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Abstract Cell culture methods and models are key investigative tools for cell and molecular biology studies. Fetal
bovine serum (FBS) is commonly used as an additive during cell culture since its constituents promote cell survival,
proliferation and differentiation. Here we report that commercially available FBS from different major suppliers consistently
contain precipitated, calcium oxalate crystals—either in the monohydrate (COM) or dihydrate (COD) form. Mineral
structure and phase identification of the crystals were determined by X-ray diffraction, chemical composition by energy-
dispersive X-ray microanalysis, and imaging and measurement of crystal growth steps by atomic force microscopy—all
identified and confirmed crystallographic parameters for COM and COD. Proteins binding to the crystals were identified by
immunoblotting, revealing the presence of osteopontin and fetuin-A (a2HS-glycoprotein)—known regulators of crystal
growth found in serum. Macrophage cell cultures exposed to calcium oxalate crystals showed internalization of the crystals
by phagocytosis in a process that induced disruption of cell–cell adhesion, release of reactive oxygen species and membrane
damage, events that may be linked to the release of inflammatory cytokines by these cells into the culture media. In con-
clusion, calcium oxalate crystals found in commercially available FBS are toxic to cells, and their presence may confound
results from in vitro studies where, amongst others, phagocytosis, biomineralization, renal cell and molecular biology, and
drug and biomaterial testing are being examined. J. Cell. Biochem. 103: 1379–1393, 2008. � 2007 Wiley-Liss, Inc.
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Cell culture methods and models are in
widespread use and they are often central to
many (if not most) life science investigations.
Fetal bovine serum (FBS) is commonly used in
cell and molecular biology studies as an additive
whose constituents promote cell survival, pro-
liferation and differentiation. Commercially
available FBS is only partly characterized, and
despite ultra-filtration steps used by the sup-
pliers, the presence of particulate material
found in such products when delivered to
laboratories worldwide apparently has been
either intentionally disregarded as being triv-
ial, or overlooked. A novel observation reported
here is that we routinely observed inorganic,

mineral crystals (calcium oxalate) in practically
all lots of FBS obtained from different suppliers.
Crystals were first observed as particulate
material in cell cultures grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) supple-
mented with 10% FBS, without filtering.
Further examination by light microscopy of
the medium and the serum separately identified
the latter as the source of crystalline material.
FBS is currently delivered by its suppliers with
a list of quality-assurance standards that
include validated mycoplasma removal, ultra-
low endotoxin and hemoglobin levels, sequen-
tial filtration through a 100-nm filter followed
by a 40-nm filter, lot-to-lot consistency checks
and other quality control tests. FBS has a
complex composition that includes salts of
calcium, potassium, phosphate and sodium,
and other constituents such as cholesterol,
cortisol, parathyroid hormone, prolactin, and
prostaglandins E and F, glucose, hemoglobin,
uric acid, creatine, alkaline phosphatase,
albumin and insulin; total protein can average
3.8 g/100 ml [Staines and Price, 2003].
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Calcium oxalate (CaOx) is one of the major
mineral phases commonly found in human
kidney stones where it exists mainly in its
monohydrate (triclinic) form; in urine, its
dihydrate (tetragonal) state is also common,
and both crystalline forms have been found in
urine of patients suffering from kidney stones
and in urine of normal subjects [Elliot and
Rabinowitz, 1980]. Calcium oxalate monohy-
drate (COM) crystals found in urine may be
spindle-, oval-, tabular- or dumbbell-shaped,
and vary considerably in size [Burns and
Finlayson, 1980; Akbarieh et al., 1987]. Calcium
oxalate dihydrate (COD) crystals in urine are
tetragonal, di-pyramidal minerals that also
vary in size but typically have dimensions in
the micrometer range. While other mineral
phases can exist in urine, composite mineral
phases having variable appearances may result
from epitaxial growth of one mineral phase on
another; however, in our study of FBS, mainly
COD was observed, with minor amounts of
COM and even lesser amounts of unidentified
particulates.

In organismal systems and tissues that
undergo biomineralization, whether physio-
logic or pathologic, the crystalline mineral
phase is invariably associated with either an
abundant organic extracellular matrix, or a
limited or diverse array of specific, mineral-
binding proteins that reside at the mineral
surface and are occluded within [Ryall, 2004]. In
circulating plasma (from which commercial
serum [FBS] is derived), mineral ion-binding
proteins are also common, some of which (a2HS-
glycoprotein [also known as fetuin-A] and
matrix Gla protein) are thought to stabilize
critical mineral nuclei to prevent their precip-
itation as larger crystals in the circulation
[Schafer et al., 2003; Price et al., 2004]. More
specifically, bovine fetuin-A purified from
serum is a potent inhibitor of the precipitation
of calcium-phosphate mineral phases from
supersaturated solutions of calcium phosphate
[Schinke et al., 1996]. Amongst many proteins
known to regulate different types of mineraliza-
tion in diverse systems, osteopontin, Tamm-
Horsfall protein, nephrocalcin, calprotextin,
human serum albumin, and prothrombin frag-
ments are proteins known to modulate CaOx
and calcium-phosphate crystal growth, and
these proteins represent the major organic
phase present in most kidney stones [El-Shall
et al., 2004]. Exposure of renal epithelial cells in

culture to both oxalate and CaOx crystals
induces an early form of cell injury associated
with the production of free radicals (superoxide
and hydroxyl radicals), lipid peroxidation
and release of lactate dehydrogenase (LDH)
[Thamilselvan et al., 2000].

