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ABSTRACT

Nanodiamond materials can serve as highly versatile platforms for the controlled functionalization and delivery of a wide spectrum of therapeutic

elements. In this work, doxorubicin hydrochloride (DOX), an apoptosis-inducing drug widely used in chemotherapy, was successfully applied

toward the functionalization of nanodiamond materials (NDs, 2~ -8 nm) and introduced toward murine macrophages as well as human colorectal
carcinoma cells with preserved efficacy. The adsorption of DOX onto the NDs and its reversible release were achieved by regulating CI ~ ion
concentration, and the NDs were found to be able to efficiently ferry the drug inside living cells. Comprehensive bioassays were performed

to assess and confirm the innate biocompatibility of the NDs, via real-time quantitative polymerase chain reaction (RT-PCR), and electrophoretic

DNA fragmentation as well as MTT analysis confirmed the functional apoptosis-inducing mechanisms driven by the DOX-functionalized NDs.

We extended the applicability of the DOX ~—ND composites toward a translational context, where MTT assays were performed on the HT-29
colon cancer cell line to assess DOX —ND induced cell death and ND-mediated chemotherapeutic sequestering for potential slow/sustained
released capabilities. These and other medically relevant capabilities enabled by the NDs forge its strong potential as a therapeutically signific ant
nanomaterial.

In clinical practice, the controlled delivery and release of synthesis of novel nanostructured materials with functional
pharmaceutical agents are often desirable, as the tailorecbiological propertie§-8 Among the various nanostructures
dosing of many chemotherapeutics is vital toward the being developed, carbon-based nanomaterials (e.g., fullerene
reduction of side effects and complicatidisThe utilization and carbon nanotubes) are receiving much attention due to
of nanoparticle-based vehicles as multifunctional, versatile, theirremarkable physical, chemical, and biological propeti€s.
and biocompatible drug carriers would then serve as an idealFor biological applications of nanocarbon materials, the
technology, as their significant advantages include the ability scientific community has thus far been primarily focused on
to target specific locations in the body, the reduction of the fullerenes and carbon nanotubes while their biocompatibility
overall quantity of drug used at the active dosing site, and still receives continued assessm&nt! In particular, single-

the potential to reduce the concentration of the drug at walled carbon nanotubes (SWNTs) have been recently
healthy/unaffected sites, resulting in fewer side effects that explored as drug carrie?d;?® as well as potential cancer
can significantly complicate the course of treatm@tfrom cell-targeting/killing agents via infrared therafiyjHHowever,
these advantageous aspects of nanoparticle-based chemdhey have also been previously shown to induce oxidative
therapeutic delivery, a central capability that is then afforded stress in human keratinocytes via the nuclear fact®rtNF-

is the prevention of generalized drug delivery, which is also «B) transcription facto??

a key mechanism for drug-induced medical treatment Owing to its superior physical properties and biocompat-
complications. For this and other purposes, in recent years,ibility, diamond-based nanostructures have emerged as
a considerable effort has been devoted to the design andalternative promising materials for biomedical applications
such as diamond films for robust implant coatings and
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generated by the detonation techni§u®ecent progress in  N-methylpyrrolidone, have been confirmed to be superior
the dispersion of detonation NDs<8 nm) in aqueous media  solvents for dispersion of the NDS.

made by Osawa and colleagues has facilitated the use of Loading and Release of Doxorubicin Hydroch]oride
NDs in physiological solution¥’ Even more recently, the  (DOX). Because the NDs are negatively charged (e.g+ND
biocompatibility of detonation NDs has been assessed.COO) and doxorubicin ions (BNHs') are cationic, the
Investigations of cell V|ab|I|ty such as the MTT assay and interaction between the NDs and DOX appears to be
luminescent ATP production showed that the NDs are not straightforward. However, DOX ions are not easily adsorbed
toxic to a variety of cell typed! Compared to other  py the NDs due to the high aqueous dispersibility of both
nanocarbon materials such as CNTs, which are toxic in somecations and anions. To observe the precipitation of DOX

