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Abstract This study has investigated novel bone adhesives
consisting of fluid photo-polymerizable poly(lactide-co-
propylene glycol-co-lactide)dimethacrylate (PGLA-DMA)
mixed with systematically varying fillers of fS-tricalcium
phosphate (5-TCP) and monocalcium phosphate monohy-
drate (MCPM), for the delivery of an antibacterial drug
chlorhexidine (CHX). All formulations were found to
polymerize fully within 200 s after exposure to blue light.
In addition, water sorption by the polymerized materials
catalyzed varying filler conversion to dicalcium phosphate
(DCP) (i.e. brushite and monetite). With greater DCP
levels, faster degradation was observed. Moreover,
increase in total filler content enhanced CHX release,
associated with higher antibacterial activity. These findings
thus suggest that such rapid-setting and degradable adhe-
sives with controllable drug delivery property could have
potential clinical value as bone adhesives with antibacterial
activity.

X. Zhao - L. Olsen - J. C. Knowles - A. M. Young (X))
Biomaterials and Tissue Engineering Research Department,
UCL Eastman Dental Institute, 256 Gray’s Inn Road,
London WC1X 8LD, UK

e-mail: a.young@eastman.ucl.ac.uk

J. Pratten
Microbial Diseases Research Department, UCL Eastman Dental
Institute, 256 Gray’s Inn Road, London WC1X 8LD, UK

J. C. Knowles

WCU Research Centre of Nanobiomedical Science,
Dankook University, San#29, Anseo-dong, Dongnam-gu,
Cheonan-si, Chungnam 330-714, South Korea

1 Introduction

With increased life expectancy, there is a growing need for
minimally invasive techniques to replace or repair dam-
aged or diseased bone. Injectable degradable adhesives
such as poly(lactide-co-propylene glycol-co-lactide)di-
methacrylates (PGLA-DMA) have therefore been devel-
oped for this purpose, i.e., to fill in the bone defects of
different shape, provide structural support and enhance
bone repair [1]. Compared with conventional non-degrad-
able methacrylate bone adhesives, the PGLA-DMA adhe-
sives can be solidified within seconds of blue light
exposure, with low shrinkage and heat generation during
cure [1]. In addition, the set PGLA-DMA adhesives have
readily controllable mechanical and degradation properties
[1, 2] and, importantly, they have been shown to be bio-
compatible with bone cells [3].

Reactive calcium phosphate particles of f-tricalcium
phosphate (5-TCP) and monocalcium phosphate monohy-
drate (MCPM) (powder components of brushite—forming
bone cements [4]) have previously been added as fillers to
PGLA-DMA adhesives to further reduce heat generation
and shrinkage during adhesive polymerization [2, 3].
Additionally, upon incorporation of S-TCP and MCPM
particles, hydrolytic degradation of such polymers is often
increased, with concomitant neutralization of acidic deg-
radation products [2, 3]. The fillers of f-TCP and MCPM
have also been found to react and precipitate as dicalcium
phosphate (DCP) (i.e. brushite and monetite) upon water
sorption, increasing calcium phosphate particle dispersion
and material modulus [2]. Moreover, the subsequent slow
DCP dissolution then generates calcium and phosphate ions
that may aid bone re-mineralization [3]. Furthermore, after
implantation into chick embryo femurs, the composite
adhesives have been shown to be in close contact with the
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adjacent bone, with no indication of adverse immunologi-
cal reaction [3].

Nevertheless, the service life of such medical implants
can be reduced as a result of bacterial infections, which
may prevent effective wound healing processes taking
place [5]. Thus, controlled release of an antibacterial would
be of substantial clinical value in limiting bacteria infection
[6]. As previously reported, the bacterium Staphylococcus
aureus (S. aureus) is often commonly associated with bone
infections [7, 8] and is also generally highly susceptible to
the antibacterial agent chlorhexidine (CHX) [9]. This drug
has been found to have very low incidence of resistance
development [10] and minimal toxicity to host cells [11-
14]. In this study, adhesives were therefore prepared con-
sisting of fluid PGLA-DMA containing -TCP and MCPM
as fillers, with CHX added as an antibacterial drug. The
effects of addition of filler and CHX were measured on
several material properties, including polymerization rate
and degree of monomer conversion, water sorption and
material degradation, water accelerated chemistry changes,
CHX release kinetics and antibacterial activity.

2 Materials and methods
2.1 Materials

Triethylamine (98%), methacryloyl chloride (97%) and
B-TCP (95%), were purchased from Fluka, Gillingham, UK.
p,L-Lactide was obtained from Purac, Gorinchem, The
Netherlands. Poly(propylene glycol) (average molecu-
lar weight = 1000 g/mol), camphorquinone (CQ, 97%),
N,N-dimethyl-p-toluidine (DMPT, 99%), 2-hydroxyethyl
methacrylate (HEMA, 99%), chlorhexidine diacetate (98%),
MCPM (99%) were purchased from Sigma—Aldrich, Gill-
ingham, UK. MCPM particles were sieved to obtain two
different size ranges of 20-38 and 75-106 pm (denoted as 30
and 90, respectively).

