centre for Pharmacy and Diabetes, University of Ulster, Coleraine Campus, Cromore Road, Coleraine,
o.  Londonderry BT52 1SA, UK

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 24 May 2011
eceived in revised form 4 November 2011
ccepted 5 November 2011
vailable online 15 November 2011

eywords:
ocal anaesthesia
opical

a  b  s  t  r  a  c  t

Poly(vinyl  alcohol)–tetrahydroxyborate  (PVA–THB)  hydrogels  are  dilatant  formulations  with  potential  for
topical wound  management.  To  support  this  contention,  the  physical  properties,  rheological  behaviour
and  component  release  of candidate  formulations  were  investigated.  Oscillatory  rheometry  and  tex-
ture profile  analysis  were  used  at room  temperature  and  37 ◦C.  Results  showed  that  it  was  possible  to
control  the  rheological  and  textural  properties  by  altering  component  concentration  and  modifying  the
type  of  PVA  polymer  used.  Hydrogels  made  using  PVA  grades  with  higher  degrees  of  hydrolysis  dis-
played  favourable  characteristics  from  a wound  healing  perspective.  In vitro  release  of  borate  and  PVA
were assessed  in  order  to  evaluate  potential  clinical  dosing  of  free  species  originating  from  the  hydro-
ydrogels
acerations

ound care

gel  structure.  Component  diffusion  was  influenced  by  both  concentration  and  molecular  weight,  where
relevant,  with  up  to  5%  free  PVA  cumulative  release  observed  after  30 min.  The  results  of  this  study
demonstrated  the  importance  of poly(vinyl  alcohol)  selection  for  ensuring  appropriate  gel  formation  in
PVA–THB  hydrogels.  The  benefits  of  higher  degrees  of hydrolysis,  in  particular,  included  lower  excipient
release  and  reduced  bioadhesion.  The  unique  physical  characteristics  of  these  hydrogels  make  them  an
appealing  delivery  vehicle  for chronic  and  acute  wound  management  purposes.
. Introduction

Acute laceration and chronic ulceration are traumatic sites
f impairment to the normal barrier function and structure of
kin. Excellent accessibility means that localised drug delivery
ntended to alleviate pain and improve wound healing are relatively
traightforward. Typical drug candidates include local anaesthetics,
ntibiotics and growth factors. Despite obvious advantages of the
opical drug delivery approach within wound management, pro-
rietary formulations are lacking. For example, local anaesthesia
f lacerations is rarely induced topically, with infiltration being
he established method (Capellan and Hollander, 2003; Singer and
agum, 2008).
An effective topical formulation for wound management must
ccommodate the irregularities of the site and achieve intimate
ontact with exposed tissue. The ideal formulation should be
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sufficiently fluid in nature to fill the shape of the wound and have
sufficient cohesive properties to allow it to be removed intact. In
practice, few pharmaceutical materials display these attributes.
Chemically cross-linked gels generally display good elasticity and
sufficient cohesive integrity, but do not flow appreciably into the
wound bed. In contrast, physically bonded gels, while displaying
the necessary flow, have poor cohesive integrity and are difficult to
remove unless washed or cleaned away.

Hydrogels are of particular interest in wound management
because of their low toxicity and potential for extended drug release
(Nanjawade et al., 2007; Peppas et al., 2000a,b, 2006). In addition,
many hydrogels act to absorb wound exudate preventing macera-
tion in cases where this is excessive, or can hydrate wounds that
are otherwise dry, maintaining a moist wound environment. Con-
trol of wound exudate is accepted as an important aspect of overall
wound management. One promising family of hydrogels are those

based on poly(vinyl alcohol) (PVA), complexed with one of a range
of cross-linkers, such as tetrahydroxyborate (THB) anions (Beltman
and Lyklema, 1974; Eliseev et al., 2000; Roy et al., 1957; Shibayama
et al., 1993). Complexation of PVA with THB anions at sufficient

dx.doi.org/10.1016/j.ijpharm.2011.11.018
http://www.sciencedirect.com/science/journal/03785173
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Nomenclature

PVA poly(vinyl alcohol)
THB tetrahydroxyborate anion
G′ storage modulus
G′′ loss modulus
13–23; 98 PVA poly(vinyl alcohol), average molecular

weight 13,000–23,000; degree of hydrolysis 98%
31–50; 88 PVA poly(vinyl alcohol), average molecular

weight 31,000–50,000, degree of hydrolysis 88%
31–50; 98 PVA poly(vinyl alcohol), average molecular

weight 31,000–50,000, degree of hydrolysis 98%
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MW average molecular weight

oncentration leads to hydrogel formation, a process studied by a
umber of groups (Ide et al., 1998; Keita et al., 1995; Koike et al.,
995; Nemoto et al., 1996; Pezron et al., 1988a,b, 1989a,b; Takada
t al., 1998). The mechanism of interaction has been elucidated
sing magnetic resonance studies (Bowcher and Dawber, 1989;
awber and Green, 1986) and results reveal that a THB anion can

nteract with two distinct cis-diol groups on PVA. First, THB anions
nteract with available cis-diol groups, leading to mono-diol com-
lexation and formation of a charged poly(electrolyte) structure.

ntra- and inter-chain electrostatic repulsion causes an expansion
n polymeric volume. This leads to a more favourable conformation
nd formation of the second cis-diol interaction, leading to a di-diol
omplex. It is this (cis-diol)–TBH–(cis-diol) complexation, occurring
oth intramolecularly and intermolecularly, that gives rise to the
ormation of a hydrogel system.

