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Abstract Drug delivery systems (DDS) based on poly

(lactide-co-glycolide) (PLGA) microspheres and nano-

spheres have been separately studied in previous works as a

means of delivering bioactive compounds over an extended

period of time. In the present study, two DDS having dif-

ferent sizes of the PLGA spheres were compared in

morphology, drug (dexamethasone) loading efficiency and

drug release kinetics in order to investigate their feasibility

with regard to production of medical combination devices

for orthopedic applications. The loaded PLGA spheres

have been produced by the oil-in-water emulsion/solvent

evaporation method following two different schemes. Their

morphology was assessed by scanning electron microscopy

and the drug release was monitored in phosphate buffer

saline solution at 37�C for 550 h using high performance

liquid chromatography. The synthesis schemes used pro-

duced spheres with two different and reproducible size

ranges (20 ± 10 and 1.0 ± 0.4 lm) having a smooth outer

surface and regular shape. The drug loading efficiency of

the 1.0 lm spheres was found to be 11% as compared to

just 1% for the 20 lm spheres. Over the 550 h release

period, the larger spheres (diameter 20 ± 10 lm) released

90% of the encapsulated dexamethasone in an approxi-

mately linear fashion whilst the relatively small spheres

(diameter 1.0 ± 0.4 lm) released only 30% of the initially

loaded dexamethasone, from which 20% within the first

25 h. The changes observed were mainly attributed to the

difference in surface area between the two types of spheres

as the surface texture of both systems was visibly similar.

As the surface area per unit volume increases in the syn-

thesis mixture, as is the case for the 1.0 lm spheres

formulation, the amount of polymer-water interfaces

increases allowing more dexamethasone to be encapsulated

by the emerging polymer spheres. Similarly, during the

release phase, as the surface area per unit volume increases,

the rate of inclusion of water into the polymer increases,

permitting faster diffusion of dexamethasone.

1 Introduction

Poly (lactide-co-glycolide) (PLGA) has been studied for

many years as a suitable drug delivery material, mainly due

to its chemical biocompatibility [1, 2], total biodegrad-

ability, and non-toxic degradation products [3]. Because of

these factors it can be also considered for the production of

medical combination devices with microtextured metallic

implants (drug/device), such as drug eluting orthopedic

implants. A micro- or nano-spherical matrix for drug

delivery is preferred in this case as the texture of the

metallic biomaterial can be maintained and potentially the

drug release profile can be extended over longer durations

relative to other formulations such as films. However, in

order to consider such a system, the individual components

must first be assessed.

A common method for the sustained release of drugs is

the production of a PLGA microsphere formulation by the

oil-in-water emulsion and solvent evaporation technique,

G. J. S. Dawes � L. E. Fratila-Apachitei (&) � I. Apachitei �
J. Duszczyk

Department of Materials Science and Engineering,

Delft University of Technology, Mekelweg 2,

2828 CD Delft, The Netherlands

e-mail: E.L.Fratila-Apachitei@tudelft.nl

K. Mulia � G.-J.Witkamp

Laboratory for Process Equipment, Delft University

of Technology, Leeghwaterstraat 44, 2628 CA Delft,

The Netherlands

123

J Mater Sci: Mater Med (2009) 20:1089–1094

DOI 10.1007/s10856-008-3666-0



where the drug is evenly distributed throughout a soluble

PLGA matrix and then emulsified. Once the organic sol-

vent evaporates off, a suspension of solid microparticles is

left. The bioactive can be co-dissolved in the PLGA if

hydrophobic [4], or produced as a double emulsion or

suspension if not [5]. The hydrophilicity of this polymer is

defined by the lactide:glycolide ratio and can be used to

alter the release rate in a microparticulate formulation [6].

The polymer molecular weight also influences the drug

release rate [7]. The rate of degradation is inversely pro-

portional to the proportion of lactide monomer in the

polymer strands [1], and the rate of diffusion of drugs

through the polymer matrix inversely proportional to the

molecular weight of the PLGA polymer.

