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Abstract: Biodegradation of poly-DL-lactide-co-glycolide (PLGA)
both in vitro and in vivo has been well documented. However,
the roles that macrophages and their fused multinucleated
giant cells (MNGCs) play in this biodegradation are still
unclear. The current study aimed to investigate macrophagemediated biodegradation of PLGA thin ﬁlms and of PLGA
composites with hydroxyapatite (HA) and tricalcium phosphate (TCP) ceramic powders in vitro using a murine macrophage cell line (RAW 264.7). The interactions were analyzed
by using cell viability assays, scanning electron microscopy,
and focused ion beam microscopy. The results showed that
RAW 264.7 cells effectively attached and proliferated on the

INTRODUCTION
Biodegradable polymers have enormous beneﬁts for
use in many short-term medical applications, as these
materials can completely and safely degrade and be
absorbed by the body after they fulﬁll their functions.1
The advantages of degradable polymers have paved
the way for a number of sophisticated biomedical applications. Poly-DL-lactide-co-glycolide (PLGA) is one
of the approved biodegradable polymers, which have
been used for surgical sutures,2 drug delivery systems,3,4 orthopedic ﬁxing devices,5and tissue engineering scaffolds.6
Degradable polymers were classiﬁed into two distinct modes of degradation, surface eroding and bulk
eroding ones.1,7,8 Surface erosion polymers lose material from the surface only. They get smaller but
keep their original geometric shape.8,9 In bulk eroCorrespondence to: Prof. Z Cui; e-mail: zhanfeng.cui@eng.
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PLGA ﬁlms and PLGA-HA, PLGA-TCP composites. The
RAW 264.7 cells were observed to aggregate and fuse to form
MNGCs. The cell processes on the membrane, or pseudopodia, penetrated into the PLGA ﬁlms and evidently eroded the
surface. We conclude that macrophages and fused MNGCs
actively respond to PLGA ﬁlms as substratum and degrade
the surface of this polymer. Ó 2006 Wiley Periodicals, Inc.
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sion, degradation is not conﬁned to the surface of
the polymer. Therefore, the size of a polymer device
will remain constant for a considerable portion of
time.8,9 In the case of PLGA degradation, the interior
of the polymer is degraded ﬁrst and disappears over
a period of time, and the outer surface remains as a
shell and is degraded later.10
It is generally accepted that, as an aliphatic polyester, the biodegradation of PLGA occurs by bulk erosion.8,11 The polymer chains are cleaved by hydrolysis
to form monomeric acids and are eliminated from the
body as carbon dioxide and water. The rate of hydrolysis of the polymer chain is dependent on signiﬁcant
changes in temperature and pH or the presence of catalyst, and little difference is observed in the rate of degradation at different sites in vivo.1,11 Enzymatic involvement in the biodegradation of the PLGA has
been somewhat controversial.11 However, it has been
shown that 50:50 PLGA degraded signiﬁcantly faster
in vivo in comparison with the degradation in vitro.12
It has long been recognized that macrophages can
effectively respond to biomaterial implantation and
engulf various biomaterial particles.11 Macrophages
also participate in extracellular biodegradation of
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extracellular matrices such as collagen by release of
a spectrum of enzymes.13 Osteoclasts, which differentiate from cells of the monocyte/macrophage lineage, form an acidic environment on mineral surfaces
by release of protons, which leads to bone resorption.14,15 Foreign body giant cells (FBGCs), another
distinct cell population derived from monocytes/
macrophages, actively respond to any foreign implants
as long as the materials remain in vivo.15
The degradative activity of these cells has resulted
in wide interest and concern for their interactivity
with all biomaterials. On the one hand, techniques
have been developed to eliminate these cells using antibodies or chemicals to reduce the inﬂammatory responses to implants.16 On the other hand, the role of
these cells in biomaterial degradation and the consequent effects of these cells on tissue regeneration have
been intensely studied.17–20
The macrophage is the major differentiated cell of the
mononuclear phagocyte system. It originates from bone
marrow precursors, which differentiate into peripheral
blood monocytes, and macrophages are widely distributed throughout the body.13 Macrophages are the dominant inﬁltrating cells that respond rapidly to biomaterial
implantation in soft and hard tissues.19,21,22 As a morphologic variant, macrophages can fuse into multinucleated giant cells (MNGC), also called FBGC, and
both cell types are observed at the tissue–material interface of medical devices15 and on implanted tissue
engineering scaffolds.23
MNGC formation results from fusion of mononuclear phagocytes. Both experimental and circumstantial evidence suggests that fusion takes place following the attachment of more than one macrophage to
the same endocytic material.24 In addition, FBGCs
have been implicated in the biodegradation of polymeric medical devices.22
Cell–material interactions occur mainly in the interfaces between cells and biomaterials. However, the biological and biochemical processes occurring at the cell–
material interface are still very poorly understood. There
are several difﬁculties for detailed study of the cell–material interface. First, for example, osteoclastic cells normally form a low pH microenvironment at the location
of biodegradation in an area sealed by a clear-zone. This
compartmentalization may have no signiﬁcant effect
on the pH or ion concentration in the remainder of the
environment. Second, although the chemical structures
of biomaterials are distinguishable from the cellular
structures, the essential components of degradation of
biomaterials may only be distinguished by speciﬁc analytical methods. The transmembrane mass exchanges
that occur between the cytoplasm and biomaterial surfaces are thus very difﬁcult to monitor. Finally, the interfacial reactions between cell membrane and materials are on the nanometer scale, and require highly sophisticated techniques to monitor fully.
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In other areas of research, interfacial structures have
been investigated by preparing samples with a focused
ion beam (FIB) system. For example, FIB has been well
established as a means of selectively milling to reveal
structural features in integrated circuits. In the semiconductor industry, it has been developed as an important tool in defect analysis and circuit modiﬁcation25
and has been used in transmission electron microscope
sample preparation26 and in dental research.27 One of
the advantages of the technique is that additional sample preparation is normally not required.
The aim of this study is to observe the biodegradation of PLGA polymer materials in vitro by a murine
macrophagic cell line, RAW 264.7 using a scanning
electron microscope (SEM) and a FIB system. The results clearly indicate that macrophages and their fused
MNGCs respond to the polymeric materials and erode
PLGA from the surface.