studies and natura”y not Water-sou]ble, it is thus enVisaged ND Composites from their aqueous Suspension upon centri-
that NDs can serve as an enhanced material for biomedicalfyging, we found the addition of salt such as NaCl to be a
applications in physiological systerfisWhile detonation  pecessary component of the loading process. As such, the
NDs have been used to adsorb protéing] these studies  salt was shown to be able to promote the adsorption of DOX
do not address the broad range of drug-carrying applicationspnto the NDs. Without the addition of NaCl, less than 0.5
of which this material can serve as a foundation. Furthermore, wt 95 of DOX could be adsorbed onto the NDs. In contrast,
very critical testing of the innate biocompatibility of the NDs \ye achieved over 10 wt % adsorption of DOX on the NDs
throughgene expressiostudies was not considered in these jith the addition of NaCl (10 mg/mL). The function of the
earlier works even though preliminary studies of cell viability - sa|t is schematically illustrated in Figure 1. The mechanism
were examined. of salt-mediated adsorption of DOX onto the NDs can be
In this context, we demonstrate in this work that NDs serve explained by the observation that, in aqueous solution,
as efficient chemotherapeutic drug carriers. Doxorubicin without the addition of any other perturbation ions, the
hydrochloride (DOX), an apoptosis-inducing drug widely repulsive interaction of DOXDOX and ND-ND is greater
used in chemotherapy, was successfully coated on the NDsthan the cohesive interaction of NIDOX and thus an
and/or embedded into the intervals of ND aggregates andinsignificant amount of DOX can be adsorbed onto the NDs.
introduced into living cells. The NDs were found to move With the addition of NaCl, the increase of Clons may
inside the cells quickly and were capable of ferrying the drug shift the balanced interactions toward the formation of
inside living cells efficiently. In addition, comprehensive DOX—ND complexes because cationic DOX is also balanced
bioassays at the genetic level were performed to assess andiith anionic CI ions.
confirm the innate biocompatibility of the NDs via RT-PCR,  As shown in Figure 2a, the disappearance of DOX

and electrophoretic studies of DNA fragmentation as well haracteristic peaks (e.g., 490 nm) and the formation of an
as MTT assays were applied toward the confirmation of 4range-colored precipitate indicated the formation of DOX
functional apoptosis-inducing mechanisms enabled by thep composites upon the addition of NaCl. The inset shows
DOX-functionalized NDs. As such, this work demonstrates photos of aqueous solutions of DOX (&g/mL), centrifuged
the potential that the NDs possess as a broad drug-Np/DOX/NaCl solution, and re-dispersed DOXID com-
fgnctionalization platform technology for nanoscale medi- posite drug in water, respectively. Release of DOX from the
cine. NDs could be easily achieved by desalination, as seen in
Characterization and Dispersion of Nanodiamonds.  Figure 2b. To further examine the adsorption dynamics of
Nanodiamonds were generously supplied by NanoCarbonDOX onto the NDs, we monitored the disappearance rate of
Research Institute Ltd. and were synthesized according toDOX optical absorption, as shown in Figure 2c. An initial
previously reported detonation techniqd&s? Before coat-  sharp increase followed by a gradual increase of DOX
ing the drug onto the NDs, the chemical nature and purity adsorbed to the ND surface (Figure 2d) can be understood
of the material were investigated with Fourier transform by considering the aggregation nature of the NDs. Potential
infrared spectroscopy (FTIR, Thermal Nicolet, Nexus 870), mechanistic explanations for the observed phenomenon
Raman spectroscopy (Renishaw, inVia reflex microRaman, include the notion that the potent DOX adsorption to the
514.5 nm laser), thermogravimetric analysis (TGA, TA ND surfaces (Figure 3a,b) confirmed by TEM serve as an
instruments, SDT 2960), and transmission electron micros-indicator that subsequent adsorption of DOXD compos-
copy (TEM, Hitachi H-8100). From these characterization ites comprehensively coated with DOX to neighboring and
data, we ascertained the size of the NDs to be in the rangeadjacent DOX-ND composites, also coated with DOX,
of 2—8 nm, the purity of the NDs was over 90 wt %, and would have generated aggregates with shielded DOX simply
the NDs were heavily functionalized with hydrophilic  through the nature of the drug being buried toward the center
functional groups such asOH and—COOH on the surface.  of the aggregate structure. Optimized manufacturing of drug
Because the existence of the hydrophilic functional groups carriers would enable the fabrication of nanoparticles that
as well as the chemical linkage between ND particles in the support the integration of a drug that is both shielded as well
as-received ND solids were largely disintegrated by stirred- as adsorbed to the interior of the carrier to prevent both
media milling, a stable dispersion of the NDs in wated 00 systemic cytotoxicity or overelution through both drug
ug/mL) could be readily achieved via mild ultrasonication shielding from unintended tissue exposure, as well as
(100 W, VWR 150D sonicator) for 30 min. Some polar prevention of generalized activity through drug leakage,
aprotic solvents, such as dimethyl sulfoxide (DMSO) and where the drug adsorption would serve as a sequestering
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Figure 1. Schematic drawing of NaCl-mediated loading and release of doxorubicin hydrochloride. The addition of the salt induces
functionalization of the drug onto the nanodiamond aggregate surface. Salt removal drives drug release. This mild switching process is
amenable toward medically relevant processes.
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Figure 2. (a) UV—vis spectra of DOX before and after addition of nanodiamonds and NaCl. DOXd/t0L) was completely removed