Microscale spheres are typically used in applications

where the drugs must be delivered to only one site without

diffusing away, such as the reduction of inflammation near

glucose sensors [8], controlled release of insulin [9], or

delivery of morphogenetic proteins for bone growth [10]. It

has been considered [1] that the most effective size range for

this is 10–200 lm. Where smaller than 10 lm, the micro-

spheres become subject to not only diffusion, but are able

to be phagocytosed by immune cells. This has the two

downsides of not only the immune cells being capable of

transporting the microspheres away from their intended site,

but due to the phagocytosis the microspheres are much more

rapidly broken down inside the acidic vesicles causing rapid

release and potentially negating the slow release effect.

Using microspheres larger than 200 lm may have a delete-

rious effect upon the tissue structure of the implantation site,

potentially causing an increased immune response and

unnecessary inflammation. Additionally, due to the

increased radius and decreased surface area, the rate of water

permeation and matrix degradation would be diminished,

reducing the maximum possible rate of drug release.

The work undertaken in this paper was performed in order

to assess the drug release kinetics and system efficiencies of

two different PLGA sphere formulations (i.e. 20 vs. 1 lm

spheres) in the view of further research towards the appli-

cation of these systems for orthopedic medical combination

devices. In this case, the drug delivery systems would

become an integral part of the device providing a sustained

drug release from, for example, a titanium hip stem. The

model drug used in this investigation, dexamethasone

(C22H29FO5), is a hydrophobic anti-inflammatory cortico-

steroid that is used to treat many inflammatory responses [8]

and known to induce osteoblast differentiation [11]. The

PLGA spheres loaded with dexamethasone have been pro-

duced by a similar method (oil-in-water emulsion/solvent

evaporation) following two different schemes. Their mor-

phology (size and shape), the drug loading efficiency and the

drug release profiles in phosphate buffer saline solution at

37�C over a period of 550 h have been investigated.

2 Materials and methods

2.1 Materials

Poly (lactide-co-glycolide) (MW: 40,000–75,000, 50:50),

dexamethasone (98%), poly (vinyl alcohol) (MW: 30,000–

70,000), sodium azide, disodium hydrogen phosphate,

sodium dihydrogen phosphate, acetic acid, sodium acetate

and all solvents were purchased from Sigma Aldrich

chemicals. Distilled, deionised water (ddH2O) was provided

from Millipore.

Phosphate buffered saline (PBS) was made up as the

simulated body fluid with the following concentrations:

0.24 g/l potassium dihydrogenphosphate, 1.44 g/l sodium

hydrogenphosphate, 0.2 g/l potassium chloride, 8 g/l

sodium chloride and 0.1 g/l sodium azide at pH 7.0.

2.2 Sphere synthesis

2.2.1 Scheme 1

Spheres were synthesised following a modified version of the

oil-in-water emulsion/solvent evaporation method used by

T. Hickey [4]. 400 mg PLGA and 80 mg dexamethasone

were co-dissolved in 40 ml dichloromethane:methanol 9:1.

5 ml fractions of this solution was added each to 100 ml

0.2% w/v PVA solution in ddH2O, and stirred at 1,250 rpm

for 30 min. The resulting emulsion was left to stir at 60 rpm

for a further 18 h so that the organic solvents could evaporate

and let the spheres harden. The spheres were then recovered

from solution by filtration, and washed on the filter with

ddH2O to remove excess PVA and unencapsulated dexa-

methasone. The resulting slurry was dried fully in a

lyophiliser over 24 h, producing a fine white powder.

