
Response of monocytes exposed to phagocytosable particles and
discs of comparable surface roughness

Abstract
This in vitro study characterized the temporal cytokine expression profile from human monocytes
exposed to phagocytosable Ti particles (0.78 ± 0.12 μm) and to Ti discs of comparable surface
roughness. Human THP-1 monocytes were cultured in six well tissue culture polystyrene (TCPS)
plates. Each well was either bare, contained Ti particles (the particles were clearly engulfed by the
monocytes), or contained a Ti disc. Half of the wells were treated with 1 μg/mL lipopolysacchride
(LPS), while the other half were left unstimulated. Unstimulated and LPS-stimulated cells in bare
wells were the negative and positive controls, respectively. Supernatant was sampled from each well
at 1, 6, 24, 48 and 72 h and assayed for the expression of nine different cytokines using a Luminex
system. Three cytokines (IL-1β, GM-CSF and IL-13) gave little to no response under all conditions,
while six cytokines (TNF-α, IL-6, MIP-1α, MCP-1, VEGF, and IL-1ra) were clearly detectable.
Expression levels generally increased with culture time, particle concentration, and LPS stimulation.
Most significantly, it was found that cells treated by Ti discs produced in many instances a higher
cytokine expression than did particles.
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Introduction
Wear-induced debris has been well documented to induce inflammation and necrosis in the
tissue surrounding implants [1,2], often leading to loss of implant functionality [3]. A chronic
inflammatory condition that compromises the integrity of the implant sites is postulated to arise
from cytokines and chemokines released from the persistently activated macrophages that
attempt to engulf particulates [4]. A related phenomenon also appears to occur in the tissue
that surrounds textured implants with surface features on the order of phagocytosable particles
[5], where macrophages attempting to engulf the surface features are hypothesized to prevent
the surrounding tissue bed from progress to fibrous encapsulation.

Several studies have cited the relationship between the presence of wear debris, particle
phagocytosis, and cytokine expression [3,6–8], but only a few studies have characterized
cytokine expression from monocytes/macrophages on textured surfaces [9,10]. These studies
examined the effect of Ti topography on the activation and cytokine mRNA change of mouse
RAW 264.7 monocytes and mouse J774A.1 macrophages using real-time PCR. These studies
concluded that Ti topographies induced significant osteogenic growth factor (BMP-2) mRNA
expression but had modest effects on the expression of cytokine mRNA.
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To our knowledge, no reports have been published on the temporal cytokine release from
monocytes/macrophages exposed to materials, nor has anything been published on the
differences in cytokine expression between bulk and particulate forms of the same material.
By understanding the cellular phenotype and cytokine expression from monocytes on bulk
materials and particulates, the effect of materials morphology on inflammation separate from
the effect of material chemistry could be observed.

The current study characterized the temporal cytokine expression profile from human THP-1
monocytes exposed to phagocytosable Ti particles (0.78 ± 0.12 μm) and to Ti discs of
comparable surface roughness (0.28 ± 0.14 μm). Three cytokines (IL-1β, GM-CSF and IL-13)
gave little to no response under all experimental conditions, while six cytokines (TNF-α, IL-6,
MIP-1α, MCP-1, VEGF, and IL-1ra) were clearly detectable in culture supernatant. Expression
levels generally increased with culture time, Ti particle concentration, exposure to Ti discs,
and lipopolysacchride (LPS) stimulation. Most significantly, it was found that cells treated by
Ti discs produced in many instances a higher cytokine expression than did particles. We
postulate that interrogating monocytes became activated when they attempted to engulf the
features in phagocytable size at the disc surface, resulting in a substantial cytokine expression
profile with and without LPS stimulation. This study also indicates a synergy between materials
stimulation (Ti particles or discs) and LPS stimulation.

Materials and Methods
Ti particles and discs

Ti discs (Advent Research Materials, Oxford, England) with a diameter of 14.00 ± 0.5 mm and
a thickness of 1 mm were shipped in dried condition. Ti particles of 2.6 ± 1.8 μm diameter
(Corpuscubar Inc, New Jersey, USA) were shipped in water. Received discs and particles were
washed in alternating sonicating baths of acetone and ethanol. Discs were placed in a sealed
container of ethanol until use and particles were stored in sterile DI water. Discs and particles
were washed three times with sterilized PBS immediately before use.

