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n recent years, nanobiotechnology, as

a branch of nanotechnology with an

emphasis on biological perspectives,
has attracted much attention. This technol-
ogy involves studies of natural or artificial
nanostructures for biological applications
and the fabrication of biofunctional devices
from the integration of these
nanostructures.>®> Among the various
nanoscale elements that are currently be-
ing explored for biological applications,
carbon-based nanomaterials [e.g., fullerene,
carbon nanotubes (CNTs), and nanodia-
monds (NDs)] are receiving much attention
due to their remarkable physical, chemical,
and biological properties.*® With respect to
the application of nanocarbon materials in
a biological or medical context, the scien-
tific community has thus far been primarily
focused on fullerene- and CNT-based mo-
dalities, while their biocompatibility in the
form of material-induced cyto-regulatory
activity still receives continued
evaluation.”®

Owing to their superior chemical and
physical properties as well as biocompat-
ibility, diamond-based nanostructures
have emerged as promising alternative
materials for biomedical applications.
Previous work has examined the use of
ultrananocrystalline diamond thin films
produced by chemical vapor deposition
(CVD) for robust implant coatings and
biosensors,®'° as well as fluorescent ND
particles (35 and 100 nm diameters) for
biological tagging and imaging
applications.”™'? Recently, NDs with a
much smaller size (<10 nm diameter)
generated by the detonation technique
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ABSTRACT Aqueous dispersible detonation nanodiamonds (NDs) with a diameter of 2— 8 nm were assembled
into a dlosely packed ND multilayer nanofilm with positively charged poly-L-lysine via the layer-by-layer deposition
technique. The innate biocompatibility of the NDs in both free-floating and thin-film forms was confirmed via
cellular gene expression examination by real-time polymerase chain reaction as well as MTT and DNA
fragmentation assays. The highly biologically amenable ND nanofilm was successfully integrated with therapeutic
molecules, and the functionality of the composite drug—ND material was assessed via interrogation of the
suppression of inflammatory cytokine release. Knockdown of lipopolysaccharide-mediated inflammation was
observed through the potent attenuation of tumor necrosis factor-alpha, interleukin-6, and inducible nitric oxide
synthase levels following ND nanofilm interfacing with RAW 264.7 murine macrophages. Furthermore, basal
cytokine secretion levels were assessed to examine innate material biocompability, revealing unchanged cellular
inflammatory responses which strongly supported the relevance of the NDs as effective treatment platforms for
nanoscale medicine. In addition to the easy preparation, robustness, and fine controllability of the film structures,
these hybrid materials possess enormous potential for biomedical applications such as localized drug delivery
and anti-inflammatory implant coatings and devices, as demonstrated in vitro in this work.

KEYWORDS: nanomedicine -
biointerface - coating

nanodiamond - bionanotechnology - drug delivery -

have attracted much attention due to
their advantageous dimensional proper-
ties that enable favorable interfacing
with biological systems.'>'” The disper-
sion of detonation NDs in aqueous media
made by Osawa and colleagues has facili-
tated the use of NDs in physiological sys-
tems.'* The biocompatibility of detona-
tion NDs from the standpoint of cell
viability and proliferative behavior has
also been recently assessed. Mitochon-
drial function (MTT) and luminescent ATP
production assays showed that the NDs
are not toxic to a variety of cell types.'®
Compared to other nanocarbon materi-
als such as CNTs, which have been shown
to be toxic in many studies and are natu-
rally not water-soluble, it is thus
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envisaged that NDs can serve as an enhanced/versa-
tile material for biomedical applications in physi-
ological systems.'*'¢

Current techniques of producing ultrananocrystal-
line diamond thin films via CVD processing involve a
gas-phase chemical reaction occurring above limited
types of solid surfaces, which also requires costly instru-
mentation (reactors, vacuum furnaces, heaters, plasma
generators, etc.) and extreme reaction conditions, such
as precisely controlled gas flow, high vacuum param-
eters, and high temperatures (>1000 K).? For biomedi-
cal applications, a more critical concern pertains to the
notion of whether the generated diamond film, which is
typically very hard, is compatible with soft tissues in
the living body and if the material —biology interface in-
duces an inflammatory effect. Therefore, the develop-
ment of an alternative approach utilizing mild coating
conditions, a low-cost fabrication methodology, and
the engineering of biofunctionality into the composite
nanofilm system is of significant importance.