In this manuscript, we provide a detailed
analysis of the calcium oxalate mineral phase
found in various lots of FBS from different major
commercial suppliers, and describe the binding
of proteins to this mineral. The significance of
this finding to the scientific community at large
who employ cell culture methods is that these
crystals may sequester mineral-binding pro-
teins (e.g., essential growth factors) and ions
that affect, amongst other processes, cell metab-
olism, signaling, adhesion, proliferation and
migration. The presence, number and size (and
thus the surface area available for adsorption of
organic constituents) of these crystals, may
determine the activity of the FBS essential for
observing selected biological activities in vitro.
Indeed, it is common practice amongst inves-
tigators to screen lots of serum, prior to full-scale
use, for their efficacy in eliciting a desired
biological response from the cells of interest—
differences in activity we feel can be at least
partly ascribed to the presence of CaOx crystals
in FBS. More specifically, our manuscript
presents data on specific effects of the presence
of such crystals in terms of cell toxicity and in
terms of their effects on cell culture studies of
phagocytosis. In the latter case, CaOx crystals
themselves can be phagocytosed by the cells
under investigation, thus potentially confound-
ing experimental results where the phagocytosis
of other particulates or infectious organisms of
interest (e.g., bacteria, leishmania) are being
studied. Our observations are also pertinent to
biomineralization studies in vitro where similar
concentrations of FBS are used [Franceschi
and Iyer, 1992; Marsh et al., 1995] and
where mineral-binding/regulating proteins
might be sequestered by the CaOx crystals,
and to biomaterial and drug-testing studies.

METHODS

Cell Culture

To investigate the source and nature of the
crystals observed by light microscopy in FBS,
and in cell cultures after addition of FBS,
samples of FBS were purchased from four major
suppliers of bovine serum in North America;
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namely, Invitrogen (Gibco), HyClone, Clontech
and Wisent Laboratories. Sera were stored
frozen at �208C and thawed as recommended
by the supplier. In brief, frozen serum was
thawed in a 378C water bath with gentle
shaking every 15 min. In total, 27 different
bottles of FBS from the four suppliers and
corresponding to 19 different lots of serum were
screened for the presence of crystalline mate-
rial. Buffer preparation and washing of crystals
were done with HPLC-grade water (Millipore-
Simplicity system). OPN antibody against
bovine bone OPN was a gift from Dr. E. Salih
(Harvard University, Children’s Hospital
Medical Center, Boston); sheep anti-bovine
fetuin-A was a gift from Dr. W. Jahnen-Dechent
(University of Aachen, Germany); goat anti-
mouse and goat anti-sheep secondary anti-
bodies were purchased from Amersham Bio-
sciences. Calcium oxalate monohydrate (COM)
was purchased from Sigma–Aldrich, and cal-
cium oxalate dihydrate (COD) crystals were
synthesized as described by Lepage and Tawa-
shi [1982]. Briefly, for the synthesis of COD,
3 ml of 0.005 M sodium oxalate solution were
added to 5 ml of 1 M calcium chloride solution,
drop-by-drop, using a pipette. The mixture was
left without agitation for 24 h at 48C, and the
crystals were harvested by centrifugation at
6,000g for 5 min. Full-length, phosphorylated
bovine milk osteopontin was from Arla Foods
(Denmark) prepared according to methods
similar to those developed by Sorensen and
Petersen [1993]. J774A.1 macrophage-like cells
purchased from American Type Culture Collec-
tion (ATCC) were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) with 10% FBS, 4 mM
L-Glu, 1.5 g/l sodium bicarbonate and 4.5 g/l
glucose. NIH/3T3 fibroblasts were purchased
from ATCC and were grown in low-bicarbonate
DMEM supplemented with either 10% FBS or
10% bovine calf serum (BCS). Oregon Green-
488 phalloidin1 and Live/Dead1 viability/cyto-
toxicity kit (Calcein AM and ethidium homo-
dimer-1) were purchased from Invitrogen
(Molecular Probes). Gene RulerTM 100 bp DNA
ladder plus was from Fermentas.

Microscopic Examination, Scanning Electron
Microscopy and X-Ray Microanalysis, Atomic

Force Microscopy, and X-Ray Diffraction
Analysis of Crystals Harvested From FBS

Routine harvesting of crystals from FBS was
done by centrifugation using an IEC Multi RF

(Thermo IEC) centrifuge; examination of FBS
aliquots (with crystals) was done by light
microscopy. Fifteen- or 50-ml aliquots were
centrifuged at 9,000g for 15 min at 158C
followed by washing of the crystals with
HPLC-grade water. The crystals were exam-
ined by light microscopy at magnifications of
100–400�. Large-scale collection of CaOx crys-
tals was performed as described above, followed
by extensive washing with 0.1 M sodium
hydroxide and/or 10 mM Tris buffer to remove
contaminating material. For scanning electron
microscopy (SEM), 20 ml of crystal suspension
was dried at room temperature and mounted on
metallic stubs. The samples were sputter-
coated (20 nm) with Au and Pd for 2 min and
examined using a FEG-SEM Hitachi S-4700
microscope. Energy-dispersive X-ray micro-
analysis was performed using an Oxford INCA
microanalysis system (Model D-7200) with its
installed software INCA Microanalysis Suite
(Version 4.04). For powder X-ray diffraction
analysis, the crystalline material was collected
as described above, and the crystals were re-
suspended in absolute ethanol and pipetted
onto a glass coverslip and analyzed as described
previously [Thrall et al., 1985]. Briefly, X-ray
diffraction analysis was performed with Cu Ka
X-rays on a Philips powder X-ray diffractometer
(Model PW 1710). The diffraction spectra were
acquired by X’Pert Quantify (Version 1.0)
software and processed by X’Pert High Score
(Version 2.0) software with reference to Powder
Diffraction File database (Version 4þ 2005) of
the International Centre for Diffraction Data
(Newton Square, PA).