Imaging of Ti particles and discs
Images were taken by a Nanoscope IIIa MultiMode Scanning Probe Microscope (Veeco
Instruments Inc., Santa Barbara, CA) using Tapping mode with a J scanner. RTESP probes
(Veeco) were used for imaging in air. All images were collected at a scan rate of 0.3 – 1.0 Hz
and scan sizes of 20 μm. In each experiment, 3–5 AFM images were captured and analyzed to
determine the surface area of disk and particles. A dilute suspension of particles in deionized
water was spread on the loading stub then placed in the desiccator until completely dehydrated.

Limulus Amebocyte Lysate (LAL) test
An Limulus Ambebocyte Lysate Kinetic Chromogenic assay, Endochrome-K, purchased from
Charles River Laboratories (Wilmington, MA), was run on both the Ti particles and Ti discs,
cleaned and uncleaned, according to manufacturer’s instructions. Cleaning involved methanol,
acetone, and DIH2O steps as described above in this section. Reagents were rehydrated and
handled according to the manufacturer’s certificate of analysis. Each sample was assayed in
duplicate. Only labware labeled as non-pyrogenic was used. A standard curve ranging from
5.0 EU/mL to 0.005 EU/mL was prepared. 100 μL of standards, controls, and samples were
pipetted into a 96 well plate. For every sample and negative water control, a 10 μL “spike” of
the 5.0 EU/mL CSE standard was pipetted into separate wells to achieve “spike recovery”
samples, having a final concentration of spike of 0.5 EU/mL. 100 μL of Lysate, a reagent
extracted from circulating amebocytes of the horseshoe crab that interacts with endotoxin to
form a gelatinous clot, was added to every well and the plate analyzed using a SpectraMax M2
plate reader at 37°C ± 1°C for 1 hour. The concentration level of endotoxin in the sample was
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determined by back calculating against the standard curve using the onset time. The onset time
is the time it takes after the addition of reagent for the optimal density to reach a predetermined
optimal density value or the threshold optical density.

Cell Culture
THP-1 human monocytes purchased from Duke Cell Culture Facility (Durham, NC) were
suspended in RPMI 1640 media supplemented with 10% FBS, 50 μM 2-Mercaptoethanol, 1
mM sodium pyruvate, 10 mM Hepes, 4.5 g/L glucose, 100 U/ml penicillin G and 100 μg/ml
streptomycin. 105 cells/mL were cultured on the 24-well tissue culture polystyrene plates
(TCPS) in a fully humidified atmosphere consisting of 95% air, 5% CO2 at 37 °C.

LPS titration
Cells at concentration of 105 cells/mL received dosages of LPS (Escherichia coli; Sigma) at
five concentrations: 0 (negative control), 0.01, 0.1, 1, and 10 μg/mL at the time of seeding.
Phase contrast images were taken at the time point of interruption post-treatment to analyze
potential cell morphological changes due to the different treatment types.

Ti Particles and discs exposure
Each well in the 24-well tissue culture polystyrene plates represented a different treatment
condition. Untreated and lipopolysaccharide (LPS)-stimulated (1 μg/mL) monocytes were
cultured on three surfaces: 1) Ti particles at either 1 mg/mL (high concentration, will be referred
as H-Particle) or 0.1 mg/mL (low concentration, will be referred as L-Particle), 2) Ti discs and
3) tissue culture polystyrene (TCPS) as a control (4 replicates, respectively). Dosages of 1 μg/
ml LPS were used because higher dosages of LPS (>1 μg/mL) led to cell death or disability,
and low LPS dosage (< 0.01 μg/mL) showed little stimulation of cells. At 1, 6, 24, 48, and 72
hours post-treatment, 200 μL of supernatant was sampled from each well, centrifuged to
remove cellular debris, split into 2 of 100 μL aliquots, and frozen at −80°C until assayed. Phase
contrast images of the cell culture were taken at the same time points.

Quantification of Cytokine Concentration
Frozen aliquots of supernatant were analyzed by the LINCOplex detection kits (Linco
Research, Inc., MO) in a Bio-Plex Suspension Array System (Bio-Rad, Hercules, CA). The
Lincoplex assay was shown to produce results comparable with ELISA assay [data is not shown
here]. The following cytokines were measured: Interleukin-1β (IL-1β), Interleukin-6 (IL-6),
Interleukin-8 (IL-8), Interleukin-10 (IL-10), Interleukin-1 Receptor Antagonist (IL-1ra),
Tumor Necrosis Factor-α (TNF-α), Monocyte Chemotactic Protein-1 (MCP-1), Macrophage
Inflammatory Protein-1α (MIP-1α), and Vascular Endothelial Growth Factor (VEGF).