Alternatively, diamond thin films can also be as-
sembled from a fluorine-functionalized detonation ND
powder. Halas and colleagues have recently demon-
strated a novel method for generating an ND coating
on a glass surface through the reaction of a fluorinated
ND powder with an amino-functionalized glass sur-
face.'® While this coating process is performed at a rela-
tively low temperature (130 °C), the NDs first have to
pass through a tedious (48 h), high-temperature (350
°C), and toxic (with F, gas) functionalization
procedure.’®'® The reactive coating process then in-
volves the application of a toxic solvent (dichloroben-
zene) and can also be time-consuming. Moreover, mul-
tilayer coating and drug incorporation into the single-
layer film by this method is difficult because of the
hydrophobic nature of fluorinated NDs and the cova-
lent linkage that occurs only between the functional-
ized substrate and the functionalized NDs. In addition,
biocompatibility of the fluorine-functionalized NDs has
not yet been demonstrated.

In this work, we have developed single-layer and
multilayer diamond films assembled from dispersible
nontoxic NDs with controllable thickness via a soft coat-
ing layer-by-layer (LBL) deposition technique (Figures
1 and 2). The LBL method introduced by Decher and co-
workers in the early 1990s has attracted extensive
attention.?>?' The extraordinary advantages of this
technique for biomedical applications include ease of
preparation, versatility with respect to substrate size
and topology, capability of incorporating a high load-
ing capacity of different types of biomolecules in the
films, fine control over the material structure, and ro-
bustness of the products under ambient and physi-
ological conditions.?? In this work, we also examined
the biocompatibility of the NDs in both free-floating
and LBL thin-film forms at the gene expression level via
real-time polymerase chain reaction (RT-PCR), in which
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Figure 1. TEM image of media-assisted ball-milled nanodia-
monds. The scale bar is 20 nm. The inset shows 1 mg/mL and
0.1 mg/mL ND aqueous suspensions.

pro-inflammatory cytokine levels were examined. This
component of the study served as an important interro-
gation of the ND biointerfacial phenomena generated
by inherent material properties, with the results indicat-
ing its potential for medical or clinical applicability. Bio-
functionality of the LBL ND film as an anti-inflammation
drug matrix was also demonstrated via observed knock-
down of a wide spectrum of cytokines and signaling
molecules.

RESULTS AND DISCUSSION

Figure 3 represents characterization data of the NDs
used for self-assembly into the nanofilm, which is neces-
sary for illustrating the chemical nature and purity of the
materials used in this work. Figure 3a represents the ther-
mogravimetric analysis (TGA) of the NDs. The tempera-
ture at maximum weight-loss rate of the NDs was deter-
mined to be ~570 °C, and the majority of the NDs (>95%)
were oxidized between 495 and 605 °C. Since amor-
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Figure 2. Schematic drawing of nanodiamond nanofilm for-
mation and drug incorporation into the film. Poly-L-lysine is
used to attract NDs onto the glass surface.
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The existence of sp? car-
b bons was confirmed by UV-
vis, Raman, and FTIR spectros-
copy, as shown in Figure
3b—d. Since diamond is a
wide bandgap (5.45 eV) semi-
conductor, pure diamond
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d case for the NDs, as shown in
Figure 3b, in which the optical
absorption extends toward
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Figure 3. Various characterization modalities employed to examine the nanodiamonds  cm ™' represents clear evi-

used for self-assembly. (a) Thermogravimetric analysis in air. (b) UV-vis of ND solid de-
posited on a quartz substrate. (c) Raman scattering. The excitation wavelength of the la-

dence of the presence of a dia-

ser is 514.5nm. (d) FTIR. For FTIR measurements, adsorbed water in NDs was removed mond phase in the sample.*®

by heating the sample in air at 150 °C for 1 h.

phous carbons (<400 °C) and C,, (425 °C) are oxidized
at much lower temperatures,®*?* the TGA data shown
here clearly indicated that the NDs contained no amor-
phous carbons and Cg,,. It is also worthy of mention that,
due to the size effect, the temperature at maximum
weight-loss rate (570 °C) of the NDs was ~60 °C lower
than the temperature observed with micrometer-sized
diamonds.?* Another feature in the TGA curve is that the
oxidation-induced weight gain around 450 °C, which is
due to ND surface fullerene-like conjugated sp? carbons,
was about 2.2% by weight, indicating that sp? carbons
comprised 1.7% by atom in terms of one carbon atom re-
acting with one oxygen atom.