For imaging of crystals by atomic force
microscopy (AFM), the crystalline material
harvested from FBS was immobilized onto a
self-assembled monolayer (SAM) substrate; the
SAM substrates were prepared according to
Finklea and Hanshew [1992]. Briefly, commer-
cially available gold substrates (Evaporated
Metal Films, Inc.) were immersed into dilute
thiol-ethanol solutions (11-mercaptoundeca-
noic acid, 95%, �1.0 mM) for 24–36 h. Crystals
dispersed in 20 ml of ethyl alcohol were trans-
ferred onto freshly prepared SAM substrates
and incubated for 10 min to allow the crystals to
settle onto the substrate. Surfaces with crystals
were gently dried with a stream of pure, dry
nitrogen gas, and were immediately imaged
by AFM in air using a Multimode Nano-
scope IIIa Scanning Probe Microscope (Digital
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Instruments) operating in the tapping mode,
with a piezoelectric scanner capable of x- and
y-scan range at 125 mm. Height and phase AFM
images were collected, processed (flattening and
x–y order planefit) and analyzed (section and
zooming) using the Nanoscope IIIa Digital
software (Version 5.30r3sr3).

Computer Modeling and Software
Identification of Crystallographic Faces

The morphologies of CaOx crystals collected
from FBS were identified and indexed by
comparing an observed morphology with its
angle of polar-type corners of faces (i.e., crystal
corners intersecting the c-axis of CaOx) to
graphic renditions prepared by the computer
software SHAPE (Version 6.0, 2000, E. Dowty,
Kingsport, TN; www.shapesoftware.com), with
reference to unit cell parameters and X-ray
powder diffraction file data for CaOx.

SDS–PAGE and Western Blotting of CaOx
Crystal-Associated Proteins

Crystals were collected from 500 ml of FBS as
described above and protein analysis was
performed by SDS–PAGE and Western blot-
ting. To release crystal-bound proteins, pellets
of crystals were boiled for 5 min with 50 ml of
2� protein-loading buffer containing 10% SDS
and 2.5 mM 2-mercaptoethanol. Following
electrophoresis, the gels were stained with
silver nitrate or used for Western blotting. For
silver staining, the gels were fixed with etha-
nol–acetic acid, sensitized with sodium thio-
sulfate and stained with silver nitrate. The gels
were then scanned or photographed.

DNA Binding to CaOx Crystals

Synthetic COM or COD crystals, at a concen-
tration of 200 mg/ml, were incubated first in
DMEM medium for 2 h at room temperature
followed by incubation for 2 h with plasmid DNA
(pDNA; gWiz, Aldevron, CA) at a concentration
of 10 mg/ml pDNA. Crystals were washed with
10 mM Tris buffer (pH 7.6) to remove unbound
pDNA, and harvested by centrifugation. The
pellet of crystals with bound pDNA was resus-
pended in 40 ml of loading buffer and loaded
into the wells of a 0.8% agarose-ethidium
bromide gel. After electrophoresis, the gels were
photographed using a Bio-Rad Gel-Chemi doc
system.

Oxalate and Calcium Measurements

Oxalate determination was done using an
enzymatic method (Trinity Biotech) based on
the oxidation of oxalate followed by measure-
ment of hydrogen peroxide produced during the
reaction by a peroxidase-catalyzed reaction
[Chiriboga, 1963]. In brief, crystals harvested
from FBS were acid-boiled to solubilize any
oxalate crystals present in the sample, and then
they were treated with ascorbate oxidase
(Sigma) and then TCA (trichloroacetic acid) for
removing and precipitating potentially interfer-
ing substances. The pH of the samples was
adjusted followed by activated charcoal incuba-
tion, centrifugation and filtration steps. Oxalate
standards provided with the kit were prepared,
and the concentration of oxalate in the proc-
essed FBS crystal samples was calculated using
absorbances obtained from standard, control
measurements. Readings were done at 590 nm
using a microplate reader (Model EL800, Bio-
Instruments, Inc.). A calcium assay kit (Diag-
nostic Chemicals Ltd) based on Arsenazo III dye
coupling was used to determine the calcium
concentration of crystals harvested from FBS.
Crystals were solubilized in 2 N HCl and
aliquots of deionized water, the standard and
the samples to be assayed were added to
separate plastic tubes. One ml of reagent was
added, followed by incubation for 15 min at room
temperature. The absorbance was determined
at 650 nm using a Fluostar Optima (BMG
Labtech) reader.

Solubility of COD Crystals Under
Cell Culture Conditions

FBS (containing �6� 105 crystals/l) was
prepared as a 10% solution in DMEM as is
commonly used in most in vitro studies and as
was used in our culture experiments with cells.
One hundred microliters of this DMEM-diluted
FBS was aliquoted (in quadruplicates) into 96-
well culture plates. After incubation at 378C and
5% CO2 for 24 h, wells were examined inde-
pendently by light microscopy for the presence
of crystals. Birefringent di-pyramidal crystals
were counted and representative images were
recorded. These experiments were done in the
absence of cells since their presence makes it
difficult to differentiate crystals from cellular
background elements and thus to provide
accurate counts.
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Phagocytosis of CaOx Crystals by
Macrophages, and Actin Staining

J774A.1 and NIH/3T3 cells were plated at a
density of 15,000 cells/cm2 and incubated for
48 h followed by washing with DMEM. After
addition of 200 mg/ml of COM or COD to the
cells, the plates were incubated at 378C with 5%
CO2 for 16 h. Some of the wells were treated
with LysoTracker1 Red DND-99 (Invitrogen–
Molecular Probes) to stain phagolysosomes.
To stain F-actin, the culture dishes were fixed
with paraformaldehyde, washed with phos-
phate buffered saline (PBS) and then incubated
with Oregon Green-phalloidin. Samples were
viewed by immunofluorescence microscopy and
pictures were taken with Leica DC 300F camera
mounted on a phase contrast/fluorescence
microscope (Leica DM IL).