Results from formulation studies have shown that the concen-
ration of THB anions has a larger effect on hydrogel formation than
he PVA concentration (Pezron et al., 1988a, 1989a).  Sodium ions
ormed from the dissociation of sodium tetraborate, which is the
ommon source of aqueous THB, assist the second step of the com-
lexation reaction by attenuating the overall negative charge on
he polyelectrolyte chain. Cross-links form closer together and the
ross-link density increases (Keita et al., 1995).

The physical properties of PVA–THB hydrogels can be attributed
o the reversible nature of the TBA-mediated cross-links. Light scat-
ering observations show that they have a finite life-time (tlife) and
he length of observation determines the type of response (Lin et al.,
005). If observation is long (low frequency), then cross-links have
ufficient time to dissociate and the system behaves like a viscous
uid (t > tlife, G′′ > G′; where G′ represents the storage modulus, or
olid like response, and G′′ the loss modulus, or liquid like response).
n contrast, if observation is short (high frequency), then they do not
ave enough time to dissociate and the system behaves like an elas-
ic solid (t < tlife, G′ > G′′). It has been suggested that the frequency
ver which fluid-like structure exists decreases with increasing
oncentration of PVA (Lin et al., 2005).

The rheology of PVA–THB hydrogels indicates significant poten-
ial as a drug delivery platform in topical wound care. Although
here has been much basic rheological study undertaken (Koga
t al., 1999; Koike et al., 1995; Lin et al., 2005; Nemoto et al., 1996;
akada et al., 1998), there is relatively little information on how
hese systems behave in a topical context. Our group have consid-
red the possibility of using a PVA–THB hydrogel as a potential top-
cal local anaesthetic hydrogel (Loughlin et al., 2008). To investigate
he factors that influence the physical and rheological characteris-
ics of PVA–THB hydrogels, texture profile analysis and oscillatory

heometry were used to characterise formulations containing var-
ous quantities of PVA and sodium tetraborate at concentrations
bove the gelation point. A further aim of this study was to evalu-
te the effect of excipient concentration and PVA grade. Tests were
 Pharmaceutics 423 (2012) 326– 334 327

conducted at room temperature and 37 ◦C, as the PVA–THB inter-
action is known to be temperature sensitive (Koga et al., 1999).
The adhesiveness of candidate hydrogel formulations and commer-
cially available alternatives were compared. A concern during the
therapeutic use of any topical formulation applied to a site where
the barrier function of the stratum corneum is comprised, is absorp-
tion of free excipients. Therefore, excipient release was evaluated
as a function of polymer grade and excipient concentration.

2. Materials and methods

2.1. Materials

Three grades of poly(vinyl alcohol) (PVA) were used in this
study, namely 13,000–23,000 MW, 98% hydrolysed (13–23; 98
PVA); 31,000–50,000 MW, 87–89% hydrolysed (31–50; 88 PVA)
and 31,000–50,000 MW, 98% hydrolysed (31–50; 98 PVA). All were
obtained from Sigma–Aldrich, Dorset, UK. Sodium tetrahydroxybo-
rate decahydrate (borax), sodium chloride and newborn calf serum
(USA origin, sterile filtered, cell culture grade) were also obtained
from Sigma–Aldrich, UK. Pharmaceutical grade PVA was  obtained
from Merck KGaA, Darmstadt, Germany and comprised 4–88
(31,000), 5–88 (37,000), 8–88 (67,000), 26–88 (160,000), 40–88
(205,000) and 28–99 (145,000). The first identifier in the notation
refers to the viscosity of a 4% solution, the second refers to the
degree of hydrolysis, and approximate molecular weight is shown
in parenthesis. Hydrosorb®, Aquaflo®, Intrasite®, Intrasite-C® and
Aquaform® were purchased from AAH Pharmaceuticals, Belfast,
UK. Porcine skin was obtained from a local abattoir and either used
immediately or stored frozen at −20 ◦C until use. All other reagents
and solvents were of appropriate laboratory standard, obtained
from commercial sources and used without further purification.

2.2. Preparation and texture analysis

PVA (20%, w/w) and sodium tetrahydroxyborate (5%, w/v)
stock solutions were prepared in deionised water. Hydrogels were
formed by mixing appropriate proportions of both solutions for
approximately 30 min, with periodic stirring. Corrections for mass
loss due to evaporation were made using deionised water to bring
the formulation back to its original weight. Hydrogels were stored
in sealed poly(propylene) containers (44 mm diameter, 55 mm
depth; Sarstedt, Wexford, Ireland) at room temperature for 48 h.
This permitted thermal equilibrium throughout the hydrogel and
elimination of air bubbles prior to testing.

Textural properties of PVA–THB hydrogels were evaluated using
a TA-XT2 Texture Analyser (Stable Micro Systems, Halsmere, UK) in
texture profile analysis (TPA) mode. A tubular probe (10 mm diam-
eter, 40 mm in length) was compressed twice into each sample to
a depth of 15 mm at a rate of 10 mm s−1 with a 15 s delay between
compressions. Hardness and compressibility were derived from the
force–time plots produced using texture profile analysis. Hardness
was  defined as the force necessary to produce a given deformation
and determined by the force maximum of the first positive curve
of the force–time plot. Compressibility was  defined as the work
required to deform the product during the first compression of the
probe and determined by the area under the first positive curve of
the force–time plot.

2.3. Adhesiveness testing

Dermal adhesive properties of hydrogels were evaluated at

room temperature (25 ◦C) using the Texture Analyser in adhe-
sive mode. Excised porcine skin was  cut along the subcutaneous–
dermal interface to separate the subcutaneous fat. The epidermal
side of the skin was then attached to a 1.0 cm × 1.0 cm Perspex®
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ace with cyanoacrylate adhesive, dermal side uppermost, and the
ssembly secured to the upper part of the instrument. Approxi-
ately 30 g of hydrogel was loaded into a lower Perspex® well

diameter 60 mm,  depth 15 mm).  The tissue was lowered to the
ydrogel surface and the interface maintained for 30 s under 0.1 N.
fter 30 s, the tissue was moved upwards at 10 mm s−1. Adhesion
as defined as the force maxima of the force–time plots produced

ia detachment of the skin from the hydrogel surface. Commercially
vailable sheet and amorphous hydrogels were analysed using the
ame procedure by way of comparison.