As noted by Osawa and col-

leagues, detonation NDs have

never been isolated in pure
form.™* Similar to the formation of fullerols,*® the
fullerene-like surface of NDs,?” as evidenced by the
dark-brown color of the as-received NDs, can be oxi-
dized by strong acid during the purification process,
producing many surface-bound -OH and —-COOH func-
tional groups, as found in the FTIR spectrum shown in
Figure 3d. The rich presence of the functional groups
conferred to the NDs two functions, with one being
their dispersibility in water and the other being nega-
tively charged surfaces, thus enabling their efficient and
ordered self-assembly onto a substrate.

Dispersed NDs can be readily adsorbed onto a poly-

L-lysine (PLL)-coated glass slide by dipping the slide into

Figure 4. AFM images of (a) bare glass, (b) poly-L-lysine coated on glass, and (c) nanodiamond thin film (one layer) coated

on glass. Panels a—c are in height mode, and their sectional analyses are also shown. The scan ranges are 2 um for all the im-

ages.
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surface treatment, centrifugal purification,
milling, and sonication, coupled with PLL-
mediated templating, the ND particles were
uniformly distributed on the glass slide and
no large ND aggregates (200 m) were ob-
served, resulting from the well-dispersed NDs
in water. While other solvents such as di-
methyl sulfoxide (DMSO) generate a much
higher dispersibility for NDs than water, the
NDs were not prone to adsorb on PLL-coated
glass under these conditions, as shown in Fig-

Figure 5. 3-D AFM image of nanodiamond thin film self-assembled from aqueous sus- ure 5b."” This may have been due to the
pensions (a). For comparison, the morphology of NDs assembled from DMSO suspen- aprotic nature of the solvent as well as the af-

sion is shown in (b).

the ND aqueous solution. Shown in Figure 4a—c are
AFM images of bare glass, a PLL-coated slide, and an
ND-coated slide, respectively. Tightly packed PLL mol-
ecules and ND clusters can be clearly seen. Cross-
section analysis indicates that the surface roughness in-
creases from ~0.5 nm for bare glass to ~1.0 nm for a
PLL-coated slide and further to ~45 nm for the ND-
coated surface. It could clearly be observed that, due
to the uniform distribution of the NDs via the aforemen-
tioned processing methodologies including nitric acid
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Figure 6. (a) UV-vis spectra of layer-by-layer assembled nanodia-
mond thin films on quartz substrate. The number of layers is indi-
cated. (b) Optical absorbance of the nanodiamond films measured
at 230 nm. The solid line is the linear fitting result.
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fected charge states of the surfaces of the
slide as well as the ND particles.

Taking advantage of UV-vis optical absorption of
conjugated sp? carbons in NDs, we were able to moni-
tor the construction of ND—PLL multilayers by the LBL
technique, as shown in Figure 6. The optical absorbance
increased linearly with the subsequent deposition of
additional layers. Colorful reflected interference pat-
terns could be seen under light when the number of
the layers reached about 10, and disappeared after ap-
proximately 20 layers were deposited. From AFM imag-
ing, the surface roughness and morphology of a multi-
layer ND film of up to 50 layers were essentially the
same as those found in a single-layer film. The NDs in
the LBL film could not be washed away by vigorous wa-
ter flow, and thus we believe the film was stably at-
tached onto the glass substrate via electrostatic and
van der Waals interactions. No film detachment was ob-
served in the salt-containing solutions, which was con-
firmed by comparing the AFM images before and after
cell culture. The ability to construct multilayer structures
is particularly important for drug delivery in a medical
context because the tuned release of a biological com-
pound (e.g., therapeutic molecules/proteins) can be
achieved for basic cellular interfacing studies whereby
the LBL method can be used to controllably create mul-
tilayers of drug—ND hybrids. In a translational context,
novel medical implant coatings can be developed for
layer-dependent dosing as well as controllable dosing-
rate applications.

To determine the biocompatibility of the con-
structed ND thin film for potential biomedical applica-
tions, cellular effects in response to incubation with
free-floating NDs in culture were first investigated. Cell
growth and morphology as well as the response of
genes involved in inflammation were monitored.
Specifically, interleukin-6 (IL-6), tumor necrosis factor al-
pha (TNFa), and inducible nitric oxide synthetase (iNOS)
expression were evaluated using RT-PCR. Shown in Fig-
ure 7 (top) is the genetic analysis of inflammation of
RAW 264.7 murine macrophages grown for 24 h with-
out and with addition of free-floating NDs (30 wg/mL).
No significant change of relative mRNA levels was
found for all three genes (TNFq, IL-6, and iNOS) we stud-
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Figure 7. (Top) Genetic analysis (from RT-PCR) of ND innate
biocompatibility, performed to monitor inflammation of
RAW 264.7 murine macrophage grown for 24 h without and
with addition of free-floating nanodiamonds (30 pg/mL).
(Bottom) Comparison of the cell morphology grown on glass
slides without (a) and with (b) addition of nanodiamond so-
lutions, further confirming the amenability of ND as a suit-
able bio-interfacial material. The same cell population is uti-
lized to provide an accurate image of the amenability of
the nanodiamonds when interfaces with the macrophage
cultures.