Statistical Analyses
Two-way ANOVA was used to evaluate the differences in the mean values among the treatment
groups. All Pairwise multiple comparison procedures were performed by a Tukey’s post hoc
test. P-values less than 0.05 were considered as representing a significant difference of the
characterization step.

Results
LPS Titration

Figure 1 is a bar graph of the percentage of the original cell seeding density (105 cells/
mL=100%) as a function of culture time and LPS dosage. Cells receiving no LPS proliferated
to over 300% at 72 h post-treatment (data not shown). However, all four concentrations of LPS
prevented cell proliferation, with increased LPS doses producing lower cell populations over
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the length of the experiment. The final population at 72 h was essentially unchanged for the
lowest two dosage of LPS (106.3 ± 0.5% for 0.01 μg/mL and 96.3 ± 0.4% for 0.1 μg/mL),
while the two higher dosages showed substantial cell losses at 72 h (83.8 ± 0.4% for 1 μg/mL
and 73.8 ± 0.2% for 10 μg/mL). Trypan Blue exclusion was used to identify live cells.

LAL Test
The endotoxin concentrations for the as received and cleaned titanium particles and discs are
found in Table 1. All the results are valid because the Percent Recovery of the “spiked” samples
is between 50 and 200% and the correlation coefficient of the standard curve is > 0.98. There
is very little difference in the EU/ml of the cleaned and uncleaned particles or discs. All show
very low levels of endotoxin (LPS).

Cell morphological observation
Figure 2 contains AFM images of the Ti disc surface (a), particles at 1 mg/mL (b) and particles
at 0.1 mg/mL (c). The disc shows surface features with a long axis 0.28 ± 0.14 μm that are
comparable to the size of particles with a long axis of 0.78 ± 0.12 μm. The surface features and
particles are both within the size range of dimensions that macrophages are known to engulf
(≤ 10 μm) [11].

Figure 3 shows phase contrast images of unstimulated and LPS-stimulated THP-1 cells cultured
for 72 hrs on bare TCPS (a and e), Ti particles at 0.1 mg/mL (b and f), Ti particles at 1 mg/mL
(c and g), and Ti discs (d and h). THP-1 cell morphology at 2 hrs post-treatment was found to
be independent of the specific substrate material (bare, particle or disc), while THP-1 cells at
72 hrs post-treatment revealed treatment-dependent morphologies.

Unstimulated THP-1 cells were typically spherical on TCPS and Ti discs at 72 h (Figure 3a
and d). On Ti particles there was increased incidence of cells that were enlarged, spherical and
blackened. This change in color and morphology appears to result from Ti particle engulfment.
Figure 3b and c show that the number of blackened cells was somewhat higher in the wells
with a particle concentration of 1 mg/mL than in wells with a concentration of 0.1 mg/mL.
Figure 3f and g demonstrate that the amount of particles engulfed by monocytes appears to be
roughly constant whether the cells were treated or untreated with LPS.

LPS stimulation induced a number of the THP-1 cells to adopt an elongated morphology that
appeared to be attached to the surface of the culture wells as seen in the Figure 3e [12]. Flattened
cells were also observed with LPS-stimulated monocytes in the presence of Ti particles and
on Ti discs (Figure 3e–h).

Figure 3f and g shows cells subject to both LPS stimulation and Ti particles. Those cells that
have phagocytosed Ti particles, while remaining spherical, show an enlarged radius as well as
a dark cytoplasmic rim; whereas the flattened cells appear to lack internalized particles. A few
of LPS stimulated cells on Ti discs were also similarly enlarged and spherical (Figure 3h).

Cytokine Expression of Unstimulated THP-1 Monocytes
Figure 4 contains bar graphs of nine cytokines and chemokines secreted by unstimulated THP-1
cells cultured on TCPS, Ti particles at concentration of 0.1 mg/ml (L-Particle) and 1 mg/ml
(H-particle), and Ti discs at 1, 6, 24, 48, 72 hrs post seeding. Treatment of unstimulated THP-1
cells with Ti particles and discs induced the secretion of the pro-inflammatory cytokine TNF-
α, the chemokines MIP-1α and MCP-1, and the pro-wound healing cytokine VEGF, and the
anti-inflammatory cytokine IL-1ra. This increased expression of cytokines on Ti particles and
discs compared to TCPS shows that unstimulated THP-1 cells are interrogating Ti in both bulk
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and particulate form. Only trace amounts of IL-1β, IL-6, GM-CSF and IL-13 were detected
under all conditions from unstimulated cells.