.4. Rheological analysis

Oscillatory rheometry was performed on an AR1500 Rheome-
er (TA Instruments, Crawley, West Sussex, UK) using parallel plate
eometry. All measurements were performed at 25 ◦C or 37 ◦C using

 60 mm geometry, unless otherwise stated. A constant gap of
000 �m was maintained throughout testing without the require-
ent for a normal force. At 37 ◦C, a solvent trap was used to reduce
ater loss from the formulation during testing. The linear viscoelas-

ic region was initially determined using oscillatory stress sweeps
t stresses between 0 and 100 Pa. Subsequent frequency sweeps
ere conducted at a stress within the linear viscoelastic region over

 frequency range 0.1–100 Hz and used to determine the storage
odulus, loss modulus and loss tangent.

.5. Component release

Component release (boron species and free PVA) from hydrogels
as assessed over 2 h into phosphate buffer (pH 6.8; BP 1999) at

7 ◦C. At defined time points (5, 10, 15, 30, 60 and 120 min) release
edium (5 ml)  was removed for analysis and fresh buffer added

o maintain constant volume. Given the relative solubilities of the
omponents and volumes of release media used, sink conditions
ere assumed for the study. The maximum amount of PVA and

orax present in a 4 g sample was 0.4 g and 0.1 g, respectively. The
olubility of PVA and sodium tetrahydroxyborate is at least 10 times
hese amounts at 37 ◦C. Although the solubility of both components

ay  be reduced in phosphate buffer, neither is likely to approach
0% of their solubility limit under the conditions of the assay.

Boron species release was assessed using an enhancer cell
rrangement with Cuprophan® membrane (nominal molecular
eight cut-off 10,000) separating 4.0 g of hydrogel from 500 ml
hosphate buffer (Caleva 7ST dissolution apparatus). The con-
entration of boron-containing species was quantified using a
odification of the method of Lapid et al., which measures the

nhancement of fluorescence seen with chromotropic acid in the
resence of boric acid. The excitation wavelength was  modified
330 nm)  to allow the analysis to be run in a 96-well format (Lapid
t al., 1976). A linear relationship between fluorescence intensity
nd boric acid concentration was obtained over a concentration
ange from 0.5 to 3.0 × 10−5 M (R2 0.9929). Calibration curves were
un with new standards on each day of analysis and the concentra-
ion of boron species was calculated using the calibration plot run
n that day.

PVA release from hydrogel samples was assessed using meth-
ds described previously (Joshi et al., 1979; Loughlin et al., 2008).
riefly, 4.0 g of hydrogel was loaded into tissue culture inserts
hat comprised a lower membrane perforated with 8.0 �m pores.
nserts were modified to be free standing and suspended in a stirred
eceiver phase of 100 ml  phosphate buffer at 37 ◦C (pH 6.8). PVA

oncentration in the receiver phase was determined by absorption
f its complex with boric acid and iodine at 690 nm.  The analytical
ethod was calibrated against PVA standards over a concentra-

ion range of 5–50 �g ml−1 (R2 0.9996). At least 5 standards were
 Pharmaceutics 423 (2012) 326– 334

run on five separate days (limit of detection 2.2 �g ml−1, limit of
quantitation 6.7 �g ml−1).

2.6. Statistical analysis

A three-way analysis of variance with a 3 × 3 × 4 factorial design
was  used to determine the effects of PVA, borax concentration
and PVA grade on hardness, compressibility and dermal adhesion.
Hardness and compressibility data were analysed at room temper-
ature and 37 ◦C, while the adhesion data was  analysed at room
temperature only. Post hoc analysis using Tukey’s HSD test com-
pared the means of individual groups for the textural analysis data.
Commercially available hydrogels were compared to a PVA–THB
hydrogel using Student’s t-test. A three-way analysis of variance
with a 3 × 3 × 4 factorial design was  used to evaluate the effects of
PVA and THB concentrations, and PVA type on rheological param-
eters (storage modulus, loss modulus and loss tangent). A value of
p < 0.05 was  considered significant in all statistical comparisons.

3. Results

3.1. Texture analysis

The effects of PVA and THB concentrations on the mechanical
properties of PVA–THB hydrogels, produced using three different
grades of PVA are displayed in Table 1. Increasing either PVA or
THB concentration resulted in an increase in compressibility. Fur-
thermore, the range of compressibility data seen in moving from
1.0% to 2.5% THB for each PVA concentration was seen to widen
when its concentration was  increased from 6% to 10%. The hard-
est hydrogels were formed from 31 to 50; 98 PVA grades, while
the opposite was  true with the 31–50; 88 PVA variant. The data
in Table 1 demonstrated that increasing PVA molecular weight
increased compressibility. Comparing 31–50; 98 PVA hydrogels
with 31–50; 88 PVA counterparts revealed that the degree of
hydrolysis also affected compressibility. The 98% hydrolysed types
gave significantly higher compressibility when compared to coun-
terparts made using the 88% hydrolysed PVA.

A significant difference was  observed between all of the groups
in the factorial analysis. In addition, there was  a large interaction
noted between the independent variables. For the hardness and
compressibility data, this level of significance was  noted at both
room temperature and 37 ◦C. There was  a significant reduction in
both hardness and compressibility when the analysis was repeated
at 37 ◦C. This reduction occurred in all formulations and was inde-
pendent of the type of PVA used. At 37 ◦C, the hydrogels retained
approximately 30% of their mechanical strength compared to the
analysis at room temperature.