2.2.2 Scheme 2

This scheme was aimed at synthesis of significantly smaller

spheres. They were produced following a modified version

of the route explored by Sahoo et al. [12]. About 500 mg

PLGA and 100 mg dexamethasone were codissolved in

10 ml dichloromethane:methanol 9:1. This solution was

added to 60 ml of 0.2% w/v PVA solution, and vortexed at

13,500 rpm for 6 min. The resulting milky white emulsion

was sonicated at 20 W for a further 5 min, before being

topped up to approx. 100 ml with more 0.2% PVA, and

allowed to stir at 60 rpm overnight to harden. The resulting

spheres were recovered by ultracentrifugation for 15 min at

18,0009g. The supernatant was poured off, and the

resulting solids washed with ddH2O, resuspended, and

centrifuged a second time, in order to remove excess PVA

and unencapsulated dexamethasone. The resulting slurry

was freeze dried as above.
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2.3 Scanning electron microscopy (SEM) and size

analysis

Pictures of each type of PLGA spheres were taken using a

JEOL 5400 SEM at 10 kV after gold sputter coating. These

were then submitted to visual analysis by AnalySIS soft-

ware in order to produce a size distribution for each

sample. At least 150 data points were used to get an

accurate distribution of sizes. After the drug release

experiment, samples of each type of degraded PLGA

sphere were analysed by SEM.

2.4 Drug loading efficiency

About 10 mg of each dried sphere type was dissolved in

approx. 0.7 g acetonitrile. These samples were run on a

High Performance Liquid Chromatography (HPLC)

machine HPLC fitted with a reverse phase Varian Chrom-

sphere C18 column (250 9 4.6 mm) with a running buffer

of 60% acetonitrile, 40% sodium acetate buffer at pH 4.8.

The concentration of dexamethasone was resolved using a

Varian Prostar spectrometer reading at 254 nm, with a

dexamethasone peak at 3.62 min. The drug loading effi-

ciency (DLE) was calculated using the following formula:

DLE ¼ encapsulated drug

maximum encapsulation
� 100%

The maximum encapsulation was taken to be the point

where all the supplied dexamethasone was encapsulated in

the spheres.

2.5 Release profile assay

About 60 mg of each sphere type were split between 3

separate samples of 25 ml PBS at pH 7.0 and incubated at

37�C, 30 rpm for the length of sampling. Samples of

1.7 ml were removed and filtered through a 220 nm poly-

ester membrane to remove the PLGA spheres. The

incubated sample was then topped up to 25 ml with fresh,

filtered PBS.

Each removed sample was run on an HPLC as described

above, with a dexamethasone peak at 3.62 min, and a peak

corresponding to the simulated body fluid at 1.76 min.

3 Results and discussion

3.1 Spheres morphology

SEM images of the spheres produced by the two different

synthesis schemes are shown in Fig. 1. A significant dif-

ference in the size of the two types of spheres was

obtained. The images were further processed for size dis-

tribution and the findings are included in Fig. 2. In

addition, the particles revealed a smooth outer surface and

a regular spherical shape. A low surface roughness is

important for extended drug release. Any irregularities will

cause an increase in surface area, creating a much faster

diffusive release of dexamethasone.

It is visible from the SEM images that the small spheres

(Fig. 1b) are more agglomerated and clumped showing a

more powder-like arrangement. Their visualization by

SEM was relatively more difficult due to a high degree of

charging and sample melting under the electron beam.

From the size analysis results (Fig. 2), it can be

observed that the two different synthesis schemes gener-

ated separate size ranges: 20 ± 10 lm and 1.0 ± 0.4 lm,

respectively. The distribution of sizes for the large sphere

formulation was relatively broad and may be connected to

the differences between the synthesis methods, for example

the stirring speed. If the spheres were to be placed onto a

metallic microtextured biomaterial, more of the underlying

texture would be maintained when using the 1.0 lm

spheres.

3.2 Drug loading efficiency

The drug loading efficiency for the 1.0 lm spheres was

calculated to be 11.2% whereas for the 20 lm spheres, 0.9%.

This difference is likely due to the increased emulsion

Fig. 1 Morphology of the

PLGA spheres visualized by

scanning electron microscopy:

a synthesis scheme 1 (10 kV,

9200); b synthesis scheme 2

(10 kV, 97,500)
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surface area generated in the second synthesis scheme used

for the small spheres, allowing more of the dexamethasone to

remain incorporated within the PLGA matrix as it forms.