Determination of Cell Membrane Integrity
and Reactive Oxygen Species (ROS)

Cell membrane integrity was evaluated using
a Live/Dead1 Viability/Cytotoxicity assay kit.
Calcein AM does not fluoresce until it is trans-
formed into an intensively green fluorescing
calcein by nonspecific cytoplasmic esterase.
After exposure of J774A.1 cells to CaOx, the
fluorescent probes were added and the cells
incubated at 378C for different lengths of time;
the resulting changes induced by CaOx were
assessed by fluorescence microscopy.

Amino phenyl fluorescein (APF) was used as
an indicator of reactive oxygen species (ROS).
APF is nonfluorescent until it reacts with the
hydroxyl (OH) radical, peroxynitrite anion or
hypochlorite anion (�OCl). J774A.1 cells plated
at a density of 15,000 cells/cm2 were washed
with PBS to remove interfering bovine serum
albumin (BSA) or phenol red from the culture
medium. Cells were then incubated with APF
followed by incubation with COD crystals
or H2O2 at 378C and 5% CO2. Intracellular
fluorescence was measured using excitation/
emission wavelengths of 490/515 nm, and
microscopic images were recorded.

Cell Proliferation

Since proliferating cells are metabolically
more active than non-proliferating cells, we
used the tetrazolium assay to measure cell
proliferation. Two hundred microliters of cell
suspension containing 1� 104 cells was added to
a 96-well plate. After culturing for 24 h, the cells

were treated with CaOx crystals and incubated
for different times at which point the medium
was replaced with medium containing 0.25 mg/
ml of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide). The cells were
incubated for an additional 3 h and the pre-
cipitated reaction product (formazan crystals)
was dissolved with 200 ml of DMSO. Absorbance
values were determined with a microplate
reader using a 550 nm filter.

RESULTS

Characterization of CaOx Crystals
Collected From FBS

Inspection by light microscopy of aliquots
collected from different lots and bottles of FBS
obtained from different suppliers revealed the
presence of tetragonal, di-pyramidal, optically
transparent crystals varying in size, shape and
number (Fig. 1A). Scanning electron microscopy
of the isolated crystals revealed morphologies
with distinct crystallographic faces (Fig. 1B)
characteristic of COD, and occasionally other
crystals having different morphologies (Fig. 1B,
inset). Determination of elemental composi-
tion by energy-dispersive X-ray microanalysis
(Fig. 1C) of the crystals revealed the presence of
calcium, carbon and oxygen—an elemental
signature characteristic of CaOx. The same
analyses performed on COD crystals prepared
synthetically in our laboratory (Fig. 1D–F)
validated our identification of COD crystals in
FBS.

X-ray diffraction analysis of the CaOx crys-
tals collected from FBS revealed diffraction
maxima (spectral peaks) consistent with a
mixture of monohydrate (Whewellite) and dihy-
drate (Weddellite) phases (Fig. 2A–C). Individ-
ual di-pyramidal crystals were further
confirmed as being the dihydrate phase of CaOx
by imaging and quantitative height measure-
ment using tapping-mode AFM. The dominant
face of COD from FBS develops from a single,
triangular spiral growth hillock, and evidence
for protein binding was observed as particulate
material on the flat terraces of the crystals
(Fig. 2D), although this could also be inorganic
material. The growth hillock contains a COD-
characteristic polar angle of 768, and its shape
can be related to the symmetry of the {1 0 1}
faces of COD using SHAPE software for identi-
fication of crystallographic faces (Fig. 2E). By
AFM, individual crystal growth steps were
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approximately 6.30 (�0.03) nm in height
(Fig. 2F,G), here corresponding to a macrostep
of 10 monomolecular layers of COD (a monostep
has a height of 0.63 nm, the d-spacing of COD
{1 0 1} faces). Analyses of other similar crystals
routinely showed macrostep heights as a multi-
ple of the monolayer height, confirming this face
characterization of COD. The formation of
{1 0 1} faces by the spiral growth mechanism
(vs. the birth-and-spread growth mechanism)
suggested that these CaOx crystals grew (or
dissolved) in an orderly, relatively slow surface-

controlled fashion on these faces [Lasaga, 1998],
likely also involving protein-mineral. Conse-
quently, in FBS, both calcium levels and
selected proteins that bind to these {1 0 1} faces
are constantly and effectively locally scavenged
by the controlled growth (or release by dissolu-
tion) of these crystals, and likely do not occur
as a result of rapid and uncontrolled phase
changes during handling of the FBS.

Crystal counts were obtained using a Neu-
bauer chamber slide, providing values that
ranged from 13.2� 105 to 10� 106 crystals per

Fig. 1. Micrographs of crystals harvested from commercially
available FBS, and synthetic CaOx crystals. A: Light micrograph
of the most common crystal type found in FBS (inset shows
additional crystal morphologies occasionally observed). B: SEM
micrograph of crystals harvested from FBS showing di-pyramidal
shape characteristic of COD crystals (inset shows additional
crystal morphologies occasionally observed). C: EDX micro-
analysis of crystals harvested from FBS. Major spectral peaks
correspond to calcium (Ca) carbon (C) and oxygen (O), their

presence and magnitude (counts) being consistent with the
elemental composition of CaOx. D: Light micrograph of
synthetic COD crystals. E: SEM micrograph of synthetic COD
crystals showing di-pyramidal morphology characteristic of
COD (inset shows corresponding SHAPE software schematic
identifying the dominant {1 0 1} crystallographic faces). F: EDX
microanalysis of synthetic COD crystals showing characteristic
COD major spectral peaks for Ca, O and C.
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Fig. 2. A: X-ray diffraction spectrum obtained from CaOx
crystals harvested from FBS. B: Comparison of the identified 2y
spectral peaks in the FBS CaOx with COD and COM standards
indicate a mixture of both monohydrate and dihydrate phases in
the sample. C: Tabular listing of the details of the identified major
Ka (2y) peaks showing atomic lattice d-spacings as matched with
the standard powder diffraction files (PDF) of the International
Centre for Diffraction Data. D: AFM height image showing a
{1 0 1} face of a COD crystal harvested from FBS that formed via a
single spiral growth hillock. A polar corner of 768 exists on the flat
terrace, indicating the crystallographic orientation of the growth