The pH of each hydrogel formulation is shown in Table 1. There
are two  trends in the data. The first shows a rise in pH across each
1.0–2.5% THB range interval. The second is a superimposed reduc-
tion in pH as the PVA concentration is increased. This can be seen by
comparing the pH change where the THB concentrations are held
constant.

3.2. Adhesiveness testing

The relative dermal adhesiveness of different PVA–THB formula-
tions is presented in Fig. 1. The adhesiveness was  affected primarily
by the THB concentration. Increasing THB concentration from 1.0%
(w/w)  to 2.5% (w/w)  produced a significant reduction in adhesion

at each concentration of PVA (Fig. 1(A)). For example, increasing the
THB concentration from 1.0% to 2.5% (w/w) in a 10% (w/w) 31–50;
98 PVA hydrogel (Fig. 1(B)) reduced adhesiveness by approximately
60%. Although some differences were observed in certain cases, the
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Table 1
Composition, pH and mechanical properties of PVA–THB hydrogels at room temperature (RT) and 37 ◦C.

PVA grade PVA (%, w/w) Borax (%, w/w)  pH Hardness (N) Compressibility (N s)

RT 37 ◦C RT 37 ◦C

13–23; 98 6 1.0 8.11 ± 0.02 0.69 ± 0.11 0.18 ± 0.02 0.64 ± 0.11 0.17 ± 0.01
1.5  8.32 ± 0.02 1.56 ± 0.15 0.29 ± 0.03 1.48 ± 0.16 0.27 ± 0.03
2.0  8.48 ± 0.04 2.07 ± 0.24 0.36 ± 0.06 1.95 ± 0.26 0.34 ± 0.06
2.5  8.58 ± 0.06 2.28 ± 0.28 0.39 ± 0.06 2.14 ± 0.28 0.37 ± 0.06

8 1.0  7.94 ± 0.14 1.65 ± 0.13 0.33 ± 0.02 1.54 ± 0.12 0.3 ± 0.02
1.5  8.22 ± 0.19 3.71 ± 0.18 0.91 ± 0.08 3.48 ± 0.17 0.86 ± 0.08
2.0  8.37 ± 0.18 5.19 ± 0.08 1.27 ± 0.04 4.92 ± 0.04 1.2 ± 0.04
2.5  8.47 ± 0.16 6.24 ± 0.18 1.55 ± 0.03 5.87 ± 0.23 1.45 ± 0.04

10 1.0  7.91 ± 0.19 2.07 ± 0.38 0.52 ± 0.1 1.94 ± 0.37 0.48 ± 0.09
1.5  8.09 ± 0.16 5.39 ± 0.58 1.6 ± 0.24 5.13 ± 0.52 1.51 ± 0.22
2.0  8.23 ± 0.13 7.94 ± 0.61 2.59 ± 0.42 7.75 ± 0.54 2.45 ± 0.4
2.5  8.35 ± 0.13 10.61 ± 0.26 3.39 ± 0.22 10.26 ± 0.26 3.2 ± 0.22

31–50;  88 6 1.0 7.92 ± 0.08 0.12 ± 0.01 0.14 ± 0.02 0.42 ± 0.11 0.14 ± 0.02
1.5  8.20 ± 0.03 1.12 ± 0.3 0.26 ± 0.04 1.02 ± 0.27 0.24 ± 0.04
2.0  8.37 ± 0.01 1.53 ± 0.4 0.33 ± 0.05 1.38 ± 0.35 0.3 ± 0.05
2.5  8.51 ± 0.01 1.79 ± 0.56 0.37 ± 0.11 1.61 ± 0.49 0.34 ± 0.1

8  1.0 7.70 ± 0.04 0.76 ± 0.11 0.16 ± 0.06 0.71 ± 0.1 0.23 ± 0.02
1.5  8.00 ± 0.04 2.32 ± 0.41 0.61 ± 0.15 2.13 ± 0.4 0.57 ± 0.14
2.0  8.22 ± 0.08 3.91 ± 0.98 1.03 ± 0.3 3.53 ± 0.91 0.95 ± 0.26
2.5  8.31 ± 0.05 4.74 ± 1.21 1.33 ± 0.22 4.28 ± 1.12 1.23 ± 0.2

10 1.0  7.52 ± 0.16 0.79 ± 0.11 0.21 ± 0.08 0.74 ± 0.1 0.23 ± 0.03
1.5  7.74 ± 0.09 3.02 ± 0.09 0.95 ± 0.06 2.78 ± 0.09 0.89 ± 0.05
2.0  7.87 ± 0.06 5.85 ± 0.57 1.9 ± 0.39 5.31 ± 0.49 1.77 ± 0.38
2.5  7.99 ± 0.04 9.89 ± 1.92 3.59 ± 1.24 8.87 ± 1.63 3.26 ± 1.1

31–50;  98 6 1 8.07 ± 0.07 1.88 ± 0.6 0.5 ± 0.27 1.75 ± 0.55 0.46 ± 0.25
1.5  8.35 ± 0.08 3.75 ± 0.64 0.92 ± 0.58 3.6 ± 0.5 0.75 ± 0.64
2  8.53 ± 0.06 4.79 ± 0.45 1.48 ± 0.27 4.56 ± 0.28 1.35 ± 0.25
2.5  8.62 ± 0.03 5.96 ± 0.41 1.52 ± 0.26 5.6 ± 0.46 1.42 ± 0.2