2.2 Monomer synthesis

The PGLA-DMA adhesive (denoted P;;L, in earlier work
[1]) was synthesized using the following procedure.
Poly(propylene glycol) (0.1 mol) containing 0.05 wt%
stannous octoate was reacted under nitrogen with lactide
(0.4 mol) for 6 h at 150°C. After addition of dichloro-
methane and cooling in an ice bath, 0.4 mol triethylamine
and 0.4 mol methacryloyl chloride were slowly added.
Subsequent addition of acetone promoted precipitation
of triethylamine-HCIl. After removal of the bulk of this
by-product by filtration, the filtrate was repeatedly washed
with aqueous HCI followed by NaHCO; solution (0.1 M of
either) and finally water. The resultant hydrophobic
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dichloromethane phase was separated from the aqueous
phases and the final product obtained by rotary evaporation
to remove the residual solvent.

The product was expected to be a triblock oligomer
(short polymer) capped at each end with a methacrylate
group. Its total molecular weight was expected to be
1712 g/mol and consist of 17 propylene glycol units
(CH,CH(CH;)O);7) with on average of two lactide mole-
cules (i.e.(C(CH3)COO),) attached to each end. The
molecular structure and purity of the synthesized monomer
was confirmed using nuclear magnetic resonance (NMR)
spectroscopy (600 MHz Varian Unity INOVA Spectrom-
eter, Palo Alto, CA, USA) as previously reported [1].

2.3 Sample preparation

PGLA-DMA (90 wt%) was mixed with CQ (1 wt%),
DMPT (1 wt%) and HEMA (8 wt%) to produce the
organic phase. This was then added with 50 wt% or
70 wt% filler (F%). The filler consisted of -TCP (T) and
MCPM (M), with T/M =1 or 4 (mol/mol). The median
diameter of the MCPM particle (My) was 30 or 90 pum.
With three variables (F%, T/M and M), each at two levels,
there are eight possible formulations (see Table 1 for
details). CHX (10 wt% of the total mixture) was then
added to each formulation. Polymer and composites with-
out CHX were used as controls to assess the effect of CHX
addition on material properties including polymerization,
water-induced mass, volume and chemical changes. Poly-
mer discs with CHX were additionally used as control to
investigate the effect of filler addition on CHX release rate
and antibacterial activity in addition to the above-men-
tioned material properties.

Polymerized discs of 5 (for agar diffusion tests) or
12 mm diameter (for all other studies) and 2 mm thickness
were obtained by placing the composite pastes into steel
rings. The top and bottom surfaces were covered by acetate
sheets (AF 4301, 3M, Manchester, UK) and the samples
cured in a light box (Triad® 2000™ visible light cure
system, Dentsply Trubyte, Palo Alto, CA, USA) using blue
light (100 mW/cm?) for 12 min. Raman spectroscopy was
then used to confirm full polymerization (i.e. no detectable
peak at 1640 cm™' due to ‘C=C" of PGLA-DMA). Each
test was performed in triplicate, and results are expressed
as means =+ standard deviation (SD).

2.4 Polymerization kinetics

To quantify polymerization kinetics, unset material for-
mulations were placed on a Golden Gate™ heated dia-
mond ATR top-plate at 37°C, within a Fourier transform
infrared (FTIR) spectrometer (Perkin-Elmer, Series 2000,
Beaconsfield, UK). The paste was confined within a ring



1995

J Mater Sci: Mater Med (2011) 22:1993-2004

*A[Anoadsal “XHD UMM puUB JNOYIM SUOHE[NULIO) IO puels .+, pue

3

(XHD MOoyim SUOIe[AWIO]) SAN[BA [01U0D WO (SO'() > J) SIOUISHIP JUBOYIUTIS

(¢ = u) S F sueaw = s)NsoY

—, '(9 "bg 99s) uorsrowwr 199eM 0) Joud (Snip oY) noyim) ssewr AIp [eUISHIO ) 0) SATIE[AI UOISIOWW JOjem

JO Syoom ()] Jo)e [BLIJEW PApOId JO sSew oy} Jo oSejuadrad oY) Se paje[no[es sem SSO[ [erIajew [eur] *(G by 99s) uorsIoWWI 1ojeM JO SYoom ()] I} SuaWIoads Jom Ay} 0 9ATR[AI suawroads
jom oy} ut juasaid 1o1em 2yl Jo (JySrom Aq) 93ejucdrad 9y Se pIje[NoO[ed Sem JUAU0D Idjem [eul] ‘(4 ‘b 99s) 900 St pauyop ‘uowroads AY) JO SWN[OA [RUISLIO 9Y) 0} JATB[AI UOISISWWIT
I9JeM JO U 4 Jojje 9Sueryd QWN[OA 9} SB PaUNUIdep sem oSueyd ownjoa [entu] "(1 by 99s) 9,001 St pauyep ‘uowroads oy Jo ssew [euISIIO Y} 0} SANR[AI UOISIOWIWI IajeM JO Y 47 Ioe
93ueyd SseW Q) SB PIUIULID)IP Sem dZUBYD SSBW [eNIU] * (UOISIQAUOD 95,()9 PUB ()7 Udam3I2q) awr) aInsodxd JYII| snsioa a3ejudo1ad uoIsIoAuod Jowouow, Jo jo[d 9y Jo JuaIpel3 ay) se pauyp
Sem Jel uonezrowLk[og 'uSIsap [e1103oe] JA[Y A1sodwod Y} U PIAJOAUT SI[qeIIeA a1y} are (az1s aponied INIDIN) PIN pPue (NdDIN 0 dD1-¢ Jo onel Jejowr) JA/L ‘(QUSIUOD II[[Y [€103) 9%