MATERIALS AND METHODS
Materials
aMEM, trypsin-EDTA, penicillin/streptomycin were purchased from Invitrogen, Paisley, UK. Ca2+-Mg2+-free PBS was
from Cambrex Bio Science Wokingham, Berkshire, UK. Tissue culture ﬂasks and multiwell plates were from Cellstar1,
Greiner Bio-One. Gloucestershire, UK. Fetal bovine serum
(FBS) was purchased from M. B. Meldrum, Bucks, UK. LIVE/
DEAD staining kit (contains calcein and ethidium homodimer-1) was from Molecular Probes, Leiden, Netherlands.
Receptor activator of nuclear factor kappa B ligand (RANKL)
was obtained from Peprotech Europe, Oxfordshire, UK.
PLGA was obtained from Boehringer Ingelheim Pharma,
Ingelheim, Germany. Hydroxyapatite (HA) and tricalcium
phosphate (TCP) ceramic powders were kindly supplied by
Plasma Biotal Limited, North Derbyshire, UK. All other materials and chemicals were obtained from Sigma–Aldrich
Chemical Company, Dorset, UK.

Fabrication of polymeric and composite thin ﬁlms
Flat polymeric ﬁlms were cast on glass coverslips, or on
12-mm diameter titanium discs to increase the strength of
support and to diminish electrical charging under electron
microscopy. PLGA was dissolved in acetone at 2 g/10 mL
(w/v). For making composites, HA or TCP ceramic particles were added into PLGA at a ratio of PLGA:HA (or
TABLE I
The Ratio of PLGA, HA, and TCP in the Solvent
for Casting Film

PLGA
PLGA-HA
PLGA-TCP

PLGA (g)

HA (g)

TCP (g)

Acetone (mL)

2
2
2

–
0.5
–

–
–
0.5

10
10
10
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Figure 1. A schematic diagram showing the procedure of cross-sectioning of the sample from its surface by a FIB system:
(a) A target cell is selected using a staircase pattern that covers a desired surface; (b) The ion beam with a beam current of
3000 pA etches the selected area (l mm  w mm) until a depth d is achieved; (c) The image for each slice is revealed and
recorded at a sample tilt of 458, in which a beam current of 10 pA is used to minimize the specimen damage during the
ion beam scanning.