8  1 7.98 ± 0.12 4.64 ± 0.79 1.34 ± 0.13 4.22 ± 0.74 1.24 ± 0.12
1.5  8.20 ± 0.05 8.03 ± 0.53 2.82 ± 0.07 7.75 ± 0.81 2.59 ± 0.07
2 8.36 ±  0.03 9.77 ± 1.3 3.59 ± 0.18 9.91 ± 1 3.28 ± 0.2
2.5  8.48 ± 0.03 13.69 ± 2.33 4.26 ± 0.26 12.75 ± 1.77 3.87 ± 0.23

10 1  7.77 ± 0.16 5.01 ± 0.91 1.67 ± 0.18 4.65 ± 0.85 1.56 ± 0.17
1.5  7.99 ± 0.12 11.32 ± 1.83 4.07 ± 0.5 10.41 ± 1.67 3.75 ± 0.4
2  8.16 ± 0.09 14.48 ± 3.11 5.71 ± 0.58 14.53 ± 1.93 5.34 ± 0.42
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2.5  8.30 ± 0.09 

ata represent the mean ± standard deviation (n = 4).

oncentration of PVA did not significantly affect the adhesion over
he range investigated. Changing the grade of PVA used did not sig-
ificantly alter the adhesiveness of the formulations. Data for 1%
w/w) THB and 31–50; 88 PVA was not recorded as these hydro-
els displayed poor cohesive properties and did not detach cleanly
rom the tissue surface during testing (Fig. 1(C)).

The dermal adhesion of a candidate PVA–THB formulation was
ompared to that of several commercially available wound man-
gement formulations and the results are presented in Table 2.
hese formulations comprise two forms; an amorphous gel and

 sheet form. The PVA–THB hydrogel displayed noticeable adhe-

ive strength, which was significantly higher than, for example,
ntrasite® (p = 0.008), the next most adhesive formulation. The

able 2
omparison of the dermal adhesiveness of a selected PVA–THB hydrogel with sev-
ral  commercially available hydrogel formulations.

Hydrogel Physical form Mean
adhesiveness
(N cm−2)

95% confidence
interval

Aquaflo® Sheet 0.051 0.007
Hydrosorb® Sheet 0.108 0.006
Intrasite-C® Sheet 0.055 0.009
Intrasite® Amorphous 0.356 0.017
Aquaform® Amorphous 0.325 0.030
PVA–THB hydrogela Amorphous 0.595 0.099

 = 6.
a 10% PVA (31–50; 98) 2.5% borax.
18.63 ± 1.58 7.08 ± 0.17 17.1 ± 1.78 6.45 ± 0.22

results confirm that amorphous formulations are more adhesive
to dermal structures than their sheet-like counterparts.

3.3. Rheological testing

Representative plots from oscillatory rheometry of hydrogels
at 25 ◦C are displayed in Fig. 2. The mean storage modulus vari-
ation increased with frequency in all hydrogels tested. Increasing
the concentration of THB increased the storage modulus in all cases.
However, at the higher concentration range, the change in the stor-
age modulus became less pronounced. In every instance where the
concentration of THB was  held constant, increasing the PVA con-
centration increased the storage modulus, with a greater increase
seen upon changing the concentration of PVA from 6.0 to 8.0%
(w/w)  than from 8.0 to 10.0% (w/w).

A representative plot of variations in the mean loss modulus
with increasing concentration of THB is displayed in Fig. 2(B). Loss
modulus increased with frequency until around 1–2 Hz. In every
case, increasing the concentration of either PVA or THB increased
the loss modulus. The increase in loss modulus was more pro-
nounced moving from 6.0 to 8.0% (w/w) PVA compared to moving
from 8.0 to 10.0% (w/w)  PVA. As the THB concentration approached
2.5% (w/w), the relative increase in the loss modulus seen upon
further THB addition was reduced.

A representative plot of variations in the mean loss tangent with

increasing frequency is displayed in Fig. 2(C). The loss tangent was
dependent upon the frequency, with values reducing as frequency
increased. In every case, the loss tangent was reduced as the con-
centration of THB and/or PVA increased. At higher concentrations of
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B)  31–50; 98 PVA, (C) 31–50; 88 PVA). The legend shows the PVA concentration in
ach  case. All experiments were conducted at room temperature (25 ◦C).

HB, values for the different concentrations of PVA started to over-
ap. Similarly, at higher frequencies, the loss tangent values start to

erge. Both the molecular weight of the polymer and the degree
f hydrolysis influenced the rheological characteristics. Increasing
he molecular weight of the polymer increased the storage and loss

odulus and reduced the loss tangent. It was also clear that the
egree of hydrolysis also has a significant impact on the relative
heological parameters. Hydrogels composed of PVA of a higher
egree of hydrolysis displayed higher values for both the storage
nd loss moduli and lower values for the loss tangent at higher
oncentrations of polymer.

The observed cross-over frequency (the frequency where the
torage modulus and loss modulus are equal, representing the
hange from a predominantly viscous, liquid-like response to a
redominantly elastic, solid-like response) for each of the concen-

rations of PVA and THB, and grades of PVA tested are displayed in
able 3. At constant PVA concentration, the cross-over frequency
ell as the concentration of THB was increased for all concentra-
ions of PVA. At lower concentrations of THB, increasing the PVA
hydrogels composed of varying concentrations of borax (n = 5). The legend shows
the PVA and borax concentration used in each case. All experiments were conducted
at  room temperature (25 ◦C).

concentration increased the frequency of the cross-over point.
At higher concentrations of THB, increasing the concentration
of PVA produced more variable effects. At 37 ◦C, the trend of
cross-over point reduction with increasing THB concentration was
maintained. At constant THB concentration, increasing the con-
centration of PVA tended to reduce the cross-over frequency at
higher concentrations of THB while having more variable effects at
lower concentrations. Between the different grades of PVA, hydro-
gels composed of 31–50; 98 PVA generally provided the lowest
frequency cross-over point at equivalent PVA–THB concentrations.