from solution by the addition of NDs (10 mg) and NaCl (10 mg) followed by centrifuging at 10.00te inset shows aqueous solution

of DOX (10 ug/mL), centrifuged ND/DOX/NacCl solution, and redispersed ND/DOX composite drug in water. (bjvid\6pectra show

that desalination results in release of DOX from NDs in which0 wt % of DOX has already been adsorbed. Desalination was performed

by partial exchange of the salty supernatant with pure water. To further examine and confirm the effect of NaCl on the interfacing of DOX
with the NDs, the gradual adsorption of the DOX on NDs was monitored using\iB/spectrophotometry. (c) Gradual increase in DOX
adsorption to the ND surface over time mediated by the presence of NaCl shown by the disappearance of free floating DOX from solution
and interaction with the NDs. (d) Gradual increase in weight % of the DOX adsorbed to the ND surface.

function as well. For the purposes of this study, we focused addresses the optimization of chemotherapeutic loading and
on the demonstration of DOX adsorption and desorption from transfer. As such, these observed phenomena may then have
ND aggregates as an elucidative work to characterize novelenabled a slow-release/delamination element of the ND
material routes for therapeutic delivery, while ongoing work carrier system. The adsorption of the drug to the NDs can
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molecules from the surrounding environment would then
protect against cytotoxic therapeutic activity against unaf-
fected cells. Subsequent studies of functionalizing the ND
surfaces with cellular targeting elements (e.g., antibodies,
aptamers, etc.) would add another level of intelligence to
this carrier technology to drive targeted and slow drug
release® 42

Parts a and b of Figure 3 show typical TEM images before
and after DOX coating, respectively. It can be clearly seen
that the NDs were coated with another material that was
different from the pristine NDs in contrast. The thickness of
the coated materials was in the range efl® nm. Because
no other solid materials except the drug were used, the
composition of the coated layer could be reasonably assigned
to the drug. This was confirmed by FTIR analysis of the
drug-coated NDs. The FTIR peaks, as indicated with the
arrows in Figure 3c(3), can be clearly assigned to the drug.
For comparison, the FTIR spectrum of pure DOX is shown
in Figure 3c(1). In addition to the readily formed ND aqueous
suspensions, the hydrogel nature of the NDs can be seen in
the rich presence of OH and —COOH functional groups
' 3500 3000 2500 2000 1500 1000 in the FTIR spectrum, as shown in Figure 3c(2). The

Wavenumbers (cm™) amenability of the ND carrier technology with water as a

solvent makes it a suitable system for future in vivo testing
Figure 3. (a,b) Typical TEM images before and after DOX coating, gnd facile injection protocols.

respectively. It can be clearly seen that NDs are coated with another . o .
material that is different from pristine NDs in contrast. The thickness Visualization of ND—Cell Interaction. To understand the

of the coated materials is in the range ofZ0 nm. The scale bars ~ rate of ND movement into living cells, which is a vital
are 20 nm. (c) FTIR spectra confirming ND adsorbed with DOX. property for the NDs as efficient drug carriers, we first coated
DOX, NDs, and NDs coated with DOX are shown in Figure€(1  flyorescent FITC-linked poly-lysine (PL, Sigma) onto the
3), respectively. The arrows in Figure 3c indicate the presence OfNDs (PL/IND = 10 wt %) via a physical adsorption