TCP) ¼ 80:20 (Table I). Fifty microliters of PLGA, PLGAHA, or PLGA-TCP were directly added onto 12-mm diameter glass coverslips or titanium discs, left in a ﬂow cabinet
for 48 h for complete evaporation of solvent, washed twice
in PBS for 1 h periods, and incubated in aMEM for 24 h to
remove any residual solvent before cell culture.

Cell culture
The RAW 264.7 murine macrophage cell line was recovered from stock in liquid nitrogen,28 and cultured in 10%
FBS in aMEM at a seeding density of 4  105 cells/cm2.
The cells were fed using 10% FBS aMEM supplement with
10 ng/mL RANKL to induce osteoclast differentiation. The
culture medium was replaced every 3 days.
Samples were harvested at day 1 and day 7 after seeding, washed with PBS twice, and then were used either for
LIVE/DEAD staining or ﬁxed by 4% glutaraldehyde (0.1M
phosphate buffer solution, pH 7.2–7.4) for microscopy.

Live/dead cell viability assay
At the end of day 1 and day 7, cells were washed twice in
PBS to remove any serum derived from the culture medium
to assess the cell viability of RAW 264.7 cells on the biomaterials. Samples were stained using a LIVE/DEAD stain kit
(Molecular Probes). The kit contains two ﬂuorescent dyes:
calcein to stain living cells green and ethidium homodimer-1
(Ethd-1) to stain damaged or dead cells red. Samples were
stained using 4 mM calcein and 2 mM Ethd-1 (ﬁnal concentration) in PBS for 30 min at (37 6 1)8C. Samples were rinsed
twice using PBS to remove any dye and ﬁxed either in 4%
formaldehyde (Sigma–Aldrich) or 4% glutaraldehyde
(Sigma–Aldrich) in 0.1M PBS at (4 6 1)8C to prevent cell
detachment from the surfaces. Samples were washed again
in PBS to remove the ﬁxative before being observed by using
ﬂuorescence microscopy. Images were captured using a color
video camera (JVC 3-CCD, KY-F55B, Yokohama, Japan) at
100 magniﬁcation.
For each sample, three images were captured. Images
were opened in Adobe photoshop 6.0 (San Jose, CA) and
each image, calibrated as 1.18 mm2, was divided into 50
squares using a grid. Live and dead cells were counted in
Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

ﬁve squares to estimate the cell numbers in an image. Three
indices were selected for analysis as shown in Eqs. (1)–(3).
!
3
X
2
Cells/mm ¼
n=3 =C
ð1Þ
i¼1

where n is the cell number/image and C is the calibrated
area of an image at given magniﬁcation.
Total cells/mm2 ¼ live cells (green) þ dead cells (red) ð2Þ
Viability ð%Þ ¼

average live cells (green)
 100% ð3Þ
total cell numbers (red þ greenÞ

Scanning electron microscopy
After cell counting by ﬂuorescence microscopy, the cell–
biomaterial constructs were ﬁxed in 4% glutaraldehyde,
0.1M PBS for at least 24 h, washed twice in PBS for 5 min,
serially dehydrated in 40, 70, 80, 90, 95, and 100% ethanol
each for 15 min, inﬁltrated in 50% hexamethyldisilazane
in absolute ethanol and 100% hexamethyldisilazane for
30 min, and washed with fresh 100% hexamethyldisilazane
before leaving the samples in a fume cabinet overnight to
dry. The dried samples were carbon coated for SEM.
For demonstration of the erosion on the polymeric surfaces, three samples from each group washed in PBS and
placed in 10% Triton X100 for at least 48 h to detach any
cells and cell fragments. Samples were washed in distilled
water to remove the Triton X100 and air dried, and carbon
coated for SEM.