3.4. Component release

A representative plot of boron species release, quantified as
boric acid, from PVA–THB hydrogels is displayed in Fig. 3(A). There
is a detectable release of boric acid over 2 h from all of the formu-
lations. In all cases, the release of boric acid rose with increasing

concentration of THB within the formulation. For hydrogels com-
posed of either of the two 98% hydrolysed PVA grades there was
a general trend of a reduction in percentage borate release as PVA
concentration increased from 6.0 to 10.0% (w/w).
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Table 3
Cross-over frequency changes according to hydrogel composition and temperature.

PVA grade PVA (%,
w/w)

Borax (%,
w/w)

Frequency (Hz)

25 ◦C cross-over
point

37 ◦C cross-over
point

13–23; 98 6 1.0 1.95 5.09
1.5  1.32 3.50
2.0  1.18 3.27
2.5  1.16 3.30

8 1.0  2.09 4.65
1.5  1.27 3.01
2.0  1.01 2.60
2.5  0.93 2.44

10  1.0 3.20 5.20
1.5  1.64 2.98
2.0  1.17 2.42
2.5  0.98 2.18

31–50; 88 6 1.0 2.61 6.11
1.5  1.39 3.57
2.0  1.15 3.16
2.5  1.01 3.11

8  1.0 2.9 6.36
1.5  1.25 3.28
2.0  0.89 2.51
2.5  0.83 2.32

10 1.0  5.68 7.52
1.5  2.12 3.65
2.0  1.40 2.51
2.5  0.99 2.04

31–50; 98 6 1.0 0.9 3.54
1.5  0.6 1.83
2.0  0.54 1.64
2.5  0.54 1.61

8  1.0 1.11 2.10
1.5  0.63 1.44
2.0  0.52 1.27
2.5  0.46 1.20

10 1.0  1.53 2.60
1.5  0.79 1.53
2.0  0.53 1.23
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ata represent mean values (n = 5).

In order to mimic  the anticipated in vivo release of PVA more
losely, a series of hydrogels composed of 10.0% (w/w)  PVA and
.5% (w/w) THB were made with different pharmaceutical grades of
VA. The release profile for these hydrogels is displayed in Fig. 3(B).
nterestingly, 5–88 PVA exhibited approximately 6% cumulative
elease at 30 min  compared to 40–88 PVA which exhibited approx-
mately 0.1% release at the same time point. PVA with a higher
egree of hydrolysis exhibited a lower extent of release compared
o a similar molecular weight grade with a lower degree of hydroly-
is. Thus, 28–99 exhibited 0.3% cumulative release at 30 min, which
ompared to 0.7% for 26–88 PVA.

. Discussion

The physical characteristics of PVA–THB hydrogels investigated
n this study confirmed their potential for topical application to
ites of traumatic wounds, and the acute laceration in particular.
uccess is dependent on sufficient fluidity to enable flow within
he wound space and achieve intimate contact with the intended
bsorptive surface for drug delivery purposes. At the same time,
ufficient cohesive strength is necessary for intact removal from the
ound cavity. As shown in this work, PVA–THB hydrogels display

hese flow properties due to an equilibrium cross-linking reaction
hat is responsive to applied stresses depending upon its length

f application. When the stress is applied over a long time (low
requency), cross-links have sufficient time to re-orientate in the
irection of the stress and the material behaves like a viscous liquid.

f the stress is applied over a shorter timescale than the average
from  10% to 2.5% PVA–THB hydrogels composed of different pharmaceutical grades
of  PVA. The legend shows the grade of PVA used in each case. All experiments were
conducted at 37 ◦C.

lifetime of the PVA–THB bond, cross-links have insufficient time to
re-orientate and the material behaves like an elastic solid.

The data in Table 1 show the significant differences in hardness
and compressibility as concentrations of PVA and THB changed.
Increasing PVA concentration caused a significant increase in
the hardness and compressibility of the hydrogel in each case.
This is due to both an increased cross-link density at a given
THB concentration and also an increased number of non-THB
polymer–polymer contacts. Similarly, increasing THB concentra-
tion caused a significant increase in hardness and compressibility
as PVA concentration was held constant. This increase was due pri-
marily to the greater number of PVA–THB interchain links, which
effectively increases the density of the three dimensional network
formed. Furthermore, the grade of PVA used introduced molecu-
lar weight and degree of hydrolysis dependent effects. Increasing
the former elevated polymer density and the probability of further
di-diol inter-chain contacts. Increasing the degree of hydrolysis
also increased the likelihood of the cross-linking interaction occur-
ring and may  increase the possibility for hydrophilic interactions
between adjacent hydroxyl groups.

The reversibility of the PVA–THB interaction with temperature
is also easily discerned from Table 1. This is important as wound
temperature may  vary considerably and affect the performance of
the hydrogel. The hardness and compressibility are reduced by over
50% upon increasing the temperature from room temperature 25 ◦C
to 37 ◦C. This decrease in structural integrity is mainly due to a

reduction in PVA–THB cross-linking as the temperature increases
(Koga et al., 1999; te Nijenhuis, 2007).

The data in Fig. 1 showed that THB concentrations, rather
than PVA concentrations, were more important in influencing
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dhesion. The reduction seen in Fig. 1 is explained by formation of
 more structured network due to more THB. This results in fewer
ree hydroxyl groups to make appropriate electrostatic interactions
ith the tissue substrate. In addition, polymer chain flexibility is

urtailed as the equilibrium reaction shifts to greater amounts of
he di-diol reaction. Reduced polymer flexibility discourages inter-
enetration with native substrate components, such as cellular
tructures, which leads to a reduction in bioadhesion. This is consis-
ent with the theory of bioadhesion of polymeric systems, which
redicts that adhesion is related to polymer chain flexibility and
vailability of suitable functional groups to promote physical inter-
ctions with the biological surface (Huang et al., 2000; Peppas and
ahlin, 1996).