ied. In addition, cells were introduced to ND-only solu-
tions, and morphological/architectural characteristics of
the cells were monitored. ND solutions were used to in-
troduce a pervasive presence of the NDs toward the
cells, which was envisioned to be a more aggressive test
of biocompatibility. Both cells with and without the ad-
dition of ND solutions grew healthily, with no notice-
able cell morphology difference [Figure 7a,b (bottom)].
The same cell population was utilized for Figure 7a,b to
demonstrate the lack of adverse effects generated by
ND solutions. Additionally, subsequent RT-PCR analysis
of cells cultured atop ND films also showed that, at an
intrinsic genetic level, the cells were unaffected by the
ND substrates, as shown by the absence of ND
substrate-mediated up-regulation of inflammatory
gene expression (Figure 8). The results are consistent
with our previous cell viability studies conducted by ex-
amining mitochondrial function (MTT) and lumines-
cent ATP production, indicating that the NDs are signifi-
cant biocompatible nanomaterials and thus are suitable
for implant coatings or as the foundational material for
drug delivery devices. We have also examined cell vi-
ability and cytokine expression up to a concentration
of 100 g/mL. No apparent cell death in the form of cel-
lular delamination from the ND substrate and inflam-
mation in the form of up-regulated cytokine gene ex-
pression, nor cytoxicity and apoptotic induction were
observed. The reason we chose 30 wg/mL in addition to
100 pg/mL was to ensure that the NDs did not aggre-
gate during cell growth in culture media. If the concen-
tration were too low, the biocompatibility of NDs may
not have been thoroughly properly addressed. As such,
because the specified concentration enabled complete

www.acsnano.org
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Figure 8. Genetic analysis (from RT-PCR) was performed to
monitor the inflammation of RAW 264.7 murine macroph-
age grown for 24 h on ND films, ND films with lipopolysac-
charide (LPS)-mediated inflammation (4 h), and
ND—dexamethasone (Dex) films with LPS-mediated imflam-
mation (24 h). Glass slides coated with PLL were used as a
control. From top to bottom are gene expression profiles for
the inflammatory cytokines TNFe, IL-6, and iNOS, respec-
tively. Results indicate a potent attenuation of LPS-mediated
inflammation processes via efficient ND—Dex-based block-
age of cytokine production. (Inset) The observation that
basal IL-6 levels remain unchanged when comparing cells
cultured atop glass substrates and ND film-substrates is
shown here, given the low levels of IL-6 observed.

film formation while resisting aggregation and served
as a favorable fabrication parameter, it was also se-
lected as a concentration for biocompatibility studies.

Genetic analysis was also performed to monitor in-
flammation of RAW 264.7 murine macrophages grown
on ND nanofilms, as shown in Figure 8. Again we con-
firmed that the ND nanofilm is also biocompatible ge-
netically. Furthermore, ND biocompatibility was ana-
lyzed from the standpoint of cytotoxicity in the form of
the MTT assay. DNA fragmentation was also used to ex-
amine any presence of apoptotic induction due to
cellular—ND interactions. RT-PCR studies showed that
ND—cellular incubation resulted in maintained levels of
IL-6, TNFe, and iNOS when comparing glass-only and
ND-only samples (IL-6 comparison shown in Figure 8,
inset). This served as one of the many indicators of ND
favorability in a biological environment.