I+7¥ I+¢ «[ F 8 IL+7¥ «1 F ¢ I+¢ «I F G I+¢ €0 F 91 €0+ 91 Towk[od
I Fo0I I+6 ¢ F 0C I+ I I+ 7 IF¢l I F0I I F0I €0 F 91 €0F LI 0¢ 1 0S 8

I+ 01 I+38 x[ F €C I+l x1 F 81 ¢FSI «[ FCI I+38 €0+ 91 €0+ 91 06 I 0S L

I+v I+v «[ F CI IF6 «1 F 11 I+ 01 « F L I+9 €0+ ¢Sl €0 F 91 0¢ ¥ 0S 9

I+v I+v [ F Gl I+38 x1 F vl I+8 «[ + 8 I+9 €0+ 91 €0 F L1 06 ¥ 0S S

IF+6 I+ 01 xC F €€ IF1¢ x«1 F LE I+ ¢ «I F 1T I F+o6l 0+ 60 0+ 60 0¢ I 0L ¥

I+ 01 I+ oI *C F 0¥ I+ 0¢ 1 F 6¢ I FcC¢c 1 F 0C I+ 81 COF 01 0+ 60 06 I 0L €

I +v I +v 1 F 6l [+ 11 xI FTC [ +0¢ «I FCI [+ 11 C0F 60 COF Ol 0¢ ¥ 0L 4

I +7 I +v 1 F 0C IF+I1I 1 F ¥ I+ 0¢ «I F €l I+ 7¢I 0 F 60 C0F 60 06 4 0L [ sasodwo)
XHO + XHD — XHO + XHD — XHD + XHD — XHO + XHD — XHO + XHO —
(9) ssof Teuojew [eUL] (%) JUAUOD I3jem Teur] (9,) oSueyd ownjoA Tenmu] (9,) o3ueyd ssewr [enma] (/%) 9je1 uonezuowAijod (wm) PN IN/L (%) %d  Suome[NUIIO]

JowAjod pue s)sodwod Jo SSO[ [BLISJEW PUE JUSIUOD IJeMm [eul ‘QSUByD QWIN[OA PUB SSBW [BNIUL ‘98l UONRZLIOWA[od | dqeL

pringer

A



1996

J Mater Sci: Mater Med (2011) 22:1993-2004

of 5 mm diameter and 2 mm depth. The top surface of the
paste was sealed with an acetate sheet. FTIR spectra of
the lower few microns of the sample in contact with the
diamond were then generated every 8 s for 30 min using
Timebase software. The wavenumber range was
5004000 cm ™" and resolution 4 cm™'. Each mixture was
exposed to blue light (400 mW/cm?) using a Coltolus
dental light curing gun (Coltene®, Burgess Hill, UK) for
120 s.

The rationale behind the following method of data anal-
ysis has been described previously [1]. Briefly, the differ-
ence in FTIR absorbance at 1716 and 1736 cm™' was
recorded and the change between time t = 0 and t calcu-
lated. This was divided by the maximum change between the
beginning and end of the experiment to calculate the extent
of the reaction. Multiplication by the final percentage reac-
tion (i.e. degree of monomer conversion, see below) then
gave monomer reacted versus time. Polymerization rate,
gradient of the plot of ‘monomer conversion percentage
versus light exposure time (between 20 and 60% conver-
sion)’, was subsequently calculated and reported.

Final percentage reacted can usually be obtained more
accurately from Raman than from FTIR due to the very
strong intensity of the Raman ‘C=C’ stretch peak. The
average Raman spectra of samples before and after poly-
merization were therefore obtained using a LabRam spec-
trometer (Horiba Jobin—Yvon, Stanmore, UK). This
instrument was equipped with a 633 nm wavelength laser,
x50 objective lens and 1800 grating. All spectra were
background subtracted and normalized by the ‘C-H’ peak
at 1447 cm™'. The height of the Raman ‘C=C’ peak at
1640 cm ™" after light cure divided by that of the uncured
pastes was used to gain the final fraction of monomer
remaining. This was then converted to final percentage
reacted [1].

2.5 Mass and volume change upon water sorption

Mass and density of the set specimen discs (12 mm
diameter, 2 mm thick) were assessed using an electronic
balance with a density kit (Mettler Teledo, Osaka, Japan).
The measured densities of the initial dry specimens were
also used to confirm negligible air incorporation (i.e. the
practical density was identical to the calculated theoretical
density within experimental error). The discs were subse-
quently placed upright in the conical end of a Sterilin tube,
containing 10 ml of neutral de-ionized water (pH 7,
adjusted using 0.01 mol/l NaOH). After 15 min, 2, 8, 24 h,
2,7 and 10 days and 3, 5, 6, 7, 8, 9 and 10 weeks at 37°C,
the mass and density were again measured prior to place-
ment of samples in fresh storage solution. Percentage wet
mass (AM,) change due to combined water sorption,
material loss and drug release was calculated using:
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M — My
AM;=——7x 100 1
= (1)
where M, and M, are the wet mass of the specimen at time t
and initial dry mass, respectively (both measured in air).
In order to determine sample volume change, sample
density at time t was first measured using:

M,
X N —
Ml - Mt,w

Pt = Pwater (2)
where p; is the wet density of the specimen at time t and
Pwater 18 the density of water at the operating temperature;
M, and M, , are the mass of the wet specimen measured in
air and in water at time t.

