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Abstract: In our previous studies we have reported on the development of diclofenac sodium

(DS) releasing rods. However, their drug release profiles were unsatisfactory. To enhance the

drug release properties of the implant, we have developed a system whereby various elements

can be combined into one implant. Melt extruded, self-reinforced (SR), and sterilized (S) DS-

containing SR-PLGA 80/20 billets were combined to produce multicomponent implants with

various compositions. These components were basically heat pressed together to form

multicomponent rods. Drug release from single component and multicomponent rods was

defined using a UV-Vis spectrophotometer. DS was released from individual components

within 82–111 days and from multicomponent rods within 50–70 days. Thermal properties

were analyzed using differential scanning calorimetry (DSC). The melting temperature (Tm) of

multicomponent implants was about 1578C, change in heat fusion (DH) was 13.3 J/g, and the

glass transition temperature (Tg) was 55.48C. Mechanical strength was measured for 2 weeks

and it decreased from 55 to 15 MPa. In conclusion, by compression molding three components

with different release rates it is possible to control the temporal release from multicomponent

rods. Released DS concentrations were within range for 49–74 days depending on the fractions

of individual components used. ' 2008 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater
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INTRODUCTION

Extensive research has already been undertaken with biode-

gradable polymers to develop implants for bone fixation

and drug release applications. In addition to normal tissue

reactions that follow their implantation, biodegradable

polymeric implants can cause an inflammatory response at

later stages when the release of polymeric particles and

irritating biodegradation products begins, leading to recruit-

ment of macrophages, giant cells, and osteolysis of bone.1–3

These adverse effects have provoked the idea of the develop-

ment of implants which release agents with properties that

can address such inflammatory reactions.

Nonsteroidal anti-inflammatory agents (NSAIDs) are a

widely used group of drugs for the treatment of inflamma-

tory reactions. Promising results have already been

obtained from experiments in which diclofenac sodium

(DS) and bioabsorbable polymers were combined.4,5

One of the first ester-based drug releasing materials was

cement, made of nonbioresorbable polymethyl methacrylate

loaded with gentamicin.6 However, due to the poor control

of drug release from the cement, leading to subtherapeutic

doses, we are currently facing a problem of increasing bac-

terial resistance to gentamicin.7 Adequate release rates and

concentrations are essential to achieve the necessary thera-

peutic effects from a drug releasing device. Recently, our

group has successfully combined polymers, ceramics, and

drugs resulting in multifunctional, antibiotic releasing,

osteoconductive, load-bearing implants for bone manage-

ment.8,9 The control of drug release from these materials

has been based mostly on matrix hydrolysis, followed by a

change in textural and rheological behavior, matrix erosion,

and/or drug dissolution and diffusion, with significant

dependence on drug solubility and concentration.10–12

The aim of this study was to prove the point and de-

velop an active agent or multiple agents releasing implant

materials, with controllable and constant drug release prop-

erties, using compression molding technique and to charac-

terize its drug release and mechanical properties. The main

hypothesis was that by combining components with differ-

ent release profiles, the resulting profile is a combination of

those of the components in proportion to their volume frac-

tions. The selected drug was DS, which is one of the most
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widely used NSAID and clinically one of the most effec-

tive NSAID for treatment of both inflammation and

pain.13,14 The high melting point (Tm) of DS allows proc-

essing at the high temperatures as used in melt extrusion

and compression molding. Two different types of implants

were manufactured. The effect of sterilization to drug

release rate was studied by sterilization of the second

multicomponent implant.

MATERIALS AND METHODS

Materials

Commercially available poly(D,L lactide and glycolide) 80/

20 (PLGA 80/20) (Purasorb1, Purac Biochem Bv, Gori-

nchem, The Netherlands) was used as the matrix (carrier)

material for DS (Sigma-Aldrich, Espoo, Finland).