In this work, dermal adhesion was studied. This was chosen
s it models the exposed surface area of the acute laceration,
he majority of which will not have an intact stratum corneum.
n ideal formulation would have limited or no adhesion, to min-

mise trauma to tissue upon removal. In reality, some adhesion is
nevitable. This poses a dilemma for the clinical development of
hese systems. Reducing adhesion is achieved by increasing THB
oncentration and, as a consequence, the hardness and compress-
bility of the formulation. Therefore, optimising the adhesiveness

ay  have deleterious effects on flow properties. Some measure of
he optimum dermal adhesiveness can be seen by comparing com-

ercially available hydrogels with a candidate PVA–THB hydrogel
Table 2). This shows that PVA–THB hydrogels display a signif-
cantly higher dermal adhesion than commercial counterparts.
lthough this level of adhesion exceeds that of other amorphous
ydrogel counterparts, it is not considered to hinder clinical util-

sation. From a wound care perspective, optimum adhesiveness
ill need to be accessed clinically. It has been demonstrated previ-

usly that the optimum clinical formulations of PVA–THB hydrogels
trike the appropriate balance between material fluidity and adhe-
iveness and that the adhesiveness of these formulations is not an
ssue (McCarron et al., 2011). In particular, the relative cohesive to
dhesive strength may  prove to be more indicative as to the ease
f removal of a formulation rather than simply its adhesiveness.

The importance of optimising rheological flow of PVA–THB
ydrogels for topical use has been emphasised above. Conse-
uently, oscillatory rheometry was used to observe structural
ffects following systematic variation in both PVA and THB con-
entrations. ANOVA on storage modulus, loss modulus and loss
angent revealed significant differences between all of the formu-
ations. However, interactions between some of the variables were
bserved, but it was possible to define clear trends. Increasing
he concentration of PVA increased the storage modulus in nearly
ll cases, brought about by increases in both the probability of
olymer–polymer interactions and the equilibrium concentration
f PVA–THB di-diol cross-links. This will increase the elastic nature
f the formulation by increasing cross-link density and shifting the
quilibrium away from mono-diol formation and towards di-diol
ross-links. As the concentration of PVA chains increases, it is also
ore likely that inter-chain cross-links will be formed as opposed

o intra-chain cross-links.
Increasing the concentration of THB increased the storage mod-

lus at all concentrations of PVA (Fig. 2(A)). This is due to a resultant
ncrease in di-diol cross-linking and inter-chain attachment. The
ddition of further THB may  also cause an increase in cross-link
ensity through the attenuating effect of sodium cations shielding
he potential mono-diol electrostatic repulsion.

The loss modulus follows a similar trend to that observed for
he storage modulus. In general, increasing the concentration of

ither PVA or THB led to an increase in the loss modulus (for the
mpact of increasing THB, see Fig. 2(B)). For both the storage and
oss moduli, increasing the frequency leads to an increase in the
ecorded moduli as expected. This is due to the cross-links having
 Pharmaceutics 423 (2012) 326– 334

insufficient time to reorganise at the applied frequency (t < tlife)
and as a consequence, a more elastic response is seen. At lower
frequencies, the cross-links have sufficient time to re-orientate
and the loss modulus predominates.

A representative plot of changes in the loss tangent (the ratio
of the viscous modulus to the elastic modulus) showed a reduc-
tion with increasing THB concentration (Fig. 2(C)) demonstrating
an increasing dominance of the elastic like response as the con-
centration of THB increases. As with the storage and loss moduli,
the magnitude of effect reduced as the concentration of THB was
increased. In addition, there was  a greater variation in values at
lower frequencies than that seen at higher frequencies. Higher con-
centrations of PVA produced a much more detectable reduction in
the loss tangent at lower frequency. These results are in line with
the mechanical analysis results where increasing the concentration
of either component results in a more rigid hydrogel which displays
greater solid-like character and, hence, a lower loss tangent value.
In addition, as the frequency of the stimulus becomes greater the
relative solid-like response increases, hence the reduction in loss
tangent values at high frequency. At higher frequencies, the pre-
dominantly solid-like response tends to overshadow the variability
seen at lower frequencies.

The cross-over point at both 25 ◦C and 37 ◦C for each formulation
is displayed in Table 3. The reduction in the cross-over frequency
with increasing THB concentration is due to the increasing net-
work formation as a result of higher THB anion concentrations.
This tends to create a denser three dimensional network of bonds,
which increases viscosity and produces a greater elastic response
at lower frequencies. This trend is also observed at 37 ◦C, despite
the thermo-reversible nature of the PVA–THB interaction. At a
fixed THB concentration, increasing the concentration of PVA has
a more variable effect on the cross-over frequency. For example,
at 25 ◦C and 1% (w/w)  THB concentration, increasing the concen-
tration of PVA increases the cross-over frequency for each type
of PVA. This would seem counterintuitive given that an increase
in network structure should reduce the cross-over frequency.
At low THB concentrations, increases in polymer concentration
may  encourage mono-diol complexation with a resultant expan-
sion in polymer chain volume and alignment due to electrostatic
effects. This may  reduce the storage modulus through a decrease
in the polymer–polymer interactions which is not sufficiently off-
set through the PVA–THB interaction due to the low concentration
of the THB anion. Above 2% (w/w) THB, increasing the PVA con-
centration reduces the cross-over frequency for each PVA type as
expected. At 37 ◦C, the trends observed are similar although the
individual cross-over frequencies are all higher. The increase in the
cross-over frequency is due to the reduction in the equilibrium
concentration of PVA–THB di-diol interactions due to the raised
temperature. This reduces the cross-link density and allows the
hydrogel to display an increased viscous-to-elastic response at a
given frequency of observation.