DOX on NDs. . . .
mechanism analogous to the adsorptive mechanism employed

also be demonstrated by the observations provided in thefor DOX—ND interfacing and then grew the cells with the
proceeding sections when comparing the activity of the cell fluorescent agent modified NDs. The living cells were fixed
cultures in media only, DOX alone upon cell behavior, and in & series of growth periods (0, 1, 3, 5, 10, 24 h) using
DOX—ND composites. While the cells cultured in media freshly depolymerized paraformaldehyde (4.0 wt %) in a
alone and drug alone generated a reference (demonstrate@hosphate buffer (pH= 7.2) and then examined using
guantitatively via MTT assays and DNA fragmentation confocal microscopy. In the confocal images, the NDs were
assays) for drugND effects, it could be seen that DOX observed to attach to cell membranes instantly, as seen in
ND composites generated an attenuated cell death responsEigure 4a, in which the fluorescent rings are from PL-coated
that was expected due to the demonstrated drug adsorptivé\Ds. Small fluorescent dots (instead of ringlike structures)
capability of the NDs, confirmed through the NaCl-mediated Were Visible in the cells fixed at a growth periol bh or
binding mechanism, TEM imagery, FTIR, and quantitative longer (Figure 4b), indicating that the living cells interact
MTT/DNA fragmentation analysis. Nonbinding between the With the NDs dynamically. While it is challenging to
DOX and NDs would have thus generated an identical effect determine the exact internalization speed in this dynamic
of cell death (nonattenuated) for the DOX only and DOX  Process, many of the fluorescent ND aggregates were found
ND conditions. As such, through the several methodologies inside the cells within 10 h bg-sectional confocal imaging.

of verification conducted as detailed above1 it could be To visualize the nuclei of the cells grown with the addition
determined then that the DOX\D interaction as well as of the NDs, we also stained half of the cells with the DNA-
DOX—ND driven cell death was occurring. In addition to binding dye TOTO-1 (T3600, Invitrogen). As shown in
surface-bound adsorption of the DOX onto the NDs, the drug Figure 4c, while the NDs were not visible in this case, the
that resided within the aggregates due to-NYID interac- clear profile and integrity of the cell nuclei implied that the
tions could then have provided a protective or shielding effect cell nuclei were not affected by the internalized NDs.

for delayed DOX desorption toward transition into slow-  The internalization of the NDs and DOGXND composites
release activity so that drug efficacy could potentially be was also examined via TEM. The efficiency of the NDs as
prolonged for translational applications. Furthermore, many a drug carrier was evidenced by the rich presence of ND
chemotherapeutic molecules possess a generalized mechaggregates inside the cells, as shown in Figure 4f. Although
nism of activity such that they act on both healthy and this representative image does not specify the exact location
cancerous cells. The ability to shield nonutilized drug of the ND particles, most of them appeared to localize in
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Figure 4. (a—e) Confocal images of macrophage RAW cells with addition of NDs#80nL) coated with fluorescent polyysine
(FITC-PL/ND ~ 10 wt %). (a,b) Taken from the cells after the addition of NDs without and with incubatioAG3a@r 10 h), respectively.

The excitation wavelength is 488 nm.«d) are bright-field images corresponding to (a) and (b), respectively. (c) From the same cells as
in (b) but was stained with dye TOTO-1 and excited with 514 nm laser. The nucleus of the cells can be clearly identified. (f) TEM image
showing NDs in macrophage cytoplasm. The image was taken&fiancubation of the cells with addition of DOX coated NDs (10 wt

%). The cells are dehydrated, fixed, and sliced for TEM observation. The scale bar is 20 nm.

the cytoplasm in aggregates in the range o500 nm in as an important parameter of advanced drug delivery systems
size. Given the loading capabilities of the NDs and the in the pre-clinical/clinical trial phase.