Confirmation of dexamethasone (Dex) desorption
from the PLL—ND hybrid substrates was examined to
confirm that the anti-inflammatory molecules were ca-
pable of being eluted from the substrate surface for
subsequent activity upon the macrophages. Dex re-
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Figure 9. (A) UV-vis spectra of poly-lysine/ND@Dex LBL film
(20 layers) on glass, showing that the film continuously re-
leases dexamethasone in water. The dashed line shows the
UV-vis spectrum of fluorescent dexamethasone. This con-
firms that the Dex is capable of being eluted in a sustained
fashion from the PLL-supported ND film. (B) UV-vis spectra
of fluorescent dexamethasone released from the poly-
lysine/ND@Dex LBL film in water using a single-layer hybrid
film. The dashed line shows the UV-vis spectrum of fluores-
cent dexamethasone.

lease was characterized using two substrate condi-
tions, with one being based upon a single PLL—ND hy-
brid layer, and the other being based upon 20 layers
of the PLL—ND surfaces to illustrate in a more pro-
nounced fashion the detachment/delivery of Dex be-
tween the interface of the cells and ND surface. Figure
9A shows the release characteristics of fluorescent Dex
from 20 layers of the PLL—ND films, displaying a sus-
tained release behavior. The time scale of the release
properties (on the order of hours) aligned with the com-
mon time scales utilized for the incubation of Dex with
the macrophages, to result in the potent knock-down of
the aforementioned inflammatory cytokines. The re-
lease effect and time scale of elution were similar to
those observed with the single PLL—ND layer. Coupled
with the RT-PCR as well as preceding MTT and DNA
fragmentation assays, it was demonstrated that the
material-mediated suppression of inflammatory gene
expression was due to the release of the Dex
therapeutic.

MTT assays were conducted utilizing doxorubicin
hydrochloride (Dox), a potent inducer of cellular apop-
tosis and chemotherapeutic, to serve as a counterpoint

\\&) VOL.2 = NO.2 = HUANG ET AL.

and reference toward ND-induced apoptosis/cytotoxic-
ity levels. Whereas Dox was capable of rapidly inducing
cell death, which was clearly visible via conventional
bright-field microscopy as well as very apparent de-
creases in cellular viability (Figure 10A), comparisons of
cell viability between cultures grown in Petri dishes/
media and in the presence of NDs showed a negligible
difference, further serving as an indicator that the cells
were capable of remaining viable and proliferating in
ND cultures. Furthermore, this observation served as
further confirmation that inflammatory attenuation was
Dex-induced and not due to ND-induced cell death.

The presence of NDs also did not lead to the charac-
teristic DNA fragmentation ladder associated with apo-
ptosis (Figure 10B). However, the addition of doxorubi-
cin alone induced this DNA fragmentation, which
served as a reference and indicator of cell death. Thus,
apoptosis was not induced by the addition of NDs to
the RAW 264.7 macrophage cells.

Cellular inflammation was chosen as a factor of bio-
compatibility for a number of reasons, including the
fact that inflammation is a major process in the body
that confers resistance to infection and serves as a pro-
tective barrier by generating a response for the protec-
tion from foreign bodies.”® The translational potential
of novel nanomaterials being developed for medical
applications is in a large way determined by the ability
of the material alone to engage in a favorable interface
with surrounding biological tissue to preclude adverse
secondary injury that would innately counteract any
perceived benefits of the initial delivery of a therapeu-
tic material. Such favorable interfaces include the ab-
sence of basal inflammatory cellular responses and pro-
tection against toxicity (e.g., necrosis) and apoptosis
(e.g., programmed cell death) as well as other unfavor-
able biological reactions induced by the foreign ma-
terial. For example, tissue-specific responses to in-
creased expression of some inflammation genes can
have a broad range of physiological effects. IL-6 expres-
sion is higher in hearts with advanced heart failure, sug-
gesting that IL-6 expression might be a cause of heart
failure.??3° High levels of TNFa can directly damage or
sensitize liver tissue to damage.?' There also appears to
be a link between iNOS expression and cholangiocyte
carcinogenesis, possibly through an increase in DNA
damage.? In the specific context of potentially apply-
ing the ND nanofilms as implant coatings or as founda-
tion structures for implant devices, the observation
that its integration with macrophages does not lead to
increased inflammatory cytokine may serve as a key
benefit toward its application as a medical technology,
as the ND biocompatibility eliminates the potential for
secondary physiological disorders associated with
material-induced cell stress.