The use of a PVA–THB hydrogel on broken skin may  lead
to improved drug delivery. When a combination of ineffective
cutaneous barrier function, an aqueous hydrogel structure and
reversible cross-linking are considered together, then the release
and potential absorption of formulation excipients are a concern.
The extent of PVA and boron species release was assessed over 2 h
to establish potential clinical exposure. Formulation development
for topical anaesthesia in particular requires a relatively fast
onset of action. Preliminary data from our group suggest that an
application time of approximately 30 min  should be sufficient
to provide anaesthesia of topical lacerations. Therefore, it was

not considered necessary to examine component release much
beyond the likely application time of the formulation. Release of
boron containing species, measured as boric acid, increased as
the concentration of THB incorporated was increased. However,
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ncreasing the concentration of THB in the system will increase
he number of cross-links and this should act to constrict the
etwork and reduce the ability of free species to diffuse away.
his may  be more important in reducing the likelihood of free PVA
hains diffusing away from the surface of the hydrogel if anchoring
ross-links are severed. Finally, poly(borate) species may  start to
orm above borate concentrations of 0.025 M (∼1%) (Salentine,
983; Smith and Wiersema, 1972). This may  serve to reduce the
ate of boric acid release further as the larger poly(borate) species
hould exhibit slower diffusion. Although hydrolysis of these
pecies does occur upon dilution and temperature increase, it is
ot clear how much this will affect component release from the
ydrogel structure. There was no clear trend to how increasing
he PVA concentration affects the release of boron containing
pecies. This may  be due to the presence of an excess of available
oron containing species, from the boric acid–tetrahydroxyborate
quilibrium, which are relatively unperturbed by the available
is-diol groups, assuming the concentration of di-diol cross-links
s small compared to the concentration of free boric acid.

At fixed concentrations of PVA and THB, PVA release is gov-
rned by the molecular weight and the degree of hydrolysis of
he polymer. In particular, the cumulative PVA released over 2 h
s substantially reduced as the molecular weight of the polymer
sed increases. For example, the cumulative release of 40–88 PVA
approximate molecular weight 205,000) is under 1% at 30 min,
hereas the cumulative release of 5–88 PVA (approximate molec-
lar weight 37,000) is over 5% at the same time point (Fig. 3(B)).
his is due to both a reduction in the diffusion coefficient due to
he increasing size of the polymer chains and a reduction in the
ree volume available for diffusion as greater amounts of the sol-
ent are taken up by the larger polymer chains. In addition, it is also
lear that increasing the degree of hydrolysis of the polymer slowed
ts release from the hydrogel (Fig. 3(C)). Comparing the release of
6–88 PVA (approximate molecular weight 160,000) and 28–99
VA (approximate molecular weight 145,000) shows a reduced
umulative release for the more hydrolysed 28–99 PVA grade.
lthough the molecular weight of the 28–99 PVA is lower than

he 28–99 PVA counterpart, the former’s higher degree of hydrol-
sis will induce more extensive network formation and reduce its
pparent diffusivity.

. Conclusion

The mechanical and rheological properties of PVA–THB hydro-
els are dependent upon the initial concentrations of PVA and THB.
his determines the equilibrium cross-link density and the physical
roperties of the resultant formulation. Hardness, compressibil-

ty and adhesiveness are all readily controlled through systematic
ariation in concentration. The grade of PVA was also found to be
mportant in determining the final properties of the hydrogel. The
se of higher molecular weight polymers with a higher degree of
ydrolysis lead to the formation of a more rigid hydrogel. With
egard to adhesion, a high concentration of THB was more impor-
ant than the PVA concentration within the range of concentrations
xamined in this study.

The rheological data corroborated the mechanical observations.
oth the storage modulus and loss modulus increased with increas-

ng concentrations of PVA and THB, and as expected, the relative
omponent of the storage modulus increased with increasing fre-
uency. The cross-over frequency dropped as the concentration of
HB increased at all concentrations of PVA in line with expecta-

ions, as the material became more rigid through increased network
ormation. Surprisingly, at low concentrations of THB, increas-
ng the PVA concentration increased the cross-over frequency.
his was attributed to an equilibrium shift towards mono-diol
 Pharmaceutics 423 (2012) 326– 334 333

complexation and away from di-diol complexation as the con-
centration of PVA was increased and the relative concentration of
di-diol cross-links fell. There may  also be an effect due a reduction in
pH and a greater demand for electrostatic shielding, which reduced
further the number of di-diol cross-links. In all cases, increasing
the temperature reduced the number of THB–PVA bonds, which
reduced network formation and made the hydrogel less mechani-
cally rigid, reducing the storage modulus and loss modulus.

Component release from PVA–THB hydrogels was dependent
upon both the concentrations of PVA and THB, and the grade
of polymer. Larger molecular weight PVA with a high degree of
hydrolysis restricted the release of free polymeric species through
increased network formation and reduced free volume for diffu-
sion to occur, as well as a reduced overall diffusivity. Boron release
increased with the concentration of THB, but in a non-linear fash-
ion, due to increased network formation and the potential for
poly(borate) formation.

The adhesiveness of PVA–THB hydrogels, when compared to
those of similar proprietary wound management products, repre-
sents a challenge for the topical used of this type of formulation.
A balance is needed between the requirement for the formulation
to be fluid enough to flow into a wound and allow sufficient drug
release within the appropriate period of time, and the desire for
it to be cohesive enough to be removed in one piece following an
extended residence time.
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