FIB microscopy
For FIB microscopy, the cell–biomaterial constructs were
ﬁxed in 4% glutaraldehyde, 0.1M PBS (pH 7.2) at 48C for
at least 24 h. To avoid changes of the material surface from
dehydration in ethanol, or reaction with other organic solvent, samples were washed in distilled water to remove
glutaraldehyde and then mounted onto stubs after being
dried in air for 10 min. Before the sample was placed into
the FIB system, the sample was coated with a thin layer of
gold to minimize charging and consequent damage to the
cells.
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Figure 2. Micrographs of live/dead staining of RAW 264.7 cells on PLGA, PLGA-HA, and PLGA-TCP ﬁlms. Day 1 after
cells were seeded on (a) PLGA, (b) PLGA-HA, and (c) PLGA-TCP. Day 7 after cells were seeded on (d) PLGA, (e) PLGAHA, (f) PLGA-TCP. Most cells were stained green (live), very few cells were stained red (dead). Bar ¼ 0.1 mm. [Color
ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
The FIB system used for this study was a FEI 200 (FEI
UK, Cambridge, UK) which provides a Ga+ ion beam with
the ion energy of up to 30 keV. The ion beam enables material to be removed from the sample surface at speciﬁc
positions so that cross-sections can be obtained. The system forms secondary electron images and allows viewing
of the sample during milling. Hence, the technique can be
used for observation of the interface between the cell and
the substratum across the interface. The process is schematically illustrated in Figure 1.

numbers of RAW 264.7 cells on the three materials
were signiﬁcantly higher than those at day1 (p < 0.001).
The total number of cells on the PLGA-TCP compos-

Statistics
GraphPad InStat1 Version 3.06, 32 bit for Windows
were used for statistical analysis. Ordinary ANOVA were
performed using standard (parametric) methods for Student-Newman-Keuls multiple comparison test. p < 0.05
was chosen as signiﬁcant.

RESULTS
Cytotoxicity assay of RAW 264.7 cells on PLGA,
PLGA-HA, and PLGA-TCP
After LIVE/DEAD staining, cell morphology of
the RAW 264.7 cells is shown in Figure 2. Quantitative analysis of viability and total cell numbers of
RAW 264.7 cells on PLGA, PLGA-HA, and PLGATCP ﬁlms at days 1 and 7 are shown in Figure 3. There
were no signiﬁcant differences of cell viability between the three materials studied at day 1 or day 7.
Also, there were no signiﬁcant differences in total cell
number achieved between the three materials at day 1.
At day 7, however, it was observed that the total cell

Figure 3. Quantitative analysis of viability and total cell
numbers of RAW 264.7 cells on PLGA, PLGA-HA, and
PLGA-TCP ﬁlms at days 1 and 7. (A) viability assay (% live
cells) showed no differences between three materials. (B)
total cell numbers on three materials. **, compared with the
same materials at day 1, p < 0.001. ###, compared with PLGA
and PLGA-HA, p < 0.001.
Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Figure 4. Images of RAW 264.7 cells on PLGA (a, c, and e) and PLGA-TCP composite (b, d, and f) ﬁlms by SEM. (a) The
surface of PLGA ﬁlm. (b) The surface of PLGA-TCP composite. TCP ceramic particles were evenly coated with a thin layer
of PLGA ﬁlm. (c) 7 days of RAW 264.7 cells on PLGA. (d) 7 days of RAW 264.7 cells on PLGA-TCP. The morphology and
sizes of cells were similar to those on the surface of PLGA. (e) By removing cells on PLGA using Triton X100, the surface
erosion of PLGA by RAW 264.7 cells was evidential. (f) By removing cells from the PLGA-TCP composite it was observed
that the thin layer of PLGA that coated the surfaces of some TCP particles was eroded.