Volume change (AV,) was then determined using:

M,

V= — 3

' Pt G)
V-V

AV, =22 100 (4)

0

where V, and V, are the wet volume of the specimen at
time t and initial dry volume, respectively.

At the end of the study period, specimens were dried
under vacuum to constant mass. The final water content
(W) and material loss (M,) was calculated using:

M; - M
W, = —— 1100 (5)
Mg
My —M; — M
M =——"T "4y 100 (6)
(1—-yM,

where My, My,q and My are respectively the final wet and
dry mass and mass of the released drug. y is the initial mass
fraction of CHX (i.e. 10 wt%).

2.6 Water accelerated chemical changes

Samples stored as above for 24 h and 10 weeks in water
were additionally analyzed using Raman and XRD. Each
specimen was cut vertically (for Raman) and horizontally
(for XRD) with a razor blade to expose their centre for
analysis. To generate Raman “line” spectra, 31 “point”
spectra were obtained every 5 um along a 150 pum line
drawn parallel to the top surface of the specimen. These
line spectra were recorded every 100 pm from the top
surface to the center of the specimen. Background sub-
traction was performed using Labspec software for each
single point spectrum. Mean sample spectra were then
generated by averaging the 10 line spectra. The mean
spectra were normalized using the polymer ‘C-H’ peak
at 1447 cm™'. The peak intensities due to other com-
ponents then provide a semi-quantitative indication of
the level of that component relative to the polymer
[2, 15].
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In the following the spectra of formulations with CHX
were provided. Corresponding spectra of formulations
without drug were as previously reported [3]. Peaks were
assigned to polymer, -TCP, MCPM, brushite (hydrous
DCP), monetite (anhydrous DCP) and CHX by using the
spectra of the pure components.

Although Raman can readily detect f-TCP and MCPM,
it is less sensitive for distinguishing brushite and monetite
due to their overlapping spectra (see Sect. 3). The presence
of brushite and monetite, however, can be readily identified
using XRD. XRD spectra were obtained using a Briiker D8
advance diffractometer (Karlsruhe, Germany), with Ni fil-
tered Cu Ko radiation. Data were collected from 10° to
100° 20 with a step size of 0.02° in a count time of 18.9 s
using a Bruker Lynx Eye detector. In addition to the
International Centre for Diffraction Data database volumes
1, spectra of pure components were used to assign peaks of
different calcium phosphates [16].

2.7 In vitro CHX release

To quantify the rate of CHX release, UV absorbance
spectra of the above sample storage solutions were mea-
sured between 200 and 350 nm using a Unicam UV 500
Thermospectronic® Spectrometer (Thermo Spectronic,
Cambridge, UK). These were compared with solution
spectra of pure CHX at concentrations of 5-50 pg/ml. The
CHX concentration was converted to cumulative mass of
CHX released into the storage solution and then to the
percentage of the released CHX relative to the total CHX in
the original sample [6, 15].

2.8 Antibacterial susceptibility assessment

The antibacterial activity of the polymer and composites
containing CHX was assessed by an agar diffusion assay
(British Society for Antimicrobial Chemotherapy stan-
dardized disc susceptibility testing method [17]), using
bacterial strains of S. aureus 8325-4 (SA 8325-4) and
methicillin-resistant S. aureus-16 (MRSA-16). Briefly, an
overnight culture of known OD of the test bacterium was
spread onto the surface of isosensitest agar plates (Oxoid,
Basingstoke, UK) before sample discs (5 mm diameter,
2 mm thick) were placed on top. The plates were incubated
at 37°C in a 5% CO, atmosphere for 24 h. Diameters of
inhibition zones (including specimens) were measured in
three different directions using calipers.

2.9 Statistics
The statistical significance of differences between the

materials with and without CHX on various material
properties including polymerization rate, initial mass and

volume change, final water content and material loss, was
evaluated using one-way ANOVA with the Bonferroni post
hoc test. Data were evaluated using SPSS 14.0 for Win-
dows (SPSS, Inc., Chicago, Ill., USA). The results were
expressed as means + SD, and P values <0.05 were con-
sidered statistically significant.

2.10 Factorial analysis

Factorial analysis was used in this study to assess the effect
of three variables (F%, T/M and M,) on different material
properties (P in Eq. 7) of formulations containing CHX [1,
3, 6, 15]. These material properties included polymeriza-
tion rate, initial mass and volume change, final water
content, final material mass, CHX release at 10 days and
10 weeks, and antibacterial activity.

InP = (InP) & apg, & ar)v £ ay, (7)

where (InP) is the average value of In P for all 8 possible
formulations (see details in Table 1). agg, arm and ay,
quantify the average effect of raising F%, T/M and My,
respectively from their low to high values on each material
property. Values of ‘a’ were determined in triplicate using
a method previously described [1, 3, 6, 15] and expressed
as means = SD. If ‘a value (means + SD)’ does not cross
zero, the variable has on average a significant effect on the
particular property. A positive ‘a value’ means that the
property increases with increasing variable and vice versa
for a negative ‘a’. Higher values of ‘a’ indicate greater
effects of the variable on the property.