TNF-α assayed from unstimulated THP-1 monocytes was detected at every time point under
all conditions (except 1 hr post seeding on TCPS). MIP-1α, MCP-1, VEGF and IL-1ra all
gradually increased expression as a function of time up to 72 hrs. Levels of VEGF and IL-1ra
treated with either 0.1 mg/ml or 1 mg/ml Ti particles were comparable with control TCPS. The
most surprising result was the level of cytokine expression observed with Ti discs, which
exceed the corresponding level of expression of TNF-α, VEGF, IL-1ra, MIP-1α and MCP-1
on TCPS or in the presence of Ti particles.

Cytokine Expression of LPS-Stimulated THP-1 Monocytes
Figure 5 shows expression of the same nine cytokines as in Figure 4, except for LPS-stimulated
cells. LPS-stimulated THP-1 monocytes on TCPS induced the secretion of pro-inflammatory
TNF-α and IL-6, chemokines MIP-1α and MCP-1, pro-wound healing VEGF, anti-
inflammatory IL-1ra, and even a slight increase in pro-inflammatory IL-1β. Expression of
TNF-α, MIP-1α and MCP-1 from stimulated THP-1 cells on particles and discs was increased
about 10 times compared to that from unstimulated THP-1 cells. However, expression of VEGF
and IL-1ra from LPS-stimulated and unstimulated THP-1 cells were roughly comparable on
all surfaces.

TNF-α and MIP-1α were sampled for every condition at all time points from LPS-stimulated
monocytes, and the general trend was for expression levels to increase with time, with the
exception of TNF-α that peaked at 6 hrs culturing time. LPS-stimulation also diminished the
distinction between the expression levels observed with particles and Ti discs.

Effect of Ti particles and discs on unstimulated THP-1 cells
Figure 6 compares the expression levels of the six readily detected cytokines and chemokines
(TNF-α, IL-6, MIP-1α, MCP-1, VEGF and IL-1ra), but for only unstimulated THP-1 cells at
72 h. In all cases, except for IL-6 that was detected only with LPS stimulation (see Figures 4
and 5), the expression levels for Ti discs were significantly higher (p<0.05) than the
corresponding expression levels for Ti particles and bare TCPS. Also note that the expression
of levels MIP-1α and MCP-1 on 1 mg/mL particles was significantly higher than that on 0.1
mg/mL particles; whereas the opposite was observed for VEGF and IL-1ra (p<0.05). TNF-α
showed the same particle-dependent trend as MIP-1α and MCP-1, except the difference was
not significant.

Possible synergism between materials and LPS induced cytokine expression
Table 2 is a listing of the 72 hrs data in Figures 4 and 5 (in pg/mL) for the six readily detected
cytokines and chemokines (TNF-α, IL-6, MIP-1α, MCP-1, VEGF and IL-1ra) that points to a
possible synergism between materials stimulation (Ti particle or disc) and LPS stimulation of
monocytes. “LPS measured,” column (a), lists the expression levels measured from LPS
stimulated cells on TCPS (from Figure 5). “Materials measured,” column (b), lists the
expression levels measured with Ti particles or discs from unstimulated cells (from Figure 4).
“LPS+Materials measured,” column (c) lists the expression levels measured with Ti particles
or discs from LPS stimulated cells (from Figure 5). “% synergism,” column (d), is the
percentage difference between columns (c) and (a)+(b).

A positive synergy was observed for pro-inflammatory TNF-α, IL-6 and MIP-1α. Pro-wound
healing VEGF exhibited a negative synergy overall, while IL-1ra was negative for the low
particle concentration and discs. The percentage differences for MCP-1 were small, suggesting
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no synergy. There were no consistent trends for particles v. discs or low v. high particle
concentrations.

Discussion
This study used the cultured human THP-1 monocyte cell line to explore the cellular
morphology and the temporal cytokine and chemokine expression profiles on particulate and
disc forms of Ti. The cytokines and chemokines selected for this study were stereotypically
pro-inflammatory (IL-1β, TNF-α, MIP-1α, MCP-1, IL-6, IL-13, GM-CSF), anti-inflammatory
(IL-1ra) or pro-wound healing (VEGF) [13].