ite was dramatically higher than on PLGA ﬁlm and
PLGA-HA composite (p < 0.001).
SEM observations
The original PLGA ﬁlm surfaces were observed by
SEM to be very smooth [Fig. 4(a)]. One week after
seeding, RAW 264.7 cells proliferated and covered
most of the available surface area of the PLGA ﬁlm.
Morphologically, RAW 264.7 cells could be seen as
individual cells (6–10 mm diameter), groups of aggregated cells, and giant cells (20–30 mm diameter) as
seen in Figure 4(c). However, there were no mature
osteoclastic cells observed in any of the samples. By
treatment with 10% Triton X100, the cells and any cellular fragments were detached from the material surJournal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

faces. There was a slight surface change caused by air
drying; however, erosion of the PLGA surfaces was
clearly evident [Fig. 4(e)]. The resorption lacunae
formed by cells were between 5 and 30 mm, that is in
the range of cell sizes observed.
In PLGA-TCP composite, TCP ceramic particles
were evenly coated with a thin layer of PLGA ﬁlm
[Fig. 4(b)]. The morphology and sizes of RAW 264.7
cells on PLGA-TCP were similar to those on the surface
of PLGA [Fig. 4(d)]. By detaching cells using Triton
X100, it was observed that the thin layer of PLGA that
coated the surfaces of some TCP particles was eroded.
Some resorption lacunae were formed between TCP
particles [Fig. 4(f)]. However, in the deep parts of the
materials, the TCP particles were still embedded inside
PLGA without erosion.

MACROPHAGE-MEDIATED BIODEGRADATION OF PLGA IN VITRO

587

Figure 5. FIB-induced secondary electron images of (a) the control PLGA ﬁlm with a smooth surface. (b) After milling,
the PLGA ﬁlm in the chosen area was removed. The cross-section was shown with the sample tilt of 458. One area in a
rectangle (inset) was chosen for high magniﬁcation as shown in (c) where many small pores in the ﬁlm were visible as
pointed by the arrows. (d) A group of RAW 264.7 cells (MF) on the PLGA ﬁlm after 1 week’s seeding. (e) The cross-section of cells on PLGA ﬁlm after milling viewed at the sample tilt of 458. The gap between cells showed that they are individual cells (MF). There were large pores formed in the ﬁlm (some of them marked as stars, which were different from
the small pores (pointed by the arrows) from the original ﬁlm (c).

FIB observations
Figure 5(a) shows the original ﬁlm surface on the
substrate of the control PLGA, which appears very
smooth. The cross-section of the PLGA ﬁlm in an area
deﬁned in Figure 5(a) was obtained by the FIB milling,
as shown in Figure 5(b), an image taken in the FIB
with the sample surface tilted at 458. From Figure 5(c),
the ﬁlm was found to contain many nonconnected
small pores, sized between 0.1 and 0.5 mm. After one
week’s seeding, RAW 264.7 cells were found to attach
to the PLGA ﬁlm surface and distributed as either
individual cells with the size of 9.83 6 0.21 mm or as
cell clusters [Fig. 5(d)]. There were gaps between the
cells, and large resorption lacunae, which were different from the small pores in the ﬁlm, formed at the
interface between the cells and the ﬁlm [Fig. 5(e)].
RAW 264.7 cells also formed MNGC [Fig. 6(a)].
The gaps between the individual cells were merged
in MNGCs indicating cell fusion, although some
trace of fusion was still evident [Fig. 6(b,c)]. Crosssections of the interface between MNGC and PLGA

ﬁlm demonstrated that the pseudopodia of MNGC
deeply penetrated into PLGA ﬁlm to form separated
compartments. The PLGA ﬁlm was eroded within
the compartments and left resorption lacunae of
approximately 1–10 mm size. Underneath the resorption lacunae, pores of sizes 0.1–0.5 mm diameter in
the PLGA ﬁlm were observed [Fig. 6(c)].
DISCUSSION
The mechanisms of PLGA degradation have been
extensively studied. In general, the degradation is
considered to be bulk erosion via hydrolysis,8 where
the interior of the polymer is degraded ﬁrst and disappears over a period of time, and the outer surface
remains as a shell and is degraded later.10 This phenomenon is also observed on PLGA thin ﬁlm degradation in vitro.29 However, when RAW 264.7 cells,
the murine macrophagic cell line, were used in the
present study, the PLGA ﬁlm was observed to be
eroded from the surface within one week.
Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Figure 6. FIB induced secondary electron images showing the erosion of PLGA by the MNGC. (a) A MNGC formed from
about 30 RAW 264.7 cells. A 10 mm  25 mm rectangle was selected on the MNGC for milling. (b) The cross-section of the
interface between MNGC and PLGA ﬁlm viewed with the sample tilted 458 after milling. (c) A high magniﬁcation of (b).
There was a remaining gap within the MNGC (arrows). The pseudopodia of MNGC deeply penetrated into the PLGA
ﬁlm, resulting in the formation of the compartments (marked as stars). The PLGA ﬁlm was eroded within the compartments and left as size 1–10 mm diameter resorption lacunae. Beneath the resorption lacunae, PLGA ﬁlm contained pores
with the size ranged from 0.1 to 0.5 mm was seen, which are identical with those seen in original porous ﬁlm. The striations visible in (b) and (c) are FIB artefacts due to surface topography.