Since the film consists of ND clusters with numer-
ous interparticle voids, therapeutic elements, such as
dexamethasone used in this work (Dex is a potent syn-
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thetic member of the glucocorticoid class of steroid
hormones acting as an anti-inflammatory and immuno-
suppressant), can be easily incorporated into the film.
The intermolecular forces mediating adsorption of Dex
to NDs are believed to be physical interactions, because
there are no ionic groups or reactive functional groups
in the Dex molecule in the mild assembly conditions.
The physical interaction may involve —1r stacking
(both NDs and Dex have benzene rings) and dipole-
dipole interaction. More importantly, NDs (2-8 nm) are
in the form of aggregates with diameters of approxi-
mately 50 nm. There is an abundance of voids in each
ND cluster as well as between the aggregates. Capillary
force may also be involved in the load and release pro-
cess. In this work, we have examined the application of
a single-layer ND film for Dex incorporation. Continued
studies are in process for clarifying the loading level and
efficiency. In the free-floating ND solution, we ob-
served a loading efficiency of over 10 wt %. The drug re-
lease was believed to be driven by a diffusion process
because of the concentration difference the between
film region and solution body. No film degradation was
observed after drug release by intensive water wash-
ing. Because the film layers can be controllably con-
structed by the LBL process, the drug could have been
incorporated into the inner layers, and thus the ND-
mediated drug desorption process toward a controlled
release process could be realized. Further film engineer-
ing work is ongoing toward optimized drug loading
and release processes for potential ND film clinical
translation. In Figure 8, we further show that inflamma-
tion in the macrophage cells can be effectively sup-
pressed by the gradually released dexamethasone glu-
cocorticoid molecules, which are capable of
suppressing inflammatory gene induction. The result-
ant potent attenuation of LPS-mediated inflammation
demonstrated highly efficient ND film-mediated drug
release with preserved efficacy upon the interfaced
macrophages. While many approaches in the form of
polymeric/lipid-based materials have been explored as
exciting technologies for drug-carrying solutions,3~°
the protein-templated ND films serve as a potentially
clinically applicable platform strategy for localized
therapeutic delivery and drug functionalization that
can be rapidly accomplished with specified dimensions.
Emerging technologies for implantable chemothera-
peutic release devices are also being explored for tar-
geted and controllable delivery of cytotoxic chemicals.
Such efforts are aimed toward the suppression of gen-
eralized drug activity that can adversely affect healthy
cells. Toward these anticancer applications, the investi-
gation of material-induced inflammatory cytokine re-
lease is important due to the implications that have
been presented with respect to cytokine-mediated can-
cer progression and predisposition, which would also
negate implant functionality or lead to implant-based
physiological disorders or hindrances to disease treat-
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Figure 10. (A) Cell viability assay. Murine macrophage cells (RAW
264.7, ATCC) were grown in the absence (—) or presence of 25
rg/mL nanodiamonds (ND) or 2.5 ng/mL doxorubicin (Dox) for
24 h and were subjected to an MTT-based cell viability assay
(Sigma-Aldrich). (B) DNA fragmentation assay. Murine macroph-
age cells (RAW 264.7, ATCC) were grown in the absence (—) or
presence of 25 pg/mL nanodiamonds (ND) or 2.5 pg/mL doxoru-
bicin (Dox) for 24 h and were harvested. DNA was purified and
loaded on an agarose gel for analysis.

ment. For example, IL-6 has been implicated in mul-
tiple signaling pathways, including those involving Jak/
STAT, Ras/MAP kinase (MAPK), and PI-3 kinase (PI3-K)/
Akt that govern processes including cancer signaling.*’
In the context of these pathways, IL-6 was shown to in-
hibit apoptosis through PI3-K activation.**** Elevated
IL-6 levels have also been shown to enhance angiogen-
esis and proliferation in cervical tumor cells.** IL-6 has
also been shown to confer cellular resistance toward
the chemotherapeutic agents cis-
diamminedichloroplatinum and etoposide.*> TNFa has
been shown to play a significant role in inflammation-
driven cancer development, which in turn supports the
viability/inhibits apoptosis of precancerous and trans-
formed cells, and the correlation between iNOS and
COX-2 has also been shown to increase microvessel
density/angiogenic behavior in hepatocellular
carcinomas.*®~*8 Therefore, in addition to the conven-
tional application of the ND nanofilms as inflammation-
suppressing coatings on implants, the NDs may also
serve as a foundational technology for chemotherapeu-
tic applications. The efficient attenuation of cytokine re-

VOL.2 = NO.2 = 203-212 = 2008 A@W)

11011y

209



>

L

3

lease actively via ND-mediated dexamethasone elu-
tion, as well as the absence of basal cytokine secretion
following cellular interaction with the NDs, demon-
strates significant implications of ND-based nanofilms
as interfacial materials for the inhibition of malignant
tumor growth for cancer applications, given the potent
impact that cytokine secretion possesses upon a multi-
tude of cancer-relevant signaling pathways.

CONCLUSIONS

In summary, nanodiamond-based thin films were
formed by using a protein-mediated LBL deposition
procedure for the first time. Nanodiamonds used for
the film formation were characterized by various ana-
lytical techniques, including TEM, FTIR, and TGA. Addi-
tionally, both free-floating and nanofilm-assembled ND
biocompatibility was evaluated at the gene expression
level that confirmed the innate benefits of the ND ma-
terial due to its favorable biological interaction and lack
of inflammatory cytokine up-regulated release. As in-
creases in endogenous levels of inflammatory cytokines
such as IL-6 have been shown to promote tumor pro-
gression or directly silence therapeutic activity, the ob-
servation that the NDs do not elicit adverse cellular re-

MATERIALS AND METHODS

Nanodiamond Preparation/Characterization. Nanodiamond pow-
der was generously supplied by NanoCarbon Research Institute
Ltd. and was synthesized according to previously reported deto-
nation techniques.’® Multiple or combinatorial methods of impu-
rity removal were employed that include both mechanically
and chemically based methodologies, as these address the re-
moval of the spectrum of impurities (e.g., non-diamond carbon,
metals, etc.) associated with detonation ND synthesis. For ex-
ample, from a mechanical context, the NDs were subjected to
stirred-media milling with micrometer-sized ceramic beads, lead-
ing to disintegration of ND primary particles,'* and chemical
methodologies employed included nitric acid treatment. Thus,
dispersing NDs in water could be readily achieved via mild soni-
cation (Figure 1). The diameter of the primary ND particles was
in the range of 2-8 nm. The NDs typically formed clusters or ag-
gregates with a size distribution in the range of a few nanome-
ters to hundreds of nanometers, depending on sonication con-
ditions, the solvent used, and the settling time.

Prior to the assembly of NDs into thin films, the chemical na-
ture and purity of the material were thoroughly investigated
with various characterization techniques, including X-ray photo-
electron spectroscopy (Omicron, ESCA probe) using monochro-
matic Al Ka radiation at a power of 300 W, Fourier transform in-
frared spectroscopy (FTIR, Thermal Nicolet, Nexus 870), Raman
spectroscopy (Renishaw, inVia reflex microRaman, 514.5 nm la-
ser), thermogravimetric analysis (TGA, TA Instruments, SDT
2960), and transmission electron microscopy (TEM, Hitachi
H-8100).

Nanodiamond Film Fabrication. Positively charged poly-L-lysine
(PLL, Sigma) backbones could be easily coated onto naturally
negatively charged glass/quartz surfaces. Following the coating
of the surfaces with PLL and thorough rinsing with pure water,
negatively charged ND clusters were then self-assembled on top
of the polymer by simply dipping the glass slide into an ND
aqueous dispersion (0.1 mg/mL). The thickness of the ND thin
film could be controlled by layer-by-layer assembly. ND—PLL
multilayer stacking was monitored by measuring the UV-vis ab-
sorption of the film on a quartz substrate which was pretreated
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actions, as shown through unchanged basal cytokine
release levels in vitro for TNFa, IL-6, and iNOS, as well as
MTT assays and DNA fragmentation assays which con-
firmed the non-apoptotic and noncytotoxic ND proper-
ties. serves as a strong indicator for the nanofilms as a
potential drug vehicle platform with translational rel-
evance. The biofunctionality and preserved drug effi-
cacy of the ND nanofilm as an anti-inflammation drug
matrix were also demonstrated by dexamethasone anti-
inflammatory transfer to the interfaced RAW 264.7 mu-
rine macrophages. Cytokine expression levels were sig-
nificantly reduced, indicating efficient drug elution
characteristics and stable drug interfacing with the ND
nanofilm multilayers. The straightforward fabrication
strategies as well as biologically amenable ND process-
ing conditions that were employed toward developing
nanofilms with rapidly tailorable thicknesses open up
new possibilities in tuning drug concentration and dos-
age control capabilities in a bio-inert material. As such,
this newly developed nanofilm demonstrates enor-
mous potential toward biomedical applications such
as serving as effective implant coatings or stand-alone
drug elution technologies.

with concentrated NaOH to enhance the negative charge den-
sity on the quartz surface. Incorporation of drug molecules into
the ND thin film was accomplished by dipping-induced adsorp-
tion followed by a drying process under steady air flow, or by
coating the drugs on the NDs prior to self-assembly.