In general, unstimulated THP-1 cells on TCPS and Ti discs displayed a similar rounded and
undifferentiated morphology (Figure 3a and d); however, a number of THP-1 cells on particles
showed an enlarged, spherical and blackened shape as a result of particle engulfment (Figure
3b and c). It was also interesting that increasing the density of particles also appeared to increase
the incidence of cells that adopted a blackened morphology. LPS stimulation of THP-1 cells
induced activated/differentiated cells, characterized by thin and elongated bodies that appeared
to be attached to the surface of the culture wells (Figure 3e–h). Such morphological changes
are indicative of monocyte activation via Toll-Like-Receptor by LPS [14], lending a visual
analog to the cytokine expression data seen in Figures 5.

Noted by the presence of both flattened and elongated cells, and spherical and blackened cells,
it is clear that cells treated with both LPS and Ti particles were influenced by two different
processes (Figure 3f and g). The amount of particles internalized by monocytes appears to be
roughly constant whether the cells were treated or untreated with LPS (compare Figure 3c and
g), indicating the LPS does not accelerate phagocytosis; however, the larger number of
flattened and elongated cells observed with 1 mg/mL Ti particles indicates (compare Figure
3f and g) that the presence of particles may increase LPS-induced activation of THP-1 cells.
This latter observation suggests a synergistic effect that possibly mimics the engulfment of a
pathogenic particle.

Increased cytokine expression of unstimulated THP-1 cells on Ti discs and particles compared
to TCPS clearly showed that unstimulated THP-1 cells were interrogating Ti in both bulk and
particulate form. TNF-α expression was unique because it peaked at early time points (6 hrs
post seeding) and more or less maintained this level for the length of the experiment. This
observation is consistent with TNF-α’s “alarm cytokine” label arising from its early expression
compared to other pro-inflammatory cytokines that show a later onset of detectable expression
levels (e.g. IL-6). Pro-wound healing VEGF and anti-inflammatory IL-1ra also gradually
increased expression as a function of time up to 72 hrs, which is consistent with the previous
observation that wound healing and anti-inflammatory cytokines are expressed at a delayed
time [15]. Chemokines MIP-1α and MCP-1 also displayed a gradual increase in expression as
a function of time up to 72 hrs.

The effect of Ti particles and Ti discs on unstimulated cells is hard to discern from Figure 4,
but is more apparent in Figure 6 that looks at 72 h expression levels only. Here, the discs
appeared to have a more stimulatory effect on cytokine expression than did particles, and the
dependence on particle concentration was positively correlated in some cases (TNF-α,
MIP-1α, MCP-1) and negatively correlated in others (VEGF and IL-1ra).

LPS stimulation, with or without either Ti particles or discs, caused about a 10-fold increase
in TNF-α, MIP-1α and MCP-1 expression, and caused the appearance of IL-6 expression that
was absent with unstimulated cells. These increased cytokine expression levels can be
attributed to the ability of LPS to increase monocyte activation, which leads to increased pro-
inflammatory cytokine production [16]. However, LPS stimulation did not appear to enhance
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the expression of VEGF and IL-1ra. LPS-stimulation also appeared to diminish the distinction
between the expression levels observed with particles and Ti discs.

The surprising observation that cytokine expression from Ti discs generally exceeded the
expression level on Ti particles may have been influenced by 1) the protrusions observed at
the disc surface (Figure 2) and 2) the different endotoxin level between particles (0.014 EU/
mL) and discs (0.196 EU/mL). Both the Ti particles and the surface features of the Ti discs
were roughly the same size (< 10 μm), and within the range of sizes that macrophages will
attempt to phagocytose (< 10 μm); however, the particles can be engulfed while the surface
features cannot. Consequently, activated macrophages that interrogate but cannot engulf
surface protrusions may give rise to a process of frustrated phagocytosis [17] and a concomitant
increase in cytokine production [10]. This is also supported by the appearance of clearly
activated cells on the Ti disc surface (Figure 3h).

The endotoxin level on discs were about 14 times higher than that on particles even though
endotoxin levels of both particles and discs were much lower than the level considered to be
safe for implantable device as per the FDA [18]. This difference in endotoxin level might have
caused the cytokine expression from unstimulated monocytes on discs to exceed the expression
level on particles, although this difference between particles and discs was less pronounced in
LPS stimulated monocytes. Note that the difference in intrinsic endotoxin level between
particles and discs are trivial in the LPS stimulated monocytes.

The surfaces of Ti discs and substrates decorated with Ti particles were characterized by
scanning AFM of 100 × 100 μm2 areas. The surface area of the Ti discs and Ti particles
calculated from line integration of scanned data yield 11685.3 ± 493.1 μm2 and 10456.0 ±
126.7 μm2. The feature density on the Ti disc determined by image thresholding was
approximately 8 times lower than was the particle density for low and high Ti particle
concentration.