aforementioned notion of DOX integrated within aggregate  Examination of Innate Biocompatibility of the ND
interiors due to the clustering of NEDOX particles  Delivery System.To determine the biocompatibility of the
observed via TEM (Figure 3a,b), it was possible that drug nanodiamonds for potential use as a material for drug
molecules were sequestered within the ND aggregates suchielivery in patients, the cellular response toward incubation
that, in addition to the clearly shown surface-adsorbed DOX, with nanodiamonds in culture media was investigated. As a
the aggregates contained excess and shielded surface-bourfitst step to studying the bio-interfacial ND properties, cell
DOX not exposed to the ambient environment, which were viability during growth in culture with the NDs was
subsequently introduced into the cells quickly. This was monitored at 24 and 72 h. Importantly, the response of genes
shown by the rapid transmembrane transport capabilities ofinvolved in inflammation, which is not examined in con-
the NDs and the demonstrated preservation of fluorescentventional cell viability tests, was also asses¥especifically,
poly I-lysine, which was interfaced with the NDs through a interleukin-6 (IL-6), tumor necrosis factar (TNFo), and
parallel physical mechanism used for DOX adsorption. In inducible nitric oxide synthase (iNOS) expression was
addition, some of the drug could also have been releasedevaluated using RT-PCR:45 In addition, the Bcl-x gene
after internalization, and thus the reduction of overall quantity was analyzed to examine any effects upon cellular apoptotic
of the drug to achieve the same efficacy could have beenbehavior/toxicity via ND incubation with the macrophages.
anticipated. Compared to free-floating drug administration, Cellular inflammation was chosen as a factor of biocompat-
if any embedded drug within the ND aggregates was releasedjbility for several reasons, including the knowledge that
a potential mechanism could have been based on gradualnflammation is instrumental in the body for resistance to
desorption. Furthermore, the preservation of poly I-lysine infection and for the protection from foreign bodiés.
adsorption to the NDs during intracellular trafficking and Chronic inflammation can cause apoptosis in various tissues
observation of ND-mediated drug adsorption capabilities and even prostate cancer generafittithus adding to the
verified optically and quantitatively coupled with demon- danger of implantation or administration of nonbiocompatible
strated cell death and DNA fragmentation through DOX materials. While the examination of IL-6, TMEINOS, and
activity suggest a desorption mechanism of activity. The Bcl-x elucidates some of the many segments of a broad
ability to maintain drug concentrations at a low while spectrum of cellular regulatory behavior in response to
effective level over a longer period of time would thus serve nanomaterial exposure, the four specific genes that were
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selected were adapted to the context of the outlined work inis critical for the preserved activity of therapeutic systems
that even though they represent a segment of the collectivefor which the novel material and delivery were initially
cellular gene response, they provide important insight into engineered.
cell response from two perspectives. One perspective serves The significance of the lack of observed increased tumor
as an indicator of basal cytokine secretion in the context of necrosis factor-alpha (TN&) expression via cellularND
examining the translational potential of the material through interfacing can be explained by the fact that, while it has
confirming the lack of evident increases in inflammatory been shown to play a role as a marker for cellular inflam-
gene expression, which contributes strongly to strengtheningmation and stress, it also possesses innate relevance to the
the clinical potential of the material. The second perspective progression of cancer at elevated levels. For example, ZNF-
addresses the negative complications that have been widelthas been shown to induce cellular DNA damage via reactive
demonstrated/associated with increased basal inflammatiorion specie$? In murine in vivo testing, elevated TN&-
and the predisposition/onset/proliferation of cancer, all of |evels were shown to induce oxidative stress and damage to
which are catalyzed through increased endogenous levels ohucleotides, as well as malignant transformation of mouse
IL-6, TNFa, and iNOS, for example. More specifically, the  embryo fibroblasts. TN and its role in chronic inflam-
absence of ND-mediated up-regulation of cytokine produc- matory diseases has been shown to predispose individuals
tion served as a positive indicator of the ND as a suitable to the onset of cancer development, and its signaling has
drug delivery material, as increases in endogenous cytokinebeen correlated with chemically induced skin cané&fs.
levels have been shown to play a role in the onset as well asTNF-o. also plays a significant role in inflammation-driven
progression of multiple disorders including silencing of cancer development via NEB activation, which in turn
chemotherapeutic activity as well as tumor angiogenesis, all supports the viability/inhibits apoptosis of precancerous and
of which would serve as counteracting events to the perceivedtransformed cell&-73 As such, ND incubation with Raw
benefits of nanomaterial-mediated drug delivery. 264.7 macrophages demonstrated a significant characteristic
IL-6 is a secreted protein and has been shown to play aof the material in that basal TNé&evels were not elevated,
significant role in several physiological disorders, including indicating a lack of cellular inflammatory response in vitro.
tumor angiogenesis, the protection of tