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ABSTRACT The increasing use of micro- and nanostructured silicon-based devices for in vivo therapeutic or
sensing applications highlights the importance of understanding the immunogenicity of these surfaces. Four
silicon surfaces (nanoporous, microstructured, nanochanneled, and flat) were studied for their ability to provoke
an immune response in human blood derived monocytes. The monocytes were incubated with the surfaces for 48 h
and the immunogenicity was evaluated based on the viability, shape factors, and cytokine expression. Free radical
oxygen formation was measured at 18 h to elicit a possible mechanism invoking immunogenicity. Although no
cytokines were significantly different comparing the response of monocytes on the tissue culture polystyrene
surfaces to those on the micropeaked surfaces, on average all cytokines were elevated on the micropeaked surface.
The monocytes on the nanoporous surface also displayed an elevated cytokine response, overall, but not to the
degree of those on the micropeaked surface. The nanochanneled surface response was similar to that of flat silicon.
Overall, the immunogenicity and biocompatibility of flat, nanochanneled, and nanoporous silicon toward human
monocytes are approximately equivalent to tissue culture polystyrene.
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he application of micro- and nano-

technology to the biomedical arena

has tremendous potential in terms
of developing new therapeutic modalities.
Microelectronic process engineering was a
discipline that developed owing to the
rapid growth of the integrated circuit indus-
try. Traditionally, microelectromechanical
systems (MEMS) research has been used to
produce functional devices on the mi-
crometer scale, such as sensors, switches, fil-
ters, and gears, from silicon, the dominant
material used throughout the IC industry.
These devices are fabricated by the re-
peated application of unit process steps
such as thin-film deposition, photolithogra-
phy, and etching, which allow for the pre-
cise control over micro-/nanoarchitecture.
Many silicon-based devices, such as im-
plantable sensors'? and devices for drug
delivery,®>™ as well as electrical
stimulation,®™® are already in consideration
for use within the human body. There are
other numerous examples of MEMS-based
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biomedical devices.’ '8 Silicon itself is not
typically regarded as a biomaterial that
could directly interface with living tissue;
therefore these implants and their circuitry
are usually completely isolated from the
body utilizing other materials for packag-
ing such as a titanium, polymers, or
ceramics.

With the development of such novel mi-
cromachined systems, it has become in-
creasingly important to both understand
and control responses at the biological in-
terface of these devices. To achieve such
control, biomaterials can be topographi-
cally modified at their surface in order to
modaulate biological interaction. Micro- and
nanostructured silicon, such as porous and
nanowired silicon, has previously been em-
ployed as a foundation for sensor
technology.'®™ It has been shown that to-
pographically modified silicon can illicit
specific physiological responses within the
body, from bioactivity®®~>' to
biodegradation.> 3¢ These material proper-
ties can potentially be exploited for numer-
ous medical applications including tissue
engineering,®”~*? and drug delivery.3374¢

Studies have been performed on the
biocompatibility, biofouling, and tissue re-
actions to silicon-based material,*”~>° as
well as topographically modified nano- and
microstructured silicon.>' 7 However, rela-
tively little is known about the immunoge-
nicity of these materials. Traditionally, bio-
compatibility refers to the performance of a
material in the appropriate realm for a given
application,”® usually by testing the viabil-
ity of one or more cells or tissues in contact
with the surface. In contrast, immunogenic-
ity of a material encompasses not only the
response of immune cells to the surface, but
also the cellular signals released that may
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Figure 1. Scanning electron images of structured silicon surfaces: (A) nanoporous Si, scale bar = 200 nm; (B) nanochan-
neled Si, scale bar = 1 um; (C) micropeaked silicon, scale bar = 10 um.

initiate immune cell migration and encapsulation, or in-
flammation. A small number of studies have been per-
formed with immune cells on silicon surfaces or silane-
modified surfaces,”®°° as well as the toxicity and
inflammatory response toward silicon nanoparticles.®’
However, no extensive research has been performed on
the immunogenicity of micro- and nanostructured sili-
con surfaces. Ultimately, understanding the immunoge-
nicity and inflammation response of bulk, microma-
chined, and topographically modified silicon will help
in discerning how implanted silicon-based devices can
be optimized to elicit a desired biological response.

In this study human blood-derived monocytes were
seeded on nanoporous, micropeaked, nanochanneled
and flat silicon (Figure 1). Primary monocytes were cho-
sen because of their well-characterized cytokine expres-
sion. Immortalized macrophage cell lines (e.g., RAW)
have also been characterized in literature; however
their expression levels differ from primary derived
monocytes®® and in the field of immunology it is com-
monplace to use primary derived cells. Live/dead ratios,
cell shape factors, and a 10 panel cytokine profile (IL-1a

TABLE 1. Cytokine Definitions for Inflammation Panel Results in Table

and B, IL-12, IL-6, TNF-¢, IFN-ae and -y, MIP-1« and 8,
and anti-inflammatory IL-10 and IL-6) were integrated
to determine the immunogenicity of the bulk, microma-
chined, and topographically modified silicon surfaces.
Reactive oxygen and superoxide species were moni-
tored in monocytes on the silicon surfaces to explore a
possible mechanism for surface immunogenicity. A
definition of these cytokines and free-radical species is
given in Table 1.

RESULTS AND DISCUSSION

Cell Viability and Morphology on Silicon Surfaces. Evaluating
cell viability is important for the application of silicon-
based biomedical devices in vivo. High amounts of non-
regulated cell death, in conjunction with a foreign ma-
terial, can lead to a heightened inflammation response,
resulting in a broad chronic inflammation and perhaps
a nonspecific systemic attack of other cells and
tissues.®> ¢ The percent of live cells is given in Figure
2. The highest percent of live cells is on the flat silicon
with the nanochanneled silicon only a fraction lower,
97.4 = 6.0% and 89.8 * 16.4%, respectively. The per-

3 63,64

Cytokine Expression

description pro-inflammatory?
- Produced in response to cell injury to induce apoptosis. yes
IL-1B Involved in cell proliferation, differentiation and apoptosis. yes
IL-6 Linked to an antiwound healing response through promotion of local inflammation including cellular activation sometimes
and immune cell chemotaxis. Down regulates pro-inflammatory cytokines IL-1and TNF-cv.
IL-10 Regulates pro-inflammatory cytokines like IFN--y, IL-2, IL-3, TNF-c and GM-CSF but can be sometimes
stimulatory toward T-cells, mast cells, and B cells.
IFN-o Traditionally expressed in response to viral infections. yes
IFN-y Activates macrophage and natural killer lymphocytes. yes
TNF-ot Causes apoptotic cell death, cellular proliferation, differentiation, and inflammation. yes
IL-12 Stimulates the growth and function of T cells. yes
MIP-Tcx Promotes chemotaxis of immune cells, including macrophages. yes
MIP-1B Promote immune cell chemotaxis and induces the synthesis and release of other pro-inflammatory cytokines. yes

Free-Radical Oxygen Species Formation

acronym species detected

ROS hydrogen peroxide (H,0,), peroxy radicals (RO0®),
peroxynitrite (OONO-) oxides

mitochondrial superoxide mitochondrial superoxide anions (®0,-)

www.acsnano.org

description

Free radical oxygen ions formed through a variety of methods including UV
activation, dissolution of material, hydro-phobic/phillic interactions, and red-ox
cycling. Can overtake the cells natural antioxidant defense and lead to
cellular inflammation and release of pro-inflammatory cytokines.

(Can be formed by incomplete cellular respiration during healthy cell activity.
Serves as a sign of overwhelming ROS formation.
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Figure 2. The percentage of live monocytes adherent to the surface
of the micro- and nanomaterials. Adherent monocytes were stained
with propidium iodide to indicate cell death and CellTracker Green
CMFDA to indicate live cells. Cells were imaged after 48 h of cultur-
ing on the surface. Data is presented as average plus or minus stan-
dard error mean. Data is in the absence of statistical significance.
Sample size, n = 3. Monocytes were derived from three or more
blood donors of varying ethnic background.
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Figure 3. Area (A) and circularity (B) for adherent monocytes on na-
nomaterials. Area and circularity measurements were measured us-
ing ImageJ by manually tracing the cells outline as imaged fluores-
cently with CellTracker Green CMFDA. Cells were analyzed after 48 h
of culturing on the surface. An increase in cell area and a decrease in
cell circularity are indicative of monocyte activation or stimulation.®®
Data is presented as average plus or minus standard error mean. Data
is in the absence of statistical significance. Sample size, n = 3. Mono-
cytes were derived from three or more blood donors of varying ethnic
background.

cent live cells on nanoporous and micropeaked silicon
were both approximately 70%.

Cell area and circularity measurements are pre-
sented in Figure 3. Figure 3a represents the area of the
cell in square micrometers and Figure 3b presents the
nondimensional value of circularity. A circularity value
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TABLE 2. Cytokines Released by Monocytes Incubated
with Nanomaterial®

I 1B NF-a IFN- IFN-y

Si flat 52%% <6** 8** 39*% 20%*
nanoporous Si 56** 30% 12%* 39* 15%*
nanochanneled Si 52%* 41%* 12%*S 54 16%*
micropeaked Si 88 113%* 33%* 58 58*
LPS 92 714 160 72 155
TCPS 51 60 14 33 17
media 54 14 <3 38 <2

IL-12 IL-10 IL-6 MIP-1 MIP-13
Si flat 148** 45%* 317 65%* 83**
nanoporous Si 187%* 133%* 845* 114** 157%*%
nanochanneled Si 156%* 33 69% S,/ 65%* 121%* S
micropeaked Si 334%* 187** 2,211* 380** 523**
LPS 1374 4595 59100 16551 12722
TCPS 134 26 69 57 116
media 12 14 2 10 <16

“Concentrations are presented in pictograms per milliliter. Significance is reported
with respect to tissue culture polystyrene (bold), lipopolysaccharide (), silicon (S),
and nanoporous silicon (7). A single indication (e.g., *) denotes a p-value < 0.05
and a double indication (e.g., =) indicated p-value << 0.01. Sample size: n = 3.
Monocytes were derived from four or more blood donors of varying ethnic
background.

of one indicates the cell is a perfect circle. A value less
than one indicates a noncircular or spread shape. On av-
erage, the monocytes are larger in area and less circu-
lar on the micropeaked surface than on the other sur-
faces, indicating the cells are more spread on the
micropeaked surface.

Monocyte morphology is one of the earliest conse-
quences of activation. Morphology can change under
various types of stresses, including contact with mate-
rial surfaces. Cell morphology was examined here using
scanning electron microscopy. Images of monocytes
on the material surface are presented in Figure 4: (A) Si
flat, (B) nanoporous Si, (C) nanochanneled silicon, (D)
micropeaked silicon, (E) LPS, and (F) tissue culture poly-
styrene (TCPS). The monocytes on all surfaces display,
to an extent, morphology associated with monocyte ac-
tivation. The activated cells have increased plane area,
are more spread, and display migratory ruffles or
pseudopodia associated with cytoplasmic spreading.
One exception is the monocytes cultured on the micro-
peaked surface. Although these cells are larger in size
and display increased ruffling of the membrane surface,
they remain spherical in shape.

The cellular response to planar and nanoporous sili-
con has been studied in literature, though biocompati-
bility varies with cell type. Bayliss et al. concluded that
planar silicon®* and nanoporous silicon®? are both bio-
compatible, for CHO and B50 cells, in terms of greater
cellular adhesion,”*®” and that the cells preferred grow-
ing on nanoporous silicon in comparison to control
glass surfaces.®” Porous silicon was also deemed bio-
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TABLE 3. ROS Superoxides and Oxygen Free Radicals
Mean Fluorescent Intensities Normalized with Respect to
Tissue Culture Polystyrene (TCPS)“

reactive oxygen species superoxide species
Si flat 135 £ 29% 92 * 4%
nanoporous Si 87 = 8% 73+ 2%
nanochanneled Si 104 + 7% 71+ 9%
micropeaked Si 4055 = 1156% S* 37 £ 4%
LPS 272 = 65% 164 = 39%
TCPS 100 = 56% 100 = 3%

“Significance with respect to the flat silicon (S) and TCPS (). Data is presented as
average plus or minus standard error mean. Sample size: n = 3. Monocytes were de-
rived from three or more blood donors of varying ethnic background.

compatible with hepatocytes, based on their protein re-
lease.> Here, findings indicate that monocytes react
differently to silicon surfaces than other cell types. Cells
with increased area and decreased circularity indicates
activation or stimulation of the monocyte.®® This is in
contrast to traditional adherent cell studies where an in-
crease in cell area is indicative of increased viability.
On the basis of the area and circularity of monocytes
micro- and nanostructured surfaces do not significantly
promote an inflammation response in vitro.

Cytokine Release From of Monocytes on Silicon Surfaces. The
summary of the cytokine analysis is presented in Table
2. All cytokine values are significantly different from
the LPS positive control except IL-1a and IFN-« for the
micropeaked silicon surface and IFN-a for the
nanochanneled silicon. For nanochanneled silicon the
amount of TNF-a and MIP-1 expressed by monocytes
is significantly higher than those on the flat silicon sur-
face, while IL-6 is significantly less than flat silicon. All
expression levels for LPS, except TNF-q, are significantly
higher than tissue culture polystyrene. For flat silicon,
the values of IL-1B, and TNF-« are significantly lower,
and those for IL-6 are significantly higher than those for
TCPS. The values of expression for IL-1 is significantly
lower, and those for IL-6 and MIP-1« are significantly
higher than the expression on TCPS compared to
nanoporous silicon.

The silicon micropeaked and nanoporous surfaces
appear to be the most immunogenic of the four sur-
faces, with micropeaked silicon being the most immun-
ostimulatory with high levels of IL-1, TNF-«, MIP-1, and
IL-12. However, both surfaces had wide variation in
their three sample results, resulting in broad standard
deviations that were not larger than the sample aver-
age. Furthermore, it was found that cell viability is low-
est and monocyte area is highest on the micropeaked
surface.

For percent live, cytokine, and shape analysis, the
nanochanneled silicon surface appears to be most simi-
lar to the flat silicon. The two cytokines that do not fol-
low this trend are IL-6 and MIP-1. IL-6 production is al-
most three times greater from monocytes on the flat
silicon surface, and the MIP-13 concentration is signifi-

www.acsnano.org

Figure 4. Scanning electron images of monocytes adhered to
the biomaterial surface: (A) Si flat, (B) nanoporous Si, (C)
nanochanneled Si, (D) micropeaked silicon, (E) LPS, and (F)
TCPS. Scale bar = 20 um. The activated cells have increased
spreading and area. Often migratory ruffles or pseudopodia
are displayed during activation. Monocytes were derived from
three or more blood donors of varying ethnic background.

cantly higher in the nanochanneled supernatant. IL-6
production is higher after monocytes adhere to the sur-
face®® and can possess chemotactic properties for vari-
ous nonimmune cells types.”® MIP-18 is a chemotactic
for many inflammatory cells including T-cells, NK cells,
macrophages, and monocytes.”"

The previous studies involving silicon and inflamma-
tion or toxicity are focused on silicon-based nanoparti-
cles,”? bacteria,”® plants,”* or macrophage/monocyte
giant cell formation on silicon or silane-modified
surface.**®° Liao and Cui concluded that neuro-
inflammatory cytokine production was reduced with
aptamer coating of the silicon surface.”® The toxicity of
neuroblastomas on silicon was correlated to the manu-
facturing process, rather than the material itself.”® In-
deed, residual silver on the surface of our micropeaked
silicon after processing might also be a factor in the
higher inflammation response observed with this sur-
face. Silver has been shown to be severely cytotoxic.””
In fact, X-ray photoelectron spectroscopy results (data
not shown) indicate that micropeaked surfaces did pos-
sess some elemental impurities.

Despite the elevated inflammatory cytokines on es-
pecially the micropeaked surfaces, none of the sur-
faces are as inflammatory as the positive control li-
popolysaccharide. The repeated saccharide structure
of the bacterial-coated sugar causes receptor coupling
on the monocyte surface, resulting in activation.”® On
the basis of the average expression of inflammatory cy-
tokines, the LPS-stimulated monocytes are about 400%
more inflamed than the monocytes on the micrope-
aked surface. The inflammatory cytokines released from
monocytes on the negative control tissue culture poly-
styrene surface are roughly half the values of those ex-
pressed from monocytes on the micropeaked surface.
Similarly, the LPS stimulated monocytes are approxi-
mately 950, 850, 750, and 850% more activated than
the monocytes on the flat, nanochanneled, and nanop-
orous silicon and tissue culture polystyrene,
respectively.

Relatively few studies have observed a panel of in-
flammatory cytokines in response to material micro- or
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Figure 5. Time course of reactive oxygen species (a) and mi-
tochondrial surperoxide (b) species in micropeaked silicon
and tissue culture polystyrene surfaces. Reactive oxygen
species can serve as an indicator of immunogenicity,
wherein they overtake the cells antioxidant response lead-
ing to mitochondrial perturbations and superoxide forma-
tion. Data is presented as average, with the error bars denot-
ing the value of standard error mean in either the positive
or negative direction. An asterisk () denotes significance
with respect to tissue culture polystyrene. Reactive oxygen
species formation was measured through flow cytometry
with fluorescent dye carboxy-H,DCFDA. Mitochondrial su-
peroxide expression was measured with MitoSOX red with
flow cytometry. Sample size: n = 3. Monocytes were derived
from three or more blood donors of varying ethnic
background.

nanostructure. One such study observed that macroph-
ages on nanofibrous polytetrafluoroethylene (nPTFE)
show immunogenicity similar to tissue culture polysty-
rene, with no cytokines significantly elevated in the
comparison.”® It would appear that in contrast to high
concentrations of nanoparticles’? in contact with cells,
micro- and nanostructured silicon surfaces are less likely
to significantly stimulate the immune system.

Reactive Oxygen Species Formation of Monocytes on Silicon
Surfaces. The time course of reactive oxygen species
and mitochondrial superoxide are presented in Figure
5 panels a and b, respectively. All oxide species are pre-
sented as mean fluorescent intensities. The oxide spe-
cies were monitored at the one, eight, sixteen, and
twenty-four hour time points to determine the opti-
mum time point for monitoring. The highest reactive
oxygen species were detected at the sixteen hour time
point, with the lowest mitochondrial superoxide con-
centration also at that point. At this time point, sixteen
hours, all the other surfaces were evaluated (Table 3).
Both the mitochondrial superoxide and reactive oxygen
species are less on the nanoporous surface compared

A“t%\&) VOL.2 = NO.5 = AINSLIE ET AL.

to the flat silicon surface. The micropeaked silicon sur-
face displayed the greatest reactive oxygen species at
this time point.

Reactive oxygen species formation has been indi-
cated as a predictor of inflammation in macrophages
cultured with nanoparticles.”2° Once the cell’s antioxi-
dant defense is overtaken with reactive oxygen spe-
cies, the cell experiences oxidative stress and can re-
lease inflammatory or danger signals®' to promote the
migration of immune cells to the site of immunogenic-
ity. Some of the common causes of reactive oxygen spe-
cies formation are active electron configurations, UV ac-
tivation leading to radical formation, dissolution of
material, hydro-phobic/phillic interactions, and
reduction—oxidation cycling.”? In this study we ob-
served four common types of reactive oxygen species.
The reactive oxygen species detected with carboxy-
H,DCFDA were hydrogen peroxide (H,0,), peroxy radi-
cals (ROO®), and peroxynitrite (OONO-) oxides. Mito-
chondrial superoxide anions (®0,-) were monitored
with the mitoSOX dye. Mitochondrial superoxides are
usually formed during normal cellular respiration at a
frequency of about 1—3% (Invitrogen). A high amount
of mitochondrial oxidative species can indicate loss of
mitochondrial potential®” or an overwhelming of the
cells antioxidant defense by ROS species.®® Low
amounts of reactive oxygen species can promote cell
proliferation. High amounts can be cytotoxic and in fact
immune cells use superoxide, and nitric oxide’s reac-
tive product peroxynitrite, to attack and kill invaders.®*
Additionally, reactive oxygen species can be used to de-
grade material surfaces.®®