Genetic Analysis of Nanodiamond Biocompatibility and Efficacy of
Biofunctionalized Nanofilms. To test the biocompatibility of the ND
thin film for its potential use as a material for medical/clinical ap-
plications (e.g., implant coatings), the internal cellular response
effects toward incubation with both free NDs and the ND thin
films in culture was investigated. For both basal inflammation
and biological functionality experiments, RAW 264.7 (ATCC) cells
were cultured at 37 °C in Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and
5% penicillin/streptomycin. Cell growth and morphology as well
as the response of genes involved in the inflammation were
monitored via conventional microscopy (Leica Lambda DG-4,
magnification X objective = 40 X 10). Specifically, interleukin-6
(IL-6), tumor necrosis factor alpha (TNFa), and inducible nitric ox-
ide synthetase (iNOS) expression was evaluated using real-time
polymerase chain reaction (RT-PCR). Innate biocompatibility
studies were performed without lipopolysaccharide (LPS) stimu-
lation to monitor cellular basal inflammation and inherent cellu-
lar response. To examine the biofunctionality of the therapeutic-
activated ND thin films, dexamethasone (Dex, 1 mg/mL in
ethanol), a glucocorticoid anti-inflammatory drug, was incorpo-
rated into ND clusters in the thin film (single layer, 30 min dip-
ping). For these experiments, LPS (4 h stimulation)-mediated in-
flammation in vitro was performed to examine the suppression
of inflammatory cytokine release by the Dex-incorporated ND
thin film which was also examined by RT-PCR. Isolation of ge-
netic material was accomplished by adding 1 mL of TRIzol cell ly-
sis solution to wash the cell-coated slides. RNA isolation was
done according to the manufacturer’s protocol.*® Subsequent
conversion of the RNA to cDNA was performed using the I-script
enzyme (Bio-Rad). Following conversion of the isolated mRNA
to cDNA, RT-PCR analysis was performed (primers available upon
request).

The TNFq, IL-6, and iNOS genes involved in cellular inflamma-
tion were then monitored by RT-PCR using the MyiQ Single Color
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Real-Time PCR Detection System (Bio-Rad). The housekeeping
gene B-actin was used to normalize levels of RNA across samples.
The primer sequences used are as follows: TNFa, 5'-
GGTGCCTATGTCTCAGCCTCTT-3' and 5'-CGATCACCCCGAAGT-
TCAGTA-3'; IL-6, 5'-CACAGAGGATACCACTCCCAACA-3" and 5'-
TCCACGATTTCCCAGAGAACA-3';iNOS, 5'--3" and 5'- -3'; B-actin,
5'-TGGAATCCTGTGGCATCCATGAAAC-3" and 5'-
TAAAACGCAGCTCAGTAACAGTCCG-3'.

Cytotoxicity Analysis of ND—Cell Interfacing. Murine RAW 264.7
macrophage cells (ATCC) were cultured in DMEM media supple-
mented with 10% FBS and 1% penicillin/streptomycin. To test
the biocompatibility of the ND substrate, cells were grown in the
presence or absence of NDs and monitored for the onset of ap-
optosis and/or cell death due to the presence of nanodiamonds.
Doxorubicin (Dox) was used as a positive control for apoptosis
and cell death. To first monitor the onset of apoptosis, a DNA
fragmentation assay that visualizes the patterned degradation
of DNA due to apoptosis was used. Cells were seeded at ~40%
confluency with no additives or in the presence of 25 png/mL NDs
or 2.5 pg/mL Dox and grown for 24 h. DNA was collected via a
standard harvesting protocol.”® Briefly, cells were lysed in lysis
buffer (10 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% TritonX-100) for
10 min at room temperature. Samples were collected and
treated with 40 wg/mL RNase for 30 min at 37 °C and 100 pg/mL
ProteinaseK for 30 min at 37 °C, followed by phenol chloroform
isolation and 2-propanol precipitation. The DNA pellet was
washed in 70% ethanol and resuspended in water. Samples
were loaded onto a 0.8% agarose gel in sodium borate buffer,
run, and stained with ethidium bromide.>' The gel was visual-
ized on a shortwave UV box with a CCD camera.

A second assay was also used to monitor ND biocompatibil-
ity via the MTT-based cell viability procedure. Again, cells seeded
at ~40% confluency in media containing or lacking 25 pg/mL
NDs with 2.5 wg/mL Dox used as a positive control for cell death.
Cells were grown for 24 h, and the cell viability assay was per-
formed following the manufacturer’s protocol (Sigma-Aldrich)
and read in a Safire multiwell plate reader (Tecan) using Magel-
lan software (Tecan) for analysis. Samples were done in
triplicate.
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