hillock (see also graphic rendition in E). The oval inset (in D) indi-
cates a possible region of globular proteins adsorbed onto the
flat terrace of the {1 0 1} face. E: SHAPE software graphic rendition
of the COD crystal imaged in D showing overall crystal morpho-
logy and c-axis orientation of the analyzed crystal. F,G: Section
analysis by AFM (enlargement of white boxed area in D) showing
that a measured crystal growth step height (vertical distance
between the arrowheads) of adjacent steps (6.248 nm) is essen-
tially an integral multiple of the 0.632 nm d-spacing characteristic
of the {10 1} face for COD. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]



liter of FBS. Oxalate concentrations in FBS
were estimated using a modified clinical proto-
col and they ranged from 0.030 to 0.060 mmol/l
in three bottles of FBS examined from different
suppliers. Oxalate values in human urine as
described by the manufacturer of the oxalate kit
range from 0.1 to 1.2 mmol/l. The calcium
content of crystals harvested from FBS varied
from 0.1 to 1.0 mmol/l. CaOx crystals were also
observed in heat-inactivated FBS and BCS.

Silver Staining and Western Blotting of CaOx
Crystal-Associated Proteins

Given that proteins are well-known modula-
tors of crystal nucleation and growth, we
decided to investigate whether bovine serum
proteins were associated with the CaOx crystals
harvested from FBS. After extraction of
mineral-bound proteins from the FBS crystals
and SDS–PAGE, staining with silver nitrate
revealed a large number of protein bands
ranging in molecular weight from less than
25 kDa to more than 150 kDa (Fig. 3A, lanes
FBS1-3). This association was further con-
firmed by incubation of synthetic COM and
COD crystals with FBS (devoid of crystals,
removed by centrifugation). Silver staining of
proteins similarly eluted from the synthetic
crystals (Fig. 3A, lanes COM and COD) likewise
showed numerous protein bands with broadly
ranging molecular weights. Whereas protein
binding to crystals varied considerably amongst

different lots of FBS from different suppliers,
the protein-binding profiles from FBS were
similar for both COM and COD.

Based on the abundant literature describing
OPN and fetuin-A as mineral-binding proteins,
and as potent circulating (plasma) inhibitors of
calcification, immunoblotting was used to inves-
tigate whether these proteins were bound to the
crystals isolated from FBS and to the synthetic
crystals incubated with FBS. Figure 3B shows
Western blots of protein bands reacting with
antibodies against OPN (42–80 kDa) or fetuin-
A (59 kDa). OPN was identified amongst pro-
teins eluted from crystals harvested from FBS
as well as from synthetic crystals incubated
with FBS. The appearance of OPN bands having
different molecular weights as shown in Fig. 3B
is common, and has been reported previously
[Bautista et al., 1996]. CaOx crystals from some
lots of FBS show fetuin-A binding as revealed by
Western blotting (Fig. 3B). Collectively, these
results are consistent with previous reports
showing the association of OPN with CaOx
crystals [Konya et al., 2003] and the presence of
fetuin in a protein-mineral complex in serum
[Price et al., 2002].

Since DNA binds to calcium-phosphate
minerals [Olton et al., 2007], we investigated
whether plasmid DNA was able to bind to CaOx
crystals. Figure 3C shows DNA released from
crystals as visualized using agarose gel electro-
phoresis; the affinity of plasmid DNA for the

Fig. 3. Binding of macromolecules to CaOx. A: PAGE-
separated, and silver-stained, proteins eluted from CaOx crystals
collected from three different lots from different suppliers of FBS
(lanes FBS1–3), and from synthetic COM and COD crystals
incubated with FBS (lanes COM and COD). B: Western blots for
OPN (anti-bovine OPN) of proteins eluted from CaOx crystals
collected from different lots of FBS (lanes FBS1–3), and from
synthetic COM and COD crystals incubated with FBS (lanes

COM and COD). The first lane at the left (OPN) corresponds to a
Western blot of purified OPN. CaOx crystals from some lots of
FBS show fetuin-A binding as revealed by Western blotting using
anti-bovine fetuin-A (last lane at the right, FET). C: Agarose gel
electrophoresis of adsorbed plasmid DNA (lane DNA) eluted
from synthetic COM and COD crystals (lanes COM and COD,
respectively). Lane M¼100 bp DNA ladder markers. DNA¼
5.7 kbp plasmid DNA.
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monohydrate form (COM) of CaOx seems to be
higher than the affinity for the dihydrate (COD)
form.

Solubility of COD Under Cell
Culture Conditions

Since the characterization of the COD min-
eral was performed on crystals collected directly
from undiluted FBS, we then examined the
solubility of the crystals under standard cell
culture conditions where FBS is typically
diluted 10-fold with DMEM (i.e., 10% FBS).
Under these conditions (without cells), over an
incubation period of 24 h at 378C, COD crystals
slowly dissolved (Fig. 4). Crystals decreased
in number with time, and slowly lost their
di-pyramidal morphology such that by 24 h,
crystals were essentially absent from the
diluted FBS. Belliveau and Griffin [2001]
studied the solubility of CaOx in cell culture
media and reported equilibrium parameters for
CaOx in DMEM and McCoys 5A medium), but
such data is not available for medium supple-
mented with FBS.