For the flat, nanoporous, and nanochanneled sili-
con, the reactive oxygen species is relatively low and
does not follow the same trend with regard to expres-
sion of elevated inflammatory cytokines as do nanopar-
ticles. Additionally, the number of dead cells on the sur-
faces does not seem to be linked to reactive oxygen
species. The nonstatistically significant changes in area
of the cell from surface to surface seem to be the only
measured parameter that follows the same trend as the
reactive oxygen species. Monocytes on all four sur-
faces seem to be minimally affected by the formation
of mitochondrial superoxides, since all values are lower
than on the negative control, tissue culture polysty-
rene. This seems to imply that although reactive oxy-
gen species are present, they are not overwhelming
enough to lead to mitochondrial perturbation.®® The re-
active oxygen species appear to be greatly affected by
the micropeaked surface. The reactive oxygen normal-
ized mean fluorescent intensity is elevated on the
micropeaked surface. It appears that reactive oxygen
species formation on micro- and nanostructured bulk
materials is not necessarily a prerequisite for inflamma-
tion as proposed for nanoparticles.”?

The ultimate goal in bioengineering the material
interface of an implant is to make the device less sus-
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ceptible to the host foreign body response and thus,
failure. The foreign body response is characterized
by protein adhesion and cellular adherence, result-
ing in a mass transfer barrier on the order of 10 to
100 wm over the course of 30 days or less.°® Nano-
materials have been implicated as one of the many
ways to reduce the foreign body response.3*%> A
common component of this response is the pres-
ence, adherence, and response of monocytes at the

METHODS

All chemicals were purchased from Sigma (St. Louis, MO) ex-
cept where indicated.

Surface Preparation. Flat Silicon. Three inch p-type <100>, front-
side polished, back-side etched, wafers were purchased from Ad-
dison Engineering (San Jose, Ca). Wafers were diced into 1 cm
X 1 cm squares for experimental use or for further processing.

Nanaporous. Nanoporous silicon was formed by electrochemi-
cal anodization as previously described by Foraker et al.?® A
custom-made polypropylene anodization tank was filled with
50 mL of 49.7% hydrofluoric acid (HF) and 100% ethanol (1:1 by
volume). Please note that HF is extremely dangerous and can
cause severe burns and reacts with calcium from bones and
other tissues; special care should be taken when handling. Plati-
num was used as a cathode and a 1 cm X 1 cm square of flat sili-
con as the anode. Porosification exclusively took place along
the anodic side of the silicon wafer. Anodization was performed
with a voltage of 6 V and a current of 0.5 A for 20 min. After an-
odization the porous silicon was extensively rinsed in deionized
(DI) H,0 and dried with nitrogen.

Micropeaked Surface. Micropeaked silicon surfaces were fabri-
cated utilizing a modified electroless metal deposition process
and chemical etching.?®#7#8 Silicon squares (1 cm X 1 cm) were
chemically etched in an aqueous solution of 3.0 M HF and 14.0
mM AgNO;. Etching was performed at 50 °C for 60 min. The
samples were then placed in dilute nitric acid (1:9 v/v in DI H,0)
for 4 days to remove the silver coating and then dried with
nitrogen.

Nanochanneled Surface. The nanochanneled surfaces were fabri-
cated as previously described.? Briefly, a supporting ridge struc-
ture was etched into a 400 wm-thick, 100 mm-diameter, double
side polished (100)-oriented silicon wafer and then a low stress
silicon nitride layer was deposited as an etch-stop layer. A poly-
silicon film, acting as the base structural layer (base layer), was
deposited on top of the etch-stop layer. Holes were then etched
into the base layer to define the overall shape. The holes were
etched through the polysilicon by chlorine plasma, with a ther-
mally grown oxide layer used as a mask. The pore sacrificial ox-
ide was then grown on the base layer, to determine the pore size
in the final membrane. Anchor points were etched through the
sacrificial oxide and the plug polysilicon was deposited to fill in
the holes. The plug layer was then planarized down to the base
layer, leaving the final structure with the plug layer only in the
base layer openings. A protective nitride layer was then depos-
ited on the wafer, completely covering both sides of the wafer.
This layer is completely impervious to KOH chemical etch. The
wafer was placed in an 80 °C KOH bath to etch. After the silicon
was completely removed up to the membrane, the protective,
sacrificial, and etch stop layers were removed by etching in HF.

Monocyte Isolation. Human blood was collected from three or
more normal healthy individuals of varying race and age in K2
EDTA vacuette blood collection tubes (Greiner). The blood was
maintained for a short period of time on ice before isolating the
monocytes via the adherent method as outlined in Current Pro-
tocols in Immunology.’ Briefly, the blood was diluted to twice
the volume with phosphate buffer solution (PBS), and
HISTOPAQUE-1077 (Sigma) was added. The gradient/blood/PBS
mixture was then centrifuged at 2000 RPM for 30 min at 20 °C,
with no brake. The peripheral blood mononuclear cell (PBMC)
layer was isolated and washed two times with Hank's balanced
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material surface. In this study it has been shown
that the immunogenicity and biocompatibility of
flat, nanochanneled and nanoporous silicon toward
human monocytes are approximately equivalent to
tissue culture polystyrene. The micropeaked surface
is more immunogenic than all of the other evaluated
surfaces. Also, the formation of reactive oxygen spe-
cies is not a perquisite for inflammation in silicon-
based surfaces.

salt solution (HBSS) with calcium and magnesium. The PBMC’s
were seeded on to T-75 culture flasks at a density of 2 X 107
cells/flask in RPMI with Glutamax (Gibco), 10% fetal bovine se-
rum (Gibco), and 1% antibiotic/antimycotic (Sigma). The cells
were placed in the incubator for 3 h, after which time, the super-
natant media was aspirated off and fresh media was added.
The monocytes remained attached to the surface of the flask
during the aspiration process. Cells were maintained in culture
for 24 h or less prior to seeding on surface.

Live/Dead Analysis. Freshly isolated monocytes were seeded on
UV-treated nanomaterials surfaces at a concentration of 1 X 10°
cells/mL in sterile 12- or 6-well plates. The cells were seeded at
a density of 5 X 10° cells/cm?. After 48 h the supernatant was re-
moved for cytokine analysis and the surfaces were placed into a
new well plate and stained according to manufacturer’s direc-
tions. Adherent monocytes were stained with propidium iodide
(Invitrogen) to indicate cell death and CellTracker Green CMFDA
(5-chloromethylfluorescein diacetate; Invitrogen) to indicate live
cells. The monocytes were then imaged on an Olympus BX60
fluorescent microscope. The percentage of dead cells was mea-
sured by counting the number of dead cells in 3—5 distinctive
view fields on each of the three surfaces in that sampling and di-
viding it by the number of live cells. The area and circularity cal-
culations were calculated by manually tracing the live fluores-
cent cell outline with ImageJ (National Institutes of Health;
Bethesda, MD). From each of the three surface samples for that
particular group, up to six cells were imaged in each of the one
to three distinct views on the surface. Overall, an n of 3 was used
for each area and circularity measurement.

Flow Cytometry. Flow cytometry was used to quantify the mean
fluorescent intensity (MFI) for the reactive oxygen analyses. Cells
were detached from the surface either with 0.02% EDTA in PBS*°
or 0.25% trypsin. All samples were run in through a BD FACS Cal-
ibur. The live cell population was gated to include all PMBCs.

Monocyte Identification. The isolated monocytes were stained
with anti-CD-14-FITC (MY4-FITC; Beckman Coulter) as per manu-
facturer’s directions. The percentage of monocytes was identi-
fied by excitation in the FITC emission wavelength. (Data not
shown.)

Reactive Oxygen Species. To determine the optimum time point
for reactive oxygen species (ROS) measurement, a time course
was taken. On the basis of the cytokine analysis, two surfaces
were selected for the time course, a high (micropeaked silicon),
and low (tissue culture polystyrene) level immunogenic surface.
These surfaces were measured for both cellular ROS and mito-
chondrial superoxide production at 1, 8, 16, and 24 h time points.
From this set of experiments, it was determined that the maxi-
mum ROS activity occurs at the 16 h time point.

Reactive oxygen species detection is based on 5-(and-6)-
carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy-
H,DCFDA). In the presence of ROS, carboxy- H,DCFDA forms
fluorescent carboxy-DCF. After staining the cells were detached
and resuspended in PBS and fixed with 3.7% paraformaldeyde.
The cells were then analyzed with flow cytometry. The intensity
of the dye was characterized by the MFI and normalized to the
TCPS.