Methods

Compounding. The polymer and the drug were first

dried separately in a vacuum oven (Binder VD 115, WTB

Binder, Germany) for 2 days. Then the polymer (PLGA 80/

20) and the drug (DS) were mechanically mixed using an

electric blender (Retsch Grindomix GM200, Retsch GmbH

and Co. KG, Haan, Germany). The materials were mixed

at a speed of 2000 rpm for 20 sec repeating the procedure

four times. After mixing, the drug and polymer were again

put into the vacuum oven to dry. In the final stage of dry-

ing, the mixture was heated at 808C for 8 h to remove all

remaining moisture.

Preparation of Component A by Extrusion. The poly-

mer granules and DS (powder) were formed into billets

containing 8% by weight of the drug using a small scale

laboratory extruder. Mixed drug and polymer were fed via

hopper, into the extruder barrel at a rate of 11.4 g/min. The

diameter of the die was 3 mm. The extruded billet was

channeled through a cooling system (pressurized air and

water-cooled plate) to a manually controlled drawing belt

to optimize the diameter of the rod and the surface proper-

ties. Extrusion parameters were adjusted during the extru-

sion process.

Preparation Component B by Self-Reinforcement.

Some of the rods were self-reinforced (SR) using a solid

stage deformation technique. The rods were drawn verti-

cally through a die, 1.4 mm in diameter. The drawing

speed was 16 mm/min and the temperatures in the cylinder

and the die were both 878C. The SR billets were 1.16–1.27

mm in diameter resulting in a draw ratio of about 4.

Preparation of Component C by Sterilization. Some of

the SR billets were sterilized with 25 kGy c-irradiation by

Willy Rüsch Ltd. (Kernen-Rommelshausen, Germany).

Preparation of Multicomponent Implants. Multicompo-

nent implant type-1 (MC-1). The implant was made from

three components comprising one compounded billet (com-

ponent A), one SR billet (component B), and one sterilized

SR billet (component C). Billets had a diameter of 1.0–

1.27 mm and the length of 25 mm. The three components

were placed into a two piece stainless steel mold with a slit

diameter of 1.5 mm. The mold had three holes for heating

elements in the ends; one in its upper part and two in its

lower part. The components were compression molded

using charge compressor (NIKE Hydraulics Ab, Eskilstuna,

Sweden) to form one uniform rod. The temperature during

compression molding was 1208C and the applied pressure

was 20 MPa. Heat was turned off immediately after reach-

ing the target temperature and the mold was cooled down

to a room temperature with a circulating cold water cooling

system. The resulting multicomponent rods had a diameter

of 1.5 mm and length of about 30 mm.

Multicomponent implant type-2 (MC-2). The implant

was made from six components comprising of one com-

pounded billet (component A), three SR billets (component

B), and two sterilized SR billets (component C). The diam-

eter of component A was 2.3 mm and for B and C it was

1.2 mm. Component A was placed in the mold first and

then components B and C were added randomly. The mold

was similar to the one used for preparation of MC-1,

except the slit diameter was 3 mm. In addition, the mold

had caps in the ends of the slit to provide better control of

pressure. Components were heat pressed to form a uniform

rod using similar parameters to those used for preparation

of MC-1.

Multicomponent implant type-3 (MC-3). The implants

were manufactured using a similar mold and parameters as

for MC-2. The MC-3 implants were sterilized with 25 kGy

c-irradiation by Willy Rüsch Ltd. (Kernen-Rommelshausen,

Germany).

Determination of Drug Release. Drug release measure-

ments were performed using a UV-spectrophotometer

(UNICAM UV 540 UV-VIS spectrophotometer, Thermo

Spectronic, Cambridge, UK). Samples were precisely

weighed and then placed in vials filled with 10 mL of

phosphate buffer solution (KH2PO4 1 NaOH, pH 7.4 6
0.02, 0.13 mol/L). The ratio of sample weight and buffer

was about 10 mg/mL. During hydrolysis the amount of

buffer was doubled because of the decrease of pH caused

by acidic degradation products of the polymer matrix. Bot-

tles were kept in a rotating (100 rpm) incubator (Multitron

AJ 118 g, Infors, Bottmingen, Switzerland) at 378C. There
were three parallel samples of MC-1 and five of MC-2 and

MC-3 for every measurement.