Phagocytosis of CaOx by Macrophages
and Mouse Fibroblasts

In vivo, insoluble particulates are typically
cleared in tissues and in the circulation by
macrophages via phagocytosis. To model this
in vitro, we used the J774A.1 macrophage cell
line to study the fate of CaOx crystals when
added to cultures of these cells. For comparison,
NIH/3T3 mouse fibroblasts were also used to
investigate phagocytosis of the crystals, since
most cell types are capable of at least some

degree of phagocytosis. In both cases, binding of
crystals to cells occurred rapidly (within a
few minutes of exposure), and the crystals soon
became internalized within the cells. After
12–24 h, the cytoplasm of the cells appeared
variably loaded with crystals (Fig. 5). Internal-
ization of the crystals was confirmed by exten-
sive washing and by incubating the cells with
LysoTrackerTM, a probe for labeling and tracing
lysosomes and phagolysosomes in living cells
(Fig. 5, top inset in upper-right panel). Phag-
ocytosis of CaOx was also confirmed in stimu-
lated primary mouse macrophages obtained by
peritoneal lavage (data not shown).

Actin Staining, ROS Production and Membrane
Damage in Cells Exposed to CaOx

While no substantive changes were observed
in the actin cytoskeleton after addition of CaOx
crystals to the cell lines used in this study (data
not shown), phagocytosis is nevertheless known
to occur via an actin-dependent mechanism
[Aderem and Underhill, 1999] resulting in other
cellular and metabolic changes. Addition of
COD crystals to J774A.1 macrophages resulted
in internalization of the crystals (Fig. 6A) and a
significant loss of intercellular contact and cell
adhesion.

Animal models as well as tissue culture
studies indicate that exposure to high levels of
oxalate and CaOx crystals is injurious to cells
[Khan, 2004]. Mammalian cells are known to
produce free radicals when exposed to CaOx
crystals [Umekawa et al., 2003], and previous
studies have shown that macrophages produce
superoxide anion (O2

�) as well as nitric oxide

Fig. 4. Quantification of crystal numbers in FBS diluted 10-fold
with DMEM (i.e., 10% FBS) over a 24 h incubation period at 5%
CO2 and 378C. CaOx crystal counts decreased with time such
that crystals were essentially absent after 24 h of incubation (left
panel). Progressive dissolution of the CaOx was associated with

changes in morphology from the original di-pyramidal shape of
the crystals (right panel). *P< 0.05 and ***P< 0.0001 as
compared to counts at the start of the incubation (0 h). Data are
reported as mean� standard error of mean and from triplicate
analyses.
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(NO) [Hassoun and Wang, 1999]. ROS gener-
ation was evaluated in J774A.1 cells treated
with CaOx crystals using APF as a probe for
ROS. Figure 6B shows generation of ROS by
cells exposed to COD crystals as compared to
the known high production of ROS following
exposure to hydrogen peroxide (Fig. 6C).

Calcein AM and ethidium homodimer-1 are
commonly used to study membrane integrity
and degree of apoptosis [Bratosin et al., 2005].
Here, we used these staining reagents to
investigate toxic effects of CaOx crystals on
J774A.1 macrophages. Without addition of
CaOx crystals, cells exposed to both reagents
showed calcein AM uptake and retention in the
cells, and no staining of nuclear DNA by
ethidium homodimer-1 (Fig. 7A,B). In contrast,
cells treated similarly but also with the addi-
tion of CaOx crystals showed nuclear staining
by ethidium homodimer-1 and leaking of
calcein AM attributable to membrane damage
(Fig. 7C,D). These results are in agreement with
previous studies showing induction of ROS and
membrane damage after exposure of mamma-
lian cells (renal epithelial cells) to CaOx [Greene
et al., 2005].

Effect of CaOx on Cell Proliferation

CaOx crystals readily attached to the surface
of the cells, and phagocytosis occurred within a
few minutes after exposure to the crystals.
To investigate potential effects on cell pro-
liferation, sub-confluent cultures of NIH/3T3

Fig. 5. Phagocytosis of COD and COM crystals by NIH/3T3
fibroblasts and J774A.1 macrophages. Light micrographs show
internalized crystals (arrows) in both cell types after a 16-h
exposure to COD and COM crystals. The matching insets in the

upper left panel show a region stained by LysoTrackerTM; red
fluorescent areas indicate a high concentration of punctate
phagolysosomes in close proximity to the internalized crystals.

Fig. 6. A: Light micrograph of cells exposed to COD crystals.
Granular regions in the cytoplasm indicate the presence of
internalized crystals (arrows). Starting from an initially confluent
monolayer of J774A.1, cells have lost cell–cell contact and
adherence, indicating an effect of phagocytosis on these cell
activities. B: ROS induction and detection (with APF) of cells
exposed to 200 mg of COD crystals (C) and 100 mM hydrogen
peroxide (H2O2; HP) as control. Green fluorescence indicates a
reaction between APF and hydroxyl radical, hypochlorite anion
or peroxynitrite anion.
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fibroblasts were exposed to the crystals and
were further incubated for 6–24 h and cell
proliferation was assessed by reduction of the
tetrazolium salt (MTT). COM and COD crystals
stimulated MTT reduction in a time-dependent
manner (Fig. 8). Reduction of MTT was statisti-
cally significant at 6 and 12 h after both COD
and COM crystal exposure. After 24 h, the
values of CaOx-treated cells reached prolifer-

ation values similar to cells without addition of
CaOx.

DISCUSSION

We report here the novel observation that
commercial FBS from several major suppliers
consistently contains abundant inorganic
mineral crystals, and provide a detailed char-
acterization of these crystals as predominantly
calcium oxalate dihydrate (COD, Weddellite).
Moreover, we have determined that the crystals
bind and sequester mineralization-regulating
serum proteins from the FBS, and that they also
have the potential to bind DNA. Finally, we
report that exposure of mammalian cells in
culture to these crystals induces their internal-
ization by phagocytosis, and that cytotoxic
and proliferation effects are a consequence of
this exposure. Such observations indicate that
caution is warranted when using FBS as a cell-
and tissue-culture additive for in vitro studies
on phagocytosis, biomineralization, and bio-
material and drug testing.