3 Results
3.1 Synthesized monomer structure

NMR confirmed that the level of lactide and subsequent
methacrylate attachment to poly(propylene glycol) were 97
and 95%, respectively, of the values expected. Thus, the
monomer structure was as predicted, a triblock oligomer
consisting of 17 propylene glycol units, 4 lactide molecules
and 2 methacrylate groups.

3.2 Effect of CHX and filler addition
on polymerization rate and degree of monomer
conversion

Polymerization on the FTIR diamond began immediately
upon turning on the high intensity curing light irrespective
of formulations (see example in Fig. 1). For formulations
with the same level of filler (see example in Fig. 1, circle
or square), the curves of monomer conversion percentage
versus light exposure time of formulations with CHX
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(filled symbols) overlapped with those without CHX (non-
filled symbols). There was no significant difference in the
polymerization rate between the samples with and without
CHX (Table 1), demonstrating that the CHX concentration
had no apparent effect on the polymerization rate.

Additionally, increasing the filler content from 50 to 70
wt% resulted in slower polymerization (see example in
Fig. 1, compare circle and square) although adding filler to
the polymer at a level of 50 wt% had no measurable effect.
The average polymerization rate was found to be ~ 1.7%/s for
polymer and composites with F% = 50% (Cgs, i.e., formu-
lations 5-8 in Table 1) and ~0.9%/s for Cgyg (i.e., formu-
lations 1-4 in Table 1). According to factorial analysis, the
only variable which significantly affected the polymerization
rate was the total filler content, F% (Table 2).

For all samples, over 85% of the monomer was poly-
merized following 120 s of blue light exposure and 100%
monomer conversion was observed by 200 s (see example
in Fig. 1). This result established that the final degree of
monomer conversion was not affected by CHX and filler
addition.

3.3 Effect of CHX and filler addition on water induced
mass and volume change

Polymer exhibited small and comparable mass (5 & 1%)
and volume (5 £ 1%) increase during the initial 24 h of
water immersion (Table 1). All composite discs increased
rapidly in mass (Fig. 2a) during the initial 24 h of water

100
90
T 80 550 ]
q i
9; g =
o 70 ® ]
@ -
o 607 & m
g 50 ligh
7light ® .
o light off
a—, on a 9
€
o
c
<)
=
T T T T
100 150 200 250 300

Time (s)

Fig. 1 Photo-polymerization of representative composite formula-
tions. The results demonstrate the lack of effect of drug but decline in
rate with higher filler content. (Filled square and open square)
F% = 70%, TIM = 4, Myq = 30 pm with and without CHX, respec-
tively; (filled circle and open circle) F% = 50%, T/M = 4,
M4 = 30 pm with and without CHX, respectively
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submersion, but more so in volume (Fig. 2b). Formulations
with F% = 50% and T/M = 4 (i.e., formulations 5 and 6
in Table 1) exhibited minimum mass (approximately 8%)
and volume (approximately 13%) change whereas those
with F% = 70% and T/M = 1 (i.e., formulations 3 and 4
in Table 1) showed the maximum mass (approximately
21%) and volume (approximately 38%) increase (Table 1).
Control samples without CHX showed similar trend in the
initial mass and volume change but these changes were
smaller compared to the formulations with CHX (P < 0.05,
Table 1). This result demonstrated that addition of CHX
significantly raised the initial mass and volume change of
polymer and composites.

Factorial analysis showed that initial mass and volume
change was affected strongly by F% and T/M, but less so
by My (Table 2). Increase in F% and decrease in T/M (i.e.
increase in MCPM content of the specimens), encouraged
greater water sorption and thus mass and volume increase.
Composites with large My also exhibited higher mass and
volume change compared to those with small My. The
water dominated early mass increase was also confirmed
by the result that the initial volume change divided by mass
was comparable with the initial sample densities (data not
shown). The water content increased linearly with the
proportion of the MCPM in the composites: increase in 1 g
of MCPM would lead to increase in 0.46 g of water
sorption (data not shown).

Between 24 h and 10 weeks, a slight decrease in poly-
mer and composite mass and a less reduction in volume
(compared to mass decrease) were generally observed
(Fig. 3, compare a and b), indicative of a combined bulk
and surface erosion during the hydrolytic degradation.
Addition of CHX had no measurable effect on the final
material loss of either the polymer or the composites
although the drug addition significantly raised the final
water content (P < 0.05, Table 1).

Furthermore, factorial analysis established that varying
the F% or the My, had no substantial effect on the final
mass loss (Table 2). However, decrease in T/M signifi-
cantly enhanced final material loss. Composites with
T/M = 1 (Cym, i.€., formulations 3, 4, 7 and 8 in Table 1)
exhibited maximum final mass loss (~ 10%) whereas Cry,
m4 (i.e., formulations 1, 2, 5 and 6 in Table 1) exhibited
lower material loss than Ct/p but comparable mass loss to
the polymer (~4%) (Table 1).