Finally, this study suggested the possibility of a synergistic relationship between endotoxin
(LPS) stimulation and material stimulation that arises from the presence of either Ti particles
or Ti discs. Table 2 is an attempt to extract this information from the 72 hrs cytokine expression
data in Figures 4 and 5. A positive synergy in column (d) meant the experimentally measured
effect in the presence of materials (Ti particles or discs) and LPS stimulation was larger than
the sum of the two effects measured separately. A negative synergy meant the opposite.
Expression of pro-inflammatory cytokines TNF-α and IL-6 and the chemokine MIP-1α were
synergistically increased when the THP-1 cells were cultured with LPS stimulation with
particles and discs, while expression levels of pro-wound healing VEGF and anti-inflammatory
IL-1ra were adversely affected by the combination of materials and LPS stimulation. No
synergy was observed for MCP-1. These observations are consistent with a cytokine expression
profile stimulated by macrophage that engulfs a pathogenic particle (LPS + material), i.e.
enhanced expression of cytokines and chemokines that stimulate the inflammatory response,
and suppressed expression of cytokines and growth factors that are anti-inflammatory or that
promote post-inflammation events.

Conclusions
This in vitro study explored the cellular morphology and characterized the temporal cytokine
expression profile from human THP-1 monocytes exposed to phagocytosable Ti particles (2.6
± 1.8 μm) and to Ti discs of comparable surface roughness. Followed by microscopic images,
cytokine expression data show treatment of unstimulated THP-1 cells with Ti particles and
discs induced the secretion of the cytokines indicating that unstimulated THP-1 cells are
interrogating Ti in both bulk and particulate form. Expression levels generally increased with
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culture time, particle concentration, and LPS stimulation. Internalization of particles appears
to be roughly constant regardless of LPS stimulation. The larger number of flattened and
elongated cells however observed with Ti particles indicating that the presence of particles
may increase LPS-induced activation of THP-1 cells. This observation relates to the proposed
synergistic effect of between LPS and materials induced cytokine expression. The most
surprising finding was the high cytokine expression of the monocytes on the discs.
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Figure 1.
Bar graph of the percentage of the original cell seeding density as a function of culture time
and LPS dosage. Cell population (105 cells/mL) at the time of seeding was considered as 100%.
Different amounts of LPS (0–10 μg/ml) were added directly into the culture media at a time
of cell seeding. Trypan Blue exclusion was used to identify live cells.
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Figure 2.
Atomic force microscope of Ti disc (a), particles at 1 mg/mL (b) and particles at 0.1 mg/mL
(c) used in the study. The disc shows surface features with a long axis of 0.28 ± 0.14 μm that
are comparable to the size of particles with a long axis of 0.78 ± 0.12 μm. Black arrows in the
images correspond to the line scans in the lower boxes.
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Figure 3.
Phage contrast cell images of THP-1 cells cultured for 72 hrs on TCPS (a and e), Ti particles
at 0.1 mg/mL (b and f) and at 1 mg/mL (c and g), and Ti discs (d and h). The top panel(a, b, c
and d) shows unstimulated cells and the bottom panel (e, f, g and h) shows LPS-stimulated
cells (1 μg/mL LPS). Circles in the (b) and (c) demonstrate the blackened THP-1 cells resulted
from Ti partilce engulfment. Note that cell density of images may not be representative because
the cell distribution of suspended THP-1 cells in the rounded culture wells are not homogeneous
along the substrates mainly caused by centrifuge force.
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Figure 4.
9 cytokine expression by unstimulated THP-1 cells cultured on TCPS, Ti particles at
concentration of 0.1 mg/ml and 1 mg/ml and Ti discs after 1, 6, 24, 48, 72 hrs. Data are presented
as means ± SEM and performed in triplicate. N.D. is non-detectable.
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Figure 5.
9 cytokine expression by LPS (1 μg/ml) stimulated THP-1 cells cultured on TCPS, Ti particles
at concentration of 0.1 mg/ml and 1 mg/ml and Ti discs after 1, 6, 24, 48, 72 hrs. Data are
presented as means ± SEM and performed in triplicate. N.D. is non-detectable.
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Figure 6.
Cytokine expression at 72 hrs by unstimulated THP-1 cells cultured on TCPS, Ti particles at
concentration of 0.1 mg/ml and 1 mg/ml and Ti discs. Data are presented as means ± SEM and
performed in triplicate. Two-way ANOVA were performed to test significance p<0.05
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