During the first scheme, much of the dexamethasone is

released into the aqueous component, where it likely forms

microcrystalline deposits due to its extremely low partition

coefficient. These deposits are lost in the washing steps.

3.3 Drug release profile

Over the course of 550 h (Fig. 3), the 20 lm spheres

released 90% of their calculated yield of dexamethasone

exhibiting a roughly linear profile, whilst the 1.0 lm

spheres released 30% out of which 20% in very early

stages (less than 25 h). A closer look at the release profile

of the 20 lm spheres suggests the existence of three dis-

tinctive zones, namely the first 150 h, 150–300 h, and 300–

550 h. For the first 150 h the relatively high release rates

may be attributed to diffusion of dexamethasone from the

sphere subsurface. In the next 150 h, the release slows

drastically down to only 0.02%/h suggesting a depletion of

dexamethasone from within the available diffusion dis-

tance from the surface. In the last 250 h a climb in release

to an average of 0.23%/h was observed as the polymer is

degraded following water inclusion into its structure thus

allowing for a combined diffusion–degradation mechanism

of dexamethasone release. Figures 4a, b show SEM images

of the spheres after degradation for 550 h. A clear surface

porosity for the spheres produced by scheme 1, and also

some degree of particle swelling was visible (Fig. 4a). The

release profile follows the trend previously shown by

Hickey et al. [4] for 11 lm size PLGA spheres.

By going down with the size of the loaded spheres,

significant changes occurred in the release profile of

dexamethasone (Fig. 3). Initially, the 1.0 lm spheres

released dexamethasone at a rate of 5% per hour, but this

fell to just 0.02%/h after 25 h, and this rate of release was

held on average from 25 h until the end of the experiment.

This is in line with the trends in release shown in the

literature [13]. Such a rapid initial burst can be mostly

associated with diffusion from the outermost layers of the

particle surface, as in the case with the burst for the 20 lm

spheres. For the first 6 h the release for the 1.0 lm spheres

was much faster than the 20 lm spheres, with a rate of
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almost 5%/h at its peak, against 0.6%/h for the 20 lm

spheres over this time. This difference can be attributed to

the difference in surface area per unit volume of the two

particle sizes, allowing dexamethasone to diffuse faster

from the smaller spheres due to the increased amount of

polymer-water interfaces and decreased average path dis-

tance to solution. The possibility of some of the smaller

spheres to start already undergoing degradation can not be

excluded.

Additionally, by moving down with the size of the

spheres, the proportion of released dexamethasone within

the 550 h sampled was reduced from over 90–30%.

In the papers by Lu et al. [9] and Sahoo et al. [12] it is

reported that the surface of PLGA particles produced by

the methods used in this paper are coated by a stable layer

of PVA. Also, as the particle size decreases, the amount of

PVA associated with the surface increases because of the

increased surface area per unit volume allowing more PVA

to collect onto the sphere surface during synthesis. Once in

the release experiment this thickened layer of PVA (asso-

ciated with smaller particles) may cause an exterior

hydrogel to occur around the spheres, acting as a diffusion

barrier for encapsulated drugs and limiting their total

release. This could be minimised by further optimising the

synthesis procedure. Figure 4b shows a SEM image of the

1 lm spheres after 550 h of degradation. It can be clearly

seen that there are undegraded spheres still associated with

PVA after this time. However, the amount of spheres still

visible was significantly less than the initial quantity in the

sample, suggesting that the 1 lm spheres were entirely

degraded when free in solution.

When comparing the two types of spheres in the view of a

possible application for medical combination devices, the

20 lm spheres may offer some advantages as they are less

likely to be removed from the desired peri-implant area (for

example in case they become detached from the device

surface) or rapidly broken down by an immune response.

The drug release profile makes them feasible for

applications where a sustained release is needed over a

longer period (in this case about 23 days). However, the

drug loading efficiency is low.

The 1.0 lm spheres show a much higher drug loading

efficiency reducing the amount of polymer matrix needed

to get the same amount of drug released. Being signifi-

cantly smaller in size, this formulation can maintain more

of the initial implant surface texture, and would have more

surface area contact with the implant, reducing the proba-

bility of being removed physically from the implant

surface. The system exhibited a burst release of the drug

(about 20% in one day) and the total amount of drug

released over the 550 h period represented only about 30%

of the loaded dexamethasone. Therefore, further work has

to be performed in order to increase the percentage of drug

released and, when required, extend the duration of the

release. Factors such as lactide:glycolide ratio [3, 6] and

polymer molecular weight are affecting the rate of diffu-

sion [7] and could be investigated in regard to prolonging

drug release. In addition, investigation into the use of an

alternative emulsifier should also be performed, as it is

possible that the PVA used in this study could have con-

tributed to the low total yield released from the 1.0 lm

spheres.

With regard to the effect of dexamethasone on osteo-

blast cells, previous work [11] has shown that a

concentration of 10 lM is suitable for differentiation over

a period of 28 days. Both sizes of sphere easily produce a

concentration of over 10 lM within the primary layer of

cells within the first hour after implantation. However, the

larger, slower releasing spheres seem to be more suitable

for inducing osteoblast differentiation, as it is important to

maintain adequate concentrations to these cells over as

much of the full period of 28 days as possible to induce a

cellular response.

It has been shown [14] that a dose of 0.5 lg/mm2 is

necessary for immunosuppression in the vicinity of bio-

implants. With the spheres produced by these means such

Fig. 4 Morphology of the

PLGA spheres after 550 h

degradation, visualized by

scanning electron microscopy:

a 20 lm spheres (10 kV,

92,000); b 1 lm spheres

(10 kV, 97,500)
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doses can be achieved. It would require a loading of about

0.05 mg/mm2 of the 20 lm spheres, or only 0.005 mg/

mm2 of the 1 lm spheres due to the increased drug loading

efficiency of the smaller spheres. It is interesting to note

that the fundamental immune response is primarily within

the first few hours to days of implantation [1], and thus a

high dose of dexamethasone would be advised through this

period. This would be an excellent use of the 1 lm spheres.

Follow-up studies will be performed to investigate the drug

release kinetics for such a system from a solid substrate.

4 Conclusions

Two different sizes (i.e. 20 and 1.0 lm) of PLGA spheres

loaded with dexamethasone were produced by the oil-in-

water emulsion/solvent evaporation method using two

synthesis schemes. Their morphology, drug loading effi-

ciency and drug release profile were investigated and

compared. Dexamethasone release was monitored in

phosphate buffer saline solution at 37�C for a period of

550 h using the HPLC analysis.

The results indicated formation of spheres with two

different and reproducible size ranges, uniform shape and

smooth outer surfaces. The different size of the produced

spheres affected significantly the drug loading efficiency,

the release profiles and the doze of the released drug. The

1.0 lm formulation showed higher loading efficiency (11

vs. 1%), a burst release of the drug in the first day and a

maximum of about 30% release of the encapsulated

dexamethasone until the end of the 23 days experiment. In

comparison, the 20 lm formulation exhibited an almost

linear release profile with about 90% of the encapsulated

drug being released by the end of the experiment. How-

ever, the drug loading efficiency was significantly lower.

The main differences observed were explained taking into

consideration the relatively higher amount of polymer-

water interfaces generated during the synthesis of the

1.0 lm spheres that enabled more dexamethasone to be

encapsulated in the resultant spheres. Similarly, during the

release phase, the larger surface area per unit volume

favored faster water inclusion into the polymer and there-

fore easier drug diffusion and possible polymer scission.

Both formulations have attractive features for potential

use in medical combination devices to control osteoblast

differentiation and/or immune suppression in the peri-

implant area. In order to achieve both effects, a combined

system of large and small spheres immobilized on the

implant surface could be a solution.
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