Drug release profiles for samples were determined by

measuring the concentration of released DS in the phos-

phate buffer at suitable intervals. Samples were kept in the

bottles and the buffer was poured into test tubes and con-

centrations measured with UV at a wave length of 276 nm.
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Bottles were always refilled with fresh buffer solution. Af-

ter the UV measurement, the pH was also measured with a

pH meter (Mettler Toledo MP 225 pH Mettler-Toledo

GmbH, Schwerzebbach, Switzerland). During the first

week, measurements were made more frequently (6 h, 1

day, 2 days, 3 days, etc.) to define how often they were

needed. Based on the initial results, less frequent measure-

ment points were defined. These were usually between

thrice a week and once a week. Daily release rates were

calculated by dividing the amount of drug released by the

time since the last measurement. From these results drug

release profiles were developed for individual multicompo-

nent implants. The actual drug content inside the rods was

measured by dissolving the rod specimens in a mixture of

chloroform and ethanol (1:4). Chloroform was used to dis-

solve the polymer matrix and ethanol to dissolve the drug.

The amount of DS in the ethanol solution was measured

using a UV-Vis spectrophotometer.

Pearson product–moment correlation coefficient analysis

was applied for statistical analysis of correlation between

drug release from single- and multicomponent implants. The

correlation between components and MC-1 was calculated

using values of average daily concentration, because compo-

nents and MC-1 had different number of parallel samples.

The correlation of drug releases between components and

MC-2 and MC-3 were analyzed from all parallel samples.

Determination of Mechanical Properties. The shear

strength of MC-1 was tested with an Instron 4411 material

tester (Instron Ltd., High Wycombe, England). Shear tests

were carried out using the modified method based on stand-

ard ASTM B 769-94. The shear strength (s) is then given by:

s ¼ F=2A ð1Þ

where F is the force at fracture and A is the area of the cross

section of the sample. In the three-point method that was uti-

lized, the sample is sheared at two points and that is why the

cross-sectional area is multiplied by two. The crosshead

speed was 10 mm/min, initial clamp distance of 5 cm and

load cell 0.5 kN.

In addition to tests on initial rods, rods were also tested

for in vitro properties after 3, 7, and 14 days immersion at

378C in KH2PO41NaOH buffer. Five parallel samples

were used for every measurement.

Characterization of Microstructure. Scanning electron

microscopy (SEM) was used to analyze the microstructure

of MC-1 implants. SEM imaging was carried out using a

JEOL T100 (JEOL Ltd., Tokyo, Japan) SEM using 5-kV

acceleration voltage. The rods were cut and mounted, with

carbon glue, onto a copper base. Before SEM imaging, the

samples were sheared and coated with gold using an

Edwards S150 sputter coater.

Thermal Properties. Thermal properties were studied

using TA instruments Q1000 differential scanning calorim-

eter (DSC) equipment. The heating cycle was from 10 to

2008C and back again to 108C at a rate of 208C/min with

indium as a calibration standard. The heating program was

run twice. Melting point (Tm) and heat of fusion (DH) were
determined from the first program cycle. The glass transi-

tion temperature (Tg) was determined from the second pro-

gram cycle. All components (A, B, and C) were tested in

addition to MC-1 (after 0, 3, 7, and 14 days in vitro).

RESULTS

Drug Release

Component A: There was a huge peak during the first day

in vitro [Figure 1(a)]. After that the release rate increased

slowly from zero to 2 lg/mL/day over a period of 40 days

in vitro. After 54 days in vitro, the drug release rate

increased to a level of 15 lg/mL per day followed by a

decline to 5 lg/mL per day. The release rate increased

again to a level of 15 lg/mL per day after 96 days in vitro.
The total release period was 111 days [Figure 1(b)]. The

mean standard deviation of measurements was 0.70 lg/mL.

Component B: After the initial burst, the release

increased during the first 8 days in vitro to a level of 5 lg/
mL per day and remained there for 20 days [Figure 1(a)].