Because fixed cells become permeable, imaging of live
stained cells with fluorescent microscopy was performed to en-
sure that dye did not leach from the fixed monocytes. In this
comparison, the same trends with respect to monocytes on all

f AN
VOL.2 = NO.5 = 1076-1084 = 2008 ACSNJANIC

.

)

=4

1081



1082

surfaces were observed, concluding that dye did not leak from
the permeable cells. (Data not shown.) The overall fluorescence
intensity was not observed to be identical with fluorescent mi-
croscopy; however, this would be expected since flow cytome-
try is considered a more precise measurement tool of
fluorescence.

Mitochondria are the main intercellular source of ROS. For-
mation of mitochondrial superoxide was detected by MitoSOX
red (Invitrogen). MitoSOX red reagent is oxidized by superoxides
and in doing so binds to nucleic acids in the cell and fluoresces.
The cells were stained in accordance with Invitrogen’s protocol.
The cells were fixed with paraformaldeyde and analyzed with
flow cytometry. The intensity of the dye was characterized by
the mean fluorescent intensity (MFI) and normalized to the TCPS.

Cytokine and Chemokine Analysis. Luminex testing was provided
by BioSource Cytokines & Signaling (Invitrogen) using a Lu-
minex 100 instrument from Luminex Corporation (Austin, TX).
For these measurements, the cytokine profile of lipopolysaccha-
ride (LPS; Sigma; 1 wg/mL) served as a positive control to deter-
mine the maximum inflammatory response of monocytes. LPS is
a major constituent of the cell wall of a gram-negative bacteria,
is highly immunogenic, and is one of the best activators of
monocytes/macrophages.®® LPS was added to monocytes grown
on tissue culture polystyrene to establish a positive control in
which to compare the cytokine release of monocytes on the sili-
con surfaces. For each of the cytokine or chemokine, the super-
natant from three surfaces was analyzed. The proteins to be ana-
lyzed were selected based on those significantly higher or lower
in monocytes stimulated by LPS, as determined with microar-
ray.”" The pro-inflammatory cytokines chosen were Interleukin-
one a (IL-1a), IL-1B, tumor necrosis factor a (TNF-a), interferon
gamma (IFN-y), IFN-q, IL-6 and IL-12; the anti-inflammatory cy-
tokines: IL-6 and IL-10; and chemokines, macrophage inflamma-
tory protein-1a and -1 (MIP-1a and MIP-1).5364

Surface Analysis and Imaging. Scanning Electron Microscopy: Fixing and
Imaging. Cell morphology on different silicon surfaces was ex-
amined using SEM. The surfaces were imaged after 48 h of
culture to investigate the morphology. Prior to imaging, the
cells were fixed and dehydrated. The surfaces were rinsed
twice in PBS and then soaked in the primary fixative of 3% gl-
utaraldehyde (Sigma), 0.1 M of sodium cacodylate (Poly-
sciences), and 0.1 M sucrose (Sigma, ST. Louis MO) for 72 h.
The surfaces were subjected to two five-minute washes with
a buffer containing 0.1 M sodium cacodylate and 0.1 M su-
crose. The cells were then dehydrated by replacing the buffer
with increasing concentrations of ethanol (35, 50, 70, 95,
100, and 100%) for ten minutes each. The cells were dried
by replacing ethanol with hexamethyldisilazane (HMDS)
(Polysciences) for 10 min. The HMDS was removed, and the
surfaces were air-dried for 30 min. After mounting, the
samples were coated with a 15 nm layer of gold —palladium
with a sputter coater at a current of 20 mA and pressure of
0.05 mbar for 45 s. SEM imaging was conducted on the Sir-
ion scanning electron microscope at voltages ranging from
3—5kV.

Statistics. An average value is presented from at least three
sample sets for each surface. If error bars are presented, they rep-
resent the standard error mean. For the cytokine analysis, each
surface was compared with an ANOVA in each series. Single in-
dication of significance means the p-value is less than 0.05. A
double indication of significance denotes that the p-value is less
than 0.01.
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