3.4 Effect of CHX and filler addition on water
accelerated chemical changes

3.4.1 Raman

In general, no characteristic ‘C=C" peak at 1640 cm ™' was

observed in any of the polymer and composite Raman
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Table 2 Effect of filler addition on different material properties

Polymerization Initial mass  Initial Final water  Final CHX release CHX release Inhibition zone sizes
rate change volume content material at 10 days at 10 weeks
change loss SA 8325-4 MRSA-16
F%  —0.6 = 0.02 0.6 0.1 0.7 £ 0.1 05+01 - 0.7 &£ 0.01 0.9 &+ 0.01 054004 05=+0.1
™ - —04£0.02 -04+002 —-06+01 —-08+01 - - - -
My - 0.1 £ 0.02 0.1 £ 0.04 0.1 +0.08 - - - - -

F% (total filler content), T/M (molar ratio of f-TCP to MCPM) and My (MCPM particle size) are three variables involved in the filler factorial
design. The results shown are ‘a values’ calculated using Eq. 7. Results = means = SD (n = 3). The magnitude of the ‘a’ value and its sign

indicate the size and direction of the effect of each variable on a material property. ‘—

s

means that the effect of a variable on a property is

negligible
Fig. 2 Initial mass (a) and a b
volume (b) change of polymer 25 45
and composites after water 40 4
immersion. (Open circle) 20 | —_
polymer; (open square and :\3 A 9}0, 351 A
small open square) F% = 50%, ;’ g, 30 |
T/M = 4, Mg = 90 and 30 pm, o 15 1 € o5
respectively; (open triangle and g i g ;
small open triangle) S 104 % g 20 é
F% = 50%, TM = 1, M4 = 90 & . y E 15{ ¢
and 30 um; (filled square and g § _g 10 X
small filled square) F% = 70%, 51§ a > L ox %
T/M = 4, My = 90 and 30 pm; é ¢ 5 % 8
(filled triangle and small filled 0 + + + + | 0 . . . . |
triangle) F% = 70%, TIM = 1, 0 02 04 06 08 1 0 02 04 06 08 1
Mg = 90 and 30 pm Time (days) Time (days)
a b
i A 4 & A ;i
? ? A —_ B E * %
g A QEO— = I
o I -
()]
g LI § ]
£ x o= n e S 3 ;1 T
o % % g % % [} x X x X %
73 ® & 2
@ s LI 28 g % ? 3 % 2
s ¢ 5 e S ® 3 s . 5 O
o > o 4, °
@

4 4 4 4 4
t t t 1

20 30 40 50 60 70
Time (days)

Fig. 3 Mass and volume change of polymer and composites after
water immersion. (Open circle) polymer; (open square and small
open square) F% = 50%, T/M = 4, My = 90 and 30 pm, respec-
tively; (open triangle and small open triangle) F% = 50%, T/M = 1,

spectra, consistent with full monomer conversion after light
exposure. By comparison with the standard CHX com-
pound, no shift of characteristic CHX peaks were observed
before and after photo-polymerization and upon 24-h or
10-week storage in water, indicative of maintenance of
CHX chemical structure after light exposure and water
storage.

20 30 40 50 60 70
Time (days)

My =90 and 30 um; (filled square and small filled square)
F% = 70%, T/IM = 4, My =90 and 30 pum; (filled triangle and
small filled triangle) F% = 70%, T/M = 1, Mg = 90 and 30 pm

The major factors affecting the chemical components of
the set composites after immersion in water were CHX and
T/M, as shown in Raman and XRD spectra. In the Raman
spectra, with T/M = 1, -TCP (main peaks at 945 and
970 cmfl), MCPM (main peaks at 903 and 915 cmfl) and
CHX (main peaks at 1093, 1298 and 1600 crnfl) were
initially readily detectable (see example in Fig. 4a). After
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Fig. 4 Raman spectra of a

b

representative composite
formulations containing CHX.
aF% = 70%, T/M = 1 and
My = 30 pm and b F% = 70%,
T/M = 4 and My = 30 pm
before (0 h) and after 24 h and
10 weeks of immersion in
water. (Open diamond)
polymer; (open circle) -TCP;
(open square) MCPM; (filled
circle) dicalcium phosphate,
i.e., brushite and monetite;
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24 h of water immersion, the MCPM peaks were no longer
detected. Those of -TCP and CHX were also substantially
reduced, and a peak at 980 cm” !, assigned to DCP, i.e.,
brushite and monetite, appeared. The brushite peak was
more intense for those formulations containing CHX. In the
absence of CHX, spectra were consistent with greater
monetite formation. After 10 week of water immersion, the
brushite and CHX peaks declined but the S-TCP peaks
remained (see example in Fig. 4a).

Conversely, with T/M = 4, the f-TCP peaks dominated
the Raman spectra and changed very little in intensity with
time (see example in Fig. 4b). The small MCPM peaks and
the presence of DCP were barely detectable in the 24-h and
10-week Raman spectra. Although CHX was readily
detectable in the 0 and 24-h specimens, the CHX peaks
were less intense in the 10-week Raman spectra.

3.4.2 XRD

In the XRD spectra, with T/M = 1, f-TCP (main peaks at
27.9°, 31.2° and 34.5° 20) and MCPM (main peaks at 23°
and 24.3° 20) were clearly observed prior to water
immersion (see example in Fig. 5a). After 24 h, the 5-TCP
peaks became less pronounced and the MCPM peaks were
not detected. However, intense peaks at 12°, 21° and 29.4°

@ Springer

20 (assigned to brushite) and at 26.7° and 30.3° 20
(assigned to monetite), became apparent. The ratio of peak
intensity of brushite to monetite was higher in the presence
of CHX compared to that of the formulations without
CHX. After 10 weeks of water immersion, only monetite
and -TCP peaks were detected.