Figure 1. (a) Daily released drug concentrations of multicomponent implant-1 and components A,
B, and C. (b) Cumulative release curve of multicomponent implant-1 and components A, B, and C.
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After that, the release decreased to 2.5 lg/mL/day and

remained at that level for 20 days. The release jumped up

to 30 lg/mL/day after 71 days and decreased to zero at

day 89. The release lasted for 95 days. Most of the drug

was released in the first 55 days in vitro [Figure 1(b)]. The

mean standard deviation of measurements was 1.47 lg/mL.

Component C: After the initial burst, the drug release

rate increased to 10 lg/mL/day for about 18 days [Figure

1(a)]. Then the rate decreased to 5 lg/mL/day for 25 days

followed by huge release of up to 30 lg/mL/day. The drug

release lasted for 82 days. Most of the drug was released

during the first 50 days in vitro [Figure 1(b)]. The mean

standard deviation of measurements was 1.07 lg/mL.

MC-1: After the initial burst, the drug release rate

increased to 20 lg/mL/day during the next 5 days and then

decreased to almost zero in a further 10 days. During the

next 14 days, it increased again to a level of 25 lg/mL/day

[Figure 2(a)]. After that the release rate decreased gradually

to zero with a drug release period of 63 days [Figure 2(b)].

The mean standard deviation of measurements was

1.57 lg/mL.

MC-2: After the initial burst, the release rate increased

gradually to around 15 lg/mL/day during the next 17 days

and stayed at that level for a further 16 days [Figure 2(a)].

The release rate then decreased to a level of 5 lg/mL/day

during the next 16 days followed by a peak between 5 lg/
mL/day and 10 lg/mL/day during next 18 days. The drug

release ended on day 84 [Figure 2(b)]. The mean standard

deviation of measurements was 1.84 lg/mL.

MC-3: After the initial burst, the release rate increased

up to 28 lg/mL/day during the first 16 days in vitro [Figure

2(b)]. During the next 5 days, the release rate decreased to

15 lg/mL/day and remained at this level for 12 days. After

that it gradually decreased to 5 lg/mL/day during the next

8 days remaining at that level for 10 days. The total release

period was 77 days [Figure 2(b)]. The mean standard devi-

ation of measurements was 1.45 lg/mL. The initial amount

of drug in the components and multicomponents was found

to be 5.8 wt %.

Correlations between MC-1 and components A, B, and

C were 20.56, 20.37, and 20.15, respectively. Correla-

tions between MC-2 and components A, B, and C were

20.41, 0.18, and 0.16, respectively. Correlations between

MC-3 and components A, B, and C were 20.41, 20.26,

and 0.32, respectively. Correlation of drug release rates

between MC-1 and MC-2 and MC-3 were 0.39 and 0.48,

respectively. Correlation of drug release rate between

MC-2 and MC-3 was 0.65.

Mechanical Properties

The initial shear strength of MC-1 was 55 MPa, which was

same as the shear strength of initial component A. After 2

weeks in hydrolysis, shear strength decreased to 15 MPa.

At the same time the components of the multicomponent

implant started to disintegrate and handling as an integrated

implant became difficult. The initial shear strengths of

components B and C were 88 and 93 MPa, respectively.

Microstructure

The microstructure of MC-1 was studied by SEM for only

2 weeks, because the components started to disintegrate

and preparation of a representative sample became impossi-

ble. Before hydrolysis, integration of components seemed

to be continuous (Figure 3) and no clear boundaries

between different components could be observed. However,

on the surface of MC-1, little cuts and flakes were observed

in the boundaries of different components (Figure 4). SEM

analysis of cut rods revealed good integration of compo-

nents even after 1 week of hydrolysis (Fig 5). Some

drug particles were seen on the cut surface and some arrow

tip-like crystals were also observed.

Thermal Properties

Heat fusion (DH) of component A, B, and C were 4.3, 24.6,

and 25.2 J/g, respectively. The melting point of component

Figure 2. (a) Daily diclofenac sodium concentrations released from multicomponent implants MC-1

(three parallel samples), MC-2 (five parallel samples), and MC-3 (five parallel samples). The total

drug release period lasts for 63, 84, and 77 days, respectively. (b) Cumulative drug release from
multicomponents: multicomponent implant-1, MC-2, and MC-3.
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A was about 1598C, component B was about 1558C, and
component C was about 1568C. All the components showed

relaxation of orientation below 708C as negative heat flow.

In component B (SR-rod), some cold crystallization was

observed between 80 and 1108C [Figure 6(a)].

Glass transition temperatures (Tg) were analyzed from

the second heating cycle. The glass transition temperatures

of components A, B, and C were 55.5, 48, and 54.18C,
respectively [Figure 6(b)]. Component B also showed crys-

tallization between 110 and 1508C, which melted at 1548C.
All the components showed some relaxation around 1608C.

The initial heat of fusion of MC-1 was 13.3 J/g and the

melting point was 1578C [Figure 7(a)]. During 2 weeks of

hydrolysis the melting temperature did not change. In all

samples (0, 3, 7, and 14 days) some relaxation occurred

between 42 and 598C.

The second heating cycle of MC-1 showed that the ini-

tial glass transition temperature was 538C [Figure 7(b)].

Some relaxation can be observed at 1588C. Some cold

crystallization and melting can be observed between 100

and 1608C. During 2 weeks of hydrolysis the melting tem-

perature increased and the longer the implants were

immersed the more cold crystallization was observed.

DISCUSSION

The early bioabsorbable bone fixation devices made of SR

PGA/poly(L-lactic acid) (PLLA) were introduced in the fix-

ation of ankle fractures.15 Other implants were developed

from polymers that retain their strength properties for pro-

longed period of time, such as PLLA.16–18 However, it was

later noticed that PLLA may not reabsorb completely,19

which might cause unwanted chronic inflammation and

other complications.2 Eventually, some of these PLLA

devices had to be treated surgically 3–5 years after implan-

tation.20,21 As a fast bioresorbable copolymer, PLGA later

gained acceptance in applications in nonweight-bearing

bone, such as in craniomaxillofacial (CMF) surgery. In

fact, there are various clinical reports on bioabsorbable

devices used successfully as screws, plates, and tacks22–29

in the CMF area.

Bioabsorbable polymers play a role in various drug

delivery devices that have been developed over several

decades.5,8,9,30,31 Most of these studies show that the drug

release rate is mostly determined by the diffusion of drug

from the matrix and the degradation properties of the poly-

mer in addition to the processing history. However, some

approaches to temporal control of drug release have been

made. Babazadeh10 achieved temporal control by hydrolyti-

cally linking an ibuprofen-based drug with a labile ester

bond to a hydrophilic monomer and copolymerizing it with

a hydrophobic polymer. The drug was released selectively

Figure 3. SEM picture of cross-sectional area of initial multicompo-

nent implant-1. No clear boundaries between different components

can be seen.

Figure 4. SEM picture of the surface of the multicomponent
implant-1 with a flap and with cracks.

Figure 5. SEM picture of multicomponent implant-1 after 1 week in

hydrolysis. No clear boundaries between components can be
observed.
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by hydrolysis of the ester bond. Another approach was

made by Cheah et al.,32 who studied the effect of a laser

sintering technique in producing drug releasing devices.

The release changed as the microstructure of device was

changed. In this study, one of the aims was to develop a

method of manufacturing a biodegradable device, where

the release of a drug or multiple drugs can be adjusted

by combining together components with different release

properties.

Based on the properties of PLGA, compression molding

was a suitable processing method for manufacturing multi-

component implants from rod-shape components.33 Com-

pression molding is a known method for processing of

ceramics, metal powders, and for manufacturing simple

polymer pieces.34,35 The advantages include relatively easy

production, reproducible results, reasonable costs, etc.

However, it suffers from limitations including slow produc-

tion rates, the possible size and shape of products, and the

need for an accurate mold design.

Self-reinforcing by solid state techniques produces holes

around the drug particles and most probably increases the

surface area availably for hydrolysis.36 When heat is ap-

plied to SR material, the orientation of the polymer chains

disappears. The first phase of release of components B and

C is most probably caused by buffer penetration into the

slightly porous matrix and between components eluting the

drug. The second, strong phase is most probably due to

bulk degradation of the polymer matrix with simultaneous

release of the drug. Thus, any inflammatory reaction that

degradation products of the polymer might cause can then

be controlled by simultaneous release of the drug. These

assumptions can explain the observation that when the

release of MC-1 is compared with the release curves of the

initial components [Figure 1(a,b)], compression molding

Figure 6. (a) The first heating cycle of DSC of components A, B, and C. The cold crystallization of

component B can be seen between 80 and 1108C before the melting phase between 120 and

1608C. (b) The second heating cycle of DSC of components A, B, C. The glass transition tempera-

ture was estimated from this cycle. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

Figure 7. (a) The first heating cycle DSC of the multicomponent implant-1 in hydrolysis (0, 3, 7,

and 14 days). (b) The second heating cycle of DSC of the multicomponent implant-1 in hydrolysis

(0, 3, 7, and 14 days). The glass transition temperature was estimated from this cycle. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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seemed to speed up the drug release. The shape of the MC-

1 curve follows the trend of the curve for the non-SR com-

ponent A, which has not gone through major changes

because of its short processing history. In addition, loss of

mechanical strength supports this assumption because the

shear strength of MC-1 was similar to that of non-SR com-

ponent A. The reinforcing effect of self-reinforcing was

lost during compression molding.

In this study, the molds were filled with components in

a random order. Consequently, the implants were not iden-

tical to each other. The release of drug from different sides

of multicomponent implants varied according to the type of

component from which it was released. Despite possible

differences, it can be seen that the release from parallel

samples were quite similar indicating that there is no large

effect on total drug release from these structural variations.

Comparison of drug release curves of different MCs

revealed that the shapes of the drug release curves of

implant types MC-2 and MC-3 are quite similar [Figure

2(a,b)]. However, release curves of MC-2 and MC-3 were

different from those of implant type MC-1. Statistical anal-

ysis revealed that drug release component A had a large

correlation with MC-1 drug release rates. However, compo-

nent B had only a medium correlation and component C a

small correlation. In MC-1, the portions of all components

were equal (each 1/3) and the general assumption might be

that the correlation of components would be quite similar.

However, the results can be explained by the degree of

processing history of the original components as described

earlier. Correlation of component A with MC-2 and MC-3

was medium and for components B and C, it was small.

These results were not straightforward as it was expected.

The differences of correlations could also be explained by

different processing histories, different proportions of com-

ponents in MC-2 and MC-3 (A, 56%; B, 27%; and C,

18%), and the different size of MC-1 and MC-2/MC-3.

The interdependence between these parameters has to be

studied further.

The effect of sterilization by irradiation is closely related

to polymer structure.37 Gamma irradiation can reduce mate-

rial strength by breaking polymer chains and consequently

affecting the drug release.38 The accelerating effect of steri-

lization36 on drug release was observed between the release

curves of nonsterilized and gamma-sterilized SR compo-

nents and also between nonsterilized and sterilized MC

implants (MC-2 and MC-3, Figures 1 and 2). In our earlier

preliminary studies with the component rods that were used

in this study, the bioactivity of the drug was maintained after

melt extrusion and gamma sterilization.