Despite the widespread use of FBS as a basal
medium supplement in mammalian cell and
tissue culture protocols, little attention has
been given to the variable composition of bovine

Fig. 7. Membrane integrity of J774A.1 macrophages exposed to
COD and stained with calcein AM and ethidium homodimer-1.
A: Photomicrograph of control cells (without added COD)
displaying normal morphology. B: Micrograph of the same cells
shown in panel A after staining with calcein AM and ethidium
homodimer-1. Plasma membrane-intact cells retain calcein
(green fluorescence) and nuclei do not stain with ethidium

homodimer-1. C: Micrograph of cells exposed to COD crystals
showing nuclear red fluorescence from staining with ethidium
homodimer-1 (arrows) in plasma membrane-damaged cells.
D: Merge of panels C and D to show loss of calcein AM staining,
and gain of ethidium homodimer-1 staining, in the same cells
(arrows) after plasma membrane damage following exposure to
COD crystals.

Fig. 8. Proliferation of NIH/3T3 fibroblasts (using the MTT
assay) after exposure to CaOx crystals. Cells were exposed to
200 mg/ml of either COD or COM crystals for the indicated time.
Results are presented as a percentage of cell proliferation relative
to control. While inhibiting cell proliferation at 6 and 12 h
(P<0.05) after CaOx crystal exposure, at 24 h, cell proliferation
returned to values similar to those of control cells (without added
CaOx crystals). Data are reported as mean� standard deviation
and from triplicate analyses.
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serum—a by-product of the beef-packing indus-
try. Unless critical to experimental design and
outcomes, few investigators take the time and
effort to characterize the FBS they use in their
culture systems, and to evaluate reproducibility
between different lots of FBS for a given set
of experimental conditions. This potential for
variability is further aggravated by the fact that
suppliers neither guarantee permanent inven-
tory nor the reproducibility of their product,
although certain minimal serum assurances
may be provided [Rolleston, 1999].

Several factors must be considered for explan-
ation of the presence of inorganic crystalline
material in FBS—a product subjected to several
ultra-filtration steps before packaging. Super-
saturation of calcium and oxalate levels in
FBS with respect to the COD mineral phase,
together with other physico-chemical parame-
ters of the fluid phase, may partly explain the
presence of crystals in FBS. The constituents of
any given lot of FBS will likely show variation
based on the bovine diet, the time of year and the
locations from which the product was collected,
and storage conditions are known to affect the
preservation and activity of FBS. CaOx crystals
are widely distributed in higher plant families
where they play a calcium-sequestering and
protective role, and this crystalline calcium can
represent as much as 90% of total plant calcium
[Webb, 1999; Franceschi and Nakata, 2005].
Plants abundant in North America, such as
greasewood (Sarcobatus vermiculatus) and hal-
ogeton (Halogeton glomeratus), are rich in
calcium oxalates and their abundant ingestion
by grazing livestock can lead to oxalate poison-
ing causing kidney disease and failure from
renal precipitation of calcium oxalate [Knight
and Walter, 2003].

Another possible explanation for crystalline
material appearing in FBS could be that
suppliers might add undisclosed preservatives
(as a proprietary processing method for FBS)
such as ethylene glycol to the serum; ethylene
glycol being a common additive for low-temper-
ature preservation of biological samples. More-
over, ethylene glycol is used in the production
of polyethylene terephthalate commonly em-
ployed in the manufacture of plastic bottles in
which FBS is packaged. Leaching of ethylene
glycol from these containers has been docu-
mented in some circumstances [Kashtock and
Breder, 1980], indicating that the containers
themselves may be a source of uncharacterized

chemical constituents arriving at a late stage of
packaging of the serum. Physiologically in vivo,
the end metabolite of accidental (or experimen-
tal, in animal models) ethylene glycol ingestion
is oxalic acid which can precipitate as CaOx
in different tissues, especially in the kidney
[McMartin and Wallace, 2005]. Thus, enzymes
and/or other reactants in the FBS may interact
with polyethylene terephthalate (or other con-
taminants), or with oxalic acid, to generate
byproducts that may favor CaOx crystallization
processes.

Another possible explanation for crystalline
material in FBS is based on the fact that
nanoscale amorphous precipitates and other
complexed precursors existing in liquid FBS
(like calciprotein particles in circulating plasma
in vivo [Heiss et al., 2003]) might traverse the
ultra-filtration units used in the purification
process. Nanoscopic pathways to crystallization
in non-living systems, and implications for
mineralization, are discussed by Navrotsky
[2004]. In our study, the estimated number of
crystals from different bottles (from different
suppliers) showed a wide range of values, which
in turn was likewise reflected in the oxalate and
calcium values determined chemically from
crystals harvested from FBS. Crystals with
morphologies differing from COD were sporadi-
cally isolated from FBS. Since COD crystals can
convert with time and under other circum-
stances to the more energetically stable COM
form of CaOx, we decided to evaluate both types
of crystals in our experiments. COD crystals
were predominantly present, compared to COM
crystals, in the vast majority (�90%) of the FBS
bottles we screened, indicating that the FBS
milieu (including its proteins, pH, salt concen-
trations and other physico-chemical parame-
ters), all favor the formation and stabilization of
COD crystals over COM.