Conversely, with T/M = 4, the f-TCP peaks dominated
the composite XRD spectra at all times including O h, 24 h
and 10 weeks (see example in Fig. 5b). MCPM, brushite
and monetite were all detectable but at much lower
intensity. MCPM was observed in the 0-h specimen spectra
and brushite was detected in the 24-h specimen spectra.
Monetite was seen in both the 24-h and 10-week spectra
but with reduced intensity after specimen immersion in
water for 10 weeks. CHX could not be detected in any
XRD spectra.

The above results were consistent with the formation of
brushite and monetite in 24 h as a result of the reaction of
p-TCP and MCPM. It was also found that the CHX addi-
tion raised the formation of brushite over monetite when
composites had T/M = 1. In the formulations with
T/M = 4, the effect of CHX addition was less pronounced.
During long-term water immersion, any produced brushite
and monetite has largely dissolved into the storage
solution.



J Mater Sci: Mater Med (2011) 22:1993-2004

2001

Fig. 5 XRD spectra of a b
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3.5 Effect of filler addition on CHX release

UV spectra of sample storage solutions exhibited identical
profiles to those of pure CHX solutions, demonstrating that
the CHX was released without damage in chemical structure
(data not shown). CHX was released faster in the initial
10 days and then the release rate declined with time. CHX
release rate increased in the order: polymer < Cgsg < Cgyg
(see example in Fig. 6a). At 10 days, the cumulative CHX
release was 11, 26 and 52% of the original CHX when the
filler content increased from 0, 50 to 70 wt%, respectively. At
10 weeks, the cumulative CHX release from polymer, Cgsq

and Cgyo was 37, 57 and 77%, respectively (Table 3). Fac-
torial analysis showed that F% was the only factor having a
significant effect on CHX release kinetics, with CHX release
enhanced by raising F% (Table 2).

The plot of CHX release versus square root of time was
more linear than that versus time (compare Fig. 6a and b),
as expected for a diffusion-controlled process. The gradi-
ents of the curves (CHX release percentage versus square
root of time) representing polymer and Crgso, were almost
constant at any time points whereas the gradients of the
curves of Cgyo kept constant in the initial 10 days but
decreased at a high release percentage of 60%.
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Table 3 Cumulative CHX

release at 10 days and Formulations F% T/ Mgy CHX release at CHX release at Inhibition zone
10 weeks: bacterial inhibition (%) M (um) 10 days (%) 10 weeks (%) diameter (mm)
zone sizes of composites and SA MRSA-
polymer 8325-4 16
Composites 1 70 4 90 54+ 1 75 + 1 4+£1 13+1
2 70 4 30 50£5 80 £ 5 14+£1 131
F% (total filler content), T/M 3 70 1 90 53+2 74 £ 1 13£1 11+1
(molar ratio of S-TCP to 4 70 1 30 50+5 77+£5 I5+1 1341
MCPM) and My (MCPM 5 50 4 90 2741 59 + 2 1241 11+1
particle size) are three variables 6 50 4 30 2441 58 + 1 1241 11+1
involved in filler factorial
design. Results = means & SD 7 50 1 90 28 + 1 58 +1 12+1 1141
(n = 3). SA 8325-4 and MRSA- 8 50 1 30 26+ 3 54 +1 12£+£1 10£1
16 are bacterial strains of Polymer 11 3743 1M+1 10+1

S. aureus

3.6 Effect of CHX and filler addition on adhesive
antibacterial activity

Although a small thin halo of growth inhibition around
some of the control formulations with no CHX was occa-
sionally observed, all the CHX-containing formulations
(both polymer and composites) had very much larger and
clearer inhibition zones. The sizes of these increased as the
F% increased, with diameters for the S. aureus of 11, 12
and 14 mm for 0, 50 and 70 wt% filler, respectively. With
the MRSA, the zone diameters were very similar, with an
average of 10, 11 and 13 mm for 0, 50 and 70 wt% filler,
respectively (Table 3).

Factorial analysis showed that F% was the only factor
having a significant effect on the sizes of the inhibition
zones, with zone diameters enlarged by raising the F%
(Table 2).

4 Discussion

In this paper, several material properties including poly-
merization rate and degree of monomer conversion, water
sorption and material degradation, water accelerated
chemistry changes, CHX release kinetics and adhesive
antibacterial activity were investigated and the effect of
CHX and filler addition on these properties analyzed.

4.1 Effect of CHX and filler addition
on polymerization rate and degree of monomer
conversion

The lack of effect of CHX addition on the monomer
polymerization rate found here is similar to a previous
study of photo-polymerization kinetics of non-degradable
methacrylate composites [15]. Although in that study
CHX had been found to increase the subsequent dark
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cure, the enhanced dark cure effect was not detected in
the present study possibly because the monomer conver-
sion percentage was already more than 85% when the
light was turned off. However, a high level of filler
addition (i.e. 70 wt%) was found to reduce the polymer-
ization rate, which may have been due to the increased
scattering of the initiating blue light because of the high
level of filler particles.

All formulations were found to set rapidly and completely
on light exposure, with full monomer conversion achieved
regardless of CHX and filler addition. Such fast and full cure
as shown here could allow rapid material bonding to sur-
rounding tissues after injection and would, additionally, limit
the release of reactive and potentially toxic double bond-
containing monomers (PGLA-DMA) in vivo [1].

4.2 Effect of CHX and filler addition on water sorption
and hydrolytic degradation

The initial increase in mass and volume could be ascribed to
water sorption, which exceeded material degradation and drug
release. The addition of CHX raised the early water sorption of
both the polymer and composites, possibly because the water-
soluble nature of CHX would increase internal osmotic
pressure and enhance water sorption [6]. Increase in the
amount of MCPM present per specimen was found to sub-
stantially enhance early water sorption. Thus, with molar
ratios of f-TCP (Ca;3(PO,),)/MCPM (Ca(H,P04),-H,0) of 4
or 1, the amount of MCPM was found to determine the water
needed for brushite (CaHPO,4-2H,0) formation, according to
the following equation, with 0.5 g of water being required to
convert 1 g of MCPM into brushite [4]:

Caz (PO4)2+C3(H2PO4)2~H20 + 7H,0
— 4C8.HPO4 . 2H20

The water sorption levels found in this paper were just
sufficient for this reaction to occur. This may explain the



J Mater Sci: Mater Med (2011) 22:1993-2004

2003

formation of monetite (Ca (H,PO4),) in addition to
brushite, as shown by the Raman and XRD analysis (see
below).

Larger MCPM particles were also found to enhance
early water sorption. MCPM with large particle sizes
would be expected to dissolve and react more slowly,
thereby increasing the time over which MCPM was present
in the formulations and thus enhancing the early water
sorption. In addition, CHX was also found to raise the
material final water content, possibly due to the replace-
ment of released CHX with water, increasing the water
percentage. However, the final material loss was not
affected by CHX concentration. Moreover, based on fac-
torial analysis, final material loss was enhanced by reduc-
ing T/M. This may be associated with the different
chemical compositions (e.g., f-TCP or DCP) of the com-
posites after immersion in water due to different T/M as
shown in Raman and XRD studies (see below).

4.3 Effect of CHX and filler addition on water
accelerated chemical changes

Raman and XRD results were consistent with the reaction
of f-TCP and MCPM to form brushite and monetite upon
water sorption in 24 h in absence or presence of CHX,
irrespective of composite formulations. Higher ratios of
brushite over monetite of the formulations containing CHX
than those without CHX were observed in 24 h Raman and
XRD spectra [3]. This might be due to the basic nature of
CHX which may help stabilize brushite and prevent its
conversion to monetite in the presence of water [18].
Additionally, as shown in this study, CHX addition raised
the initial water sorption which may promote more brushite
(hydrous DCP) formation.

The major factor affecting the composite chemical
composition after immersion in water was T/M. With
T/M = 1, brushite and monetite were the major calcium
phosphates after placement in water whereas with
T/M = 4, f-TCP was the major calcium phosphate. Cy/p
would thus degrade faster than Cryy as brushite and
monetite have higher solubility than f-TCP [3, 19]. This
may explain the observation that the final material loss was
enhanced by reducing T/M. The faster degradation rate may
be clinically beneficial in that faster degradation would
result in higher calcium and phosphate ion release, possibly
providing greater potential for bone regeneration [3, 20].

4.4 Effect of filler addition on CHX release

Increase in F% and decrease in T/M (i.e. increase in the
MCPM content of each specimen) was found to enhance the
water sorption although it did not increase CHX release,
possibly because that the absorbed water reacted with f-

TCP and MCPM and was ‘bound’ in resultant brushite
crystals. Raising the total filler content did, however, sub-
stantially increase drug diffusion. Higher filler addition may
create more interfaces between the calcium phosphate
particles and the polymer, which could provide the “chan-
nel” for small molecules to diffuse out [21]. In addition,
increase in the amount of the released drug with progres-
sively increasing filler content may be due to the reduced
amount of polymer in the corresponding formulations. The
presence of degradable polymer may generate insoluble
acidic polymer degradation fragments which could bind
basic CHX and thus limit drug release [6]. As shown by
factorial analysis, the total filler content was the only sig-
nificant factor affecting the CHX release rate, indicating
that adjustment of the filler/polymer content may be a useful
means of controlling CHX release from such adhesives.

4.5 Effect of CHX and filler addition on antibacterial
activity

Addition of CHX to the bone adhesives resulted in sub-
stantial antibacterial activity, demonstrating that CHX
released from the polymer and composites in the first 24 h
could effectively inhibit the growth of S. aureus (including
methicillin-susceptible and resistant strains). Higher filler
content was found to generate larger bacterial inhibition
zones, indicative of a higher antibacterial activity. The
ability to inhibit bacterial growth is often regarded as a
critical step in infection prevention, thereby improving the
life of orthopedic medical implants [5].

5 Conclusions

The PGLA-DMA based bone adhesives containing CHX
have been found to be rapid setting, degradable and with
controllable drug release properties, making them poten-
tially suitable as antibacterial bone adhesives. The addition
of CHX had no effect on either the material polymerization
or subsequent degradation kinetics, although it enhanced
initial water sorption and the ratio of resultant brushite to
monetite. Increasing the total filler percentage above
50 wt% decreased the adhesive polymerization rate. Early
water sorption of the set adhesive discs increased linearly
with total MCPM level, while decreasing T/M from 4 to 1
substantially enhanced total mass loss at 10 weeks. Drug
release was found to occur by diffusion and was enhanced
by raising the total filler percentage and reducing polymer
content. Growth inhibition of S. aureus, including MRSA,
was found to increase at higher total filler content.
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