Thermal analysis of the initial components A, B, C, and

the implant MC-1 revealed that heat treatment did not have

a great effect on melting temperatures. Thermal analysis

(first cycle) of components and MC-1 revealed abnormal

endothermal reactions nearby 608C; this can be due to

relaxation of the orientation of the polymer chains [Figures

6(a) and 7(a)]. Component B had cold crystallization phe-

nomena at about 908C, most probably due to self-reinforce-

ment. The second heat cycle curve [Figure 6(b)] also

showed a large cold crystallization phenomenon in compo-

nent B and its melting temperature, thus indicating that

self-reinforcement releases more space for polymer chains

to move and to release energy. The second heat treatment

revealed similar cold crystallization phenomena in hydro-

lyzed MC-1 samples. This might be caused by component

B and also by crystallization of oligomers that can be pro-

duced during hydrolysis. The DSC curve of component C

showed a similar cold crystallization reaction to component

B, but it was much smaller. Changes in thermal properties

are quite complex and have to be studied more carefully in

the future.

When considering the potential application of local drug

release in relation to large bone fixation, multicomponent

implants developed here do not seem to have sufficient

strength in its present form. For bone fixation, it is impor-

tant that the strength of the device is great enough initially

(cortical bone 65.3 MPa)39 and remains so until the healing

and new bone formation have finished and there is no lon-

ger a need for fixation. Manninen et al.40 studied SR sin-

tered PLLA screws for olecranon osteotomies fixation of

sheep. The sintered SR PLLA screws (diameter 4.5 mm)

have an initial strength of �76 MPa. After 6-week-incuba-

tion in phosphate buffer 1378C, the shear strength was

approx. 62 MPa. In vivo studies with sheep indicate that

these implants maintain a strength of 8.8 MPa for 6 weeks.

Usually, fixation needs to provide support over a healing

period of 4–6 weeks.16,41 It can be deduced from previous

information that an implant should have a strength of 9

MPa 6 weeks after an operation to ensure its effectiveness

in large bone fixation. In this study, the strengthening effect

of the self-reinforcement of components was lost during

compression molding of MC-1. When compared with initial

the SR-rod and sterilized SR-rod, the strength of MC-1 was

lower by a factor of two. Thus, a shear strength for MC-1

of 55 MPa decreasing to 15 MPa in 2 weeks, is not

adequate for load-bearing applications. Within 2 weeks,

most fractures will have formed some callus, provided that

the fixation is not rigid. The shear strength of human cra-

nial bone (cancellous bone) is 21.4 MPa42 so that, when

considering the CMF area, it can be assumed that the

strength indicated earlier should be sufficient for cranial

fracture fixation. It should also be remembered that the

healing period is influenced by the anatomical area,2,43–45

the age of the patient,46 micromotion,47 and weight-bear-

ing.48–50 In general, 21.4 MPa can be regarded as the mini-

mum limit of strength that an implant should have. In an

MC-1 implant, even though SEM analysis showed good

integration between components, the detachment occurred

too early. Reasons for early disintegration of components

might be related to design of the mold, inadequate com-

pression molding parameters, roughness of the surface of

the implant, increased water penetration, and weakening of

the adhesion between components. It is obvious also that
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increased water penetration also has an effect on drug

release profiles.

In some studies, early administration of nonsteroidal

NSAIDs has shown some inhibitory effect in bone heal-

ing.51–53 On the other hand, other reports have shown no

apparent effect on bone healing in treatment with cyclooxy-

genase (COX) inhibiting NSAIDs.54,55 In addition, NSAIDs

have been shown to inhibit osteoclast-like cell formation,

which might help to reduce osteolysis.56,57 In the light of

these contradictory reports, the clinical situations in which

NSAIDs can be used remains to be defined. In the literature,

there is no data available about local therapeutic diclofenac

levels in bone. Since all the data that was found from the lit-

erature were based on oral or intravenous administration of

drugs only blood concentrations are reported. The minimum

reported therapeutic concentration in synovial fluid was 0.12

lg/mL, which can be regarded as the lower limit of therapeu-

tic concentration. The usual oral therapeutic dosage of DS is

150–200 lg/day, however the mean measured concentration

in plasma is 6.1 lM (1.8 lg/mL).58 There are only few cases

about overdosing of DS in the literature. The highest reported

plasma concentration was 60 lg/mL, which can be consid-

ered as the maximum limit of therapeutic concentration.14

CONCLUSIONS

This study shows that by compression molding components

having different drug release profiles, the resulting com-

bined release is a combination of those of the original com-

ponents. The processing history of original components

also has an effect on the combined release rates. Compres-

sion molding of extruded material decreases the initial

strength of components and seems to cancel out the effect

of self-reinforcement. The bonding of components to each

other did not last long enough and the shear strength did

not fulfill the requirements for fixation devices for bone,

hence they need to be enhanced.

The authors thank Ms. Hanna Jukola for her technical support.
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W, Kellomäki M, Törmälä P, Waris T. Developments in cra-
niomaxillofacial surgery: Use of self-reinforced bioabsorb-
able osteofixation devices. Plast Reconstr Surg 2001;108:
167–180.

19. Suuronen R, Pohjonen T, Hietanen J, Lindqvist C. A 5-year
in vitro and in vivo study of the biodegradation of polylactide
plates. J Oral Maxillofac Surg 1998;56:604–615.

20. Bergsma JE, de Bruijn WC, Rozema FR, Bos RR, Boering G.
Late degradation tissue response to poly(L-lactide) bone plates
and screws. Biomaterials 1995;16:25–31.

21. Bos RRM, Boering G, Rozema FR, Leenlag JW. Resorbable
poly(L-lactide) plates and screws for fixation of zygomatic
fractures. J Oral Maxillofac Surg 1987;45:751–753.

22. Edwards RC, Kiely KD. Resorbable fixation of Le Fort I oste-
otomies. J Craniofac Surg 1998;9;210–214.

23. Eppley BL, Reilly M. Degradation characteristics of PLLA-
PGA bone fixation devices. J Craniofac Surg 1997;8:116–120.

24. Eppley BL, Pietrzak WS. A resorbable rivet system for pedi-
atric craniofacial surgery: Biomechanical testing and clinical
experience. J Craniofac Surg 2006;17:11–14.

25. Eppley BL, Prevel CD. Nonmetallic fixation in traumatic
mid-facial fractures. J Craniofac Surg 1997;8:103–109.

26. Eppley BL, Sadove AM, Havlik RJ. Resorbable plate fixation
in pediatric craniofacial surgery. Plast Reconstr Surg 1997;
100:1–7.

525CONTROL OF DRUG RELEASE FROM BIODEGRADABLE POLYMER

Journal of Biomedical Materials Research Part B: Applied Biomaterials



27. Habal MB. Triad of system applications for absorbable rigid
fixation of the craniofacial skeleton. J Craniofac Surg 1996;7:
394–398.

28. Kumar AV, Staffenberg DA, Petronio JA, Wood RJ. Bioab-
sorbable plates and screws in pediatric craniofacial surgery: A
review of 22 cases. J Craniofac Surg 1997;8:97–99.

29. Tharanon W, Sinn DP, Hobar PC, Sklar FK, Salomon J. Sur-
gical outcomes using bioabsorbable plating systems in pediat-
ric craniofacial surgery. J Craniofac Surg 1998;9:441–447.

30. Chien YW. Implantable therapeutic systems. In: Robinson RJ,
Lee VHL, editors. Controlled Drug Delivery—Fundamentals
and applications, 2nd ed. New York: Marcel Dekker INC;
1987. pp 481–522.

31. Huolman R, Ashammakhi N. Novel multifunctional clodro-
nate releasing PLGA 80/20 rods. J Craniofac Surg (forth-
coming).

32. Cheah CM, Leong KF, Chua CK, Low KH, Quek HS. Char-
acterization of microfeatures in selective laser sintered drug
delivery devices. Proc Inst Mech Eng [H] 2002;216:369–83.
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ethylene oxide, electron beam, and plasma sterilization on the
behaviour of SR-PLLA fibres in vitro. J Biomater Sci Polym
Ed 2002;13:1325–1336.

39. Turner CH, Wang T, Burr DB. Shear Strength and Fatigue
Properties of Human Cortical Bone Determined from Pure
Shear Tests. Calcif Tissue Int 2001;69:373–378.
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