Surface roughness and rounded edges of the
crystals, as seen in our study, can be explained
by the influence of proteins on crystal growth
and/or partial dissolution. Time of storage,
serum freezing and thawing, and protein con-
centration are some of the parameters that
might affect protein binding to the crystals.
Proteins—well-known regulators of crystal
growth—are present in FBS in a wide range of
concentrations, and therein may facilitate or
inhibit crystal formation. Although many users
aliquot and freeze their sera to avoid changes to
proteins associated with multiple freeze–thaw
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cycles of a central batch, if this is not done,
cycling temperature and phase changes may
cause gradients of proteins and salts that
facilitate crystal deposition. One of the most
abundant proteins in serum having the poten-
tial to interfere with CaOx crystallization is
albumin; its concentration in FBS has been
reported to be 1.55� 0.63 g/dl [Honn et al.,
1975]. In urine, albumin has been reported to
promote COD crystallization as a protective
mechanism that prevents stone formation by
inhibiting larger crystal formation and aggre-
gation [Cerini et al., 1999]. In FBS, albumin
may have a similar function in favoring the
formation of COD. Proteins present in kidney
stone matrix [McKee et al., 1995], such as
osteopontin and albumin, are present in FBS,
and together with other unidentified proteins
may be implicated in the mechanism by which
CaOx forms in FBS. Other proteins with the
potential to influence crystallization of CaOx
and calcium-phosphate in urine are Tamm-
Horsfall protein, nephrocalcin, osteopontin,
calprotectin and urinary prothrombin frag-
ment-1 [El-Shall et al., 2004]. In plasma,
circulating, fetuin-mineral complexes correlate
with artery calcification induced by vitamin D
treatment in rats [Price et al., 2004]. They
proposed, along with others [Schafer et al.,
2003], that fetuin-A plays a role in vascular
calcification in patients with chronic kidney
disease where the levels and forms of calcium
and phosphate are regulated by circulating
protein inhibitors of mineralization [Ketteler
et al., 2002; Moe and Chen, 2004]. Our results
showing the association of fetuin-A with CaOx
crystals collected from FBS likewise suggest a
potential role for fetuin-A in regulating crystal
formation in this commercially available, fluid
biological product.

While generally similar, we observed some
differences in the electrophoretic profiles of
proteins eluted from crystals harvested from
FBS compared to those proteins binding to
synthetic forms of CaOx (COD and COM) when
analyzed by SDS–PAGE. These results agree
with other studies showing that the interaction
of the two different forms of oxalate (COM and
COD) with proteins is probably nonspecific
[Walton et al., 2005], with protein binding likely
occurring on multiple crystallographic faces of
CaOx. Differences in serum-protein binding
between FBS and synthetic crystals might also
be attributable to the differing biochemical

environments in which the crystals normally
bind serum proteins versus the conditions used
in the present study for the in vitro binding
experiments using synthetic CaOx. More spe-
cifically, a preferential association of OPN with
COD crystals compared to COM crystals has
been recently reported [Ryall et al., 2005]. Here,
we also demonstrate the association of OPN
either with crystals harvested from FBS or with
synthetic crystals, and also show preferential
OPN binding to COD.

In the present study, we have shown cellular
uptake of CaOx crystals by phagocytosis in
both J744.A1 macrophages and in NIH/3T3
fibroblasts. It is well known that in response to
crystal binding and phagocytosis, macrophages
release inflammatory cytokines such as tumor
necrosis factor and interleukin-6 into the cul-
ture medium [de Water et al., 2001]. Similarly,
renal epithelial cells show increased expression
of monocyte chemoattractant protein-1 when
exposed to crystals of CaOx or calcium phos-
phate [Umekawa et al., 2003]. Koul et al. [2002]
demonstrated that renal epithelial cells exposed
to CaOx crystals activate p38 MAP kinase
whose activity is essential for the effects of
oxalate crystals on re-initiation of DNA syn-
thesis. In joints in vivo, the interaction between
calcium-containing crystals and macrophages
leads to the synthesis and release of matrix
metallo-proteinases which results in degener-
ation of articulating joint tissues [Cheung,
2005].

Here we show that exposure of cells to CaOx
causes changes in cell–cell and cell–surface
adhesion. Several of the components involved in
cell adhesion, such as talin, vinculin, alpha-
actinin and protein kinases, are also present in
the actin-driven phagocytic cup [Aderem and
Underhill, 1999], and their pathways and
interactions might be altered by the exposure
of the cells to the relatively large, particulate
crystals used in our cell culture experiments.
Cytoskeletal changes after exposure to crystals
is consistent with a report by [Lieske et al.,
1992] who, using data from MDCK renal
epithelial cells, likewise suggested a role for
actin during the process of CaOx phagocytosis
in these cells.

Our results showing ROS induction in mouse
macrophages are similar to those in studies by
Thamiselvan et al., [Thamilselvan et al., 2000]
who reported that CaOx crystal-induced injury
to LLC-PK and MDCK epithelial cells is
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associated with the production of free radicals,
lipid peroxidation and release of lactate dehy-
drogenase—events associated with cell toxicity
and death. Finally, we demonstrated that
induction of proliferation in CaOx-treated cells
is time-dependent, a finding in agreement with
data from Lieske et al. [1994], who showed
induction of cell proliferation in renal epithelial
cells after exposure to CaOx.

As a final point, since FBS is used in its 10%
diluted (with media) and warmed form in
standard cell culture experiments, and dissolu-
tion of crystals occurs within 24 h, calcium
concentrations can fluctuate widely when FBS
containing COD crystals is used; even more so
when fresh, FBS-containing media is regularly
exchanged as is often done in longer-term
experiments. Likewise, in the many laboratory
assays that take place within a 24 h period,
calcium release from the crystals may affect
experimental outcomes to a significant but
varying degree. In conclusion, these observa-
tions indicate that caution should be exercised
when performing cell culture experiments
where particulate materials and variable cal-
cium and oxalate concentrations might affect
experimental outcomes.
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