It has been reported that macrophages actively
respond to polymeric materials both in vitro and
in vivo. These responses include adhesion, proliferation,
fusion to form MNGCs on polymeric materials,23,24
engulfment, and degradation materials.18,19,22,24
To initiate the process of biodegradation, macrophages need ﬁrst to attach to biomaterials. Although
PLGA does not appear to be an ideal surface for ﬁbroblastic cell adhesion, it does not affect macrophagic
attachment. This may be due to the fact that macrophages express pattern recognition receptor and speciﬁc integrins that enable them to adhere to these surfaces. Cytoskeletal and adhesive structure studies of
FBGC formation in vitro have demonstrated that podosomal structures, and not focal contacts, are the major
adhesive structures present within macrophages and
FBGCs on surfaces.30,31
Not only can RAW 264.7 cells attach to PLGA surfaces, they also proliferate to increase in numbers afJournal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

ter attachment and exhibit macrophage aggregation.
Fusion of cells can be observed to form MNGCs. The
mechanism controlling fusion of macrophages to
form MNGCs is complex, although the macrophage
mannose receptor has been identiﬁed as critical.32,33
Via co-operation, groups of macrophages form
MNGCs, or FBGCs, on PLGA surfaces. The consequences of the activities of macrophage and MNGCs
or FBGCs activate the surface erosion of the PLGA
ﬁlm within the resorbing area. By detaching RAW
264.7 cells from the surface using Triton X100, the surface erosion seen in Figure 4(e–f) dramatically demonstrates the erosion processes on the surface of the
PLGA.
Using FIB methods we have revealed the interface
between MNGCs and PLGA biomaterials. By sealing an
area of the polymers with pseudopodia on the cell surface, macrophages and MNGCs form separate compartments and erode polymers within the compartments.

MACROPHAGE-MEDIATED BIODEGRADATION OF PLGA IN VITRO

The pseudopodia on the surface of MNGCs not only
attach to the material surfaces but actually penetrate
into the PLGA ﬁlm. The fusion following cell adhesion
may be an important step in initiation of biodegradation by increasing resorbing area and forming a sealing zone. It has been reported that phagocytosis via
the formation of a closed compartment between the
FBGCs and the underlying substrate into which degradative enzymes, reactive oxygen intermediates, and/
or other products are secreted.11 Thus, these secretions
may play an important role in the extracellular erosion
of PLGA.
The responses of macrophages and FBGCs to implantation of biomaterials are generally regarded as
inﬂammatory reactions and widely treated as negative factors in biomaterial implantation. However, it
is still unknown if blocking these cellular responses
will beneﬁt compatibility or inhibit degradation of biomaterials and subsequent tissue regeneration. As a
secreting cell, the macrophage alone produces more
than 100 cytokines, which play a critical role in cell activities, angiogenesis, and tissue regeneration in wound
healing.13
It is well known that macrophages can differentiate into osteoclasts which can secret protons for bone
mineral resorption.14,15 However, there is no evidence for any osteoclast-like cell formation in the
current study; whether the surface erosion of PLGA
is due to enzymatic activity or local pH change is
unknown. Further study is warranted to investigate
the roles that macrophages and their fused MNGCs
or FBGCs may play in bioerosion of polymeric biomaterials such as PLGA.
The valuable discussion with Professor David Cockyane
is gratefully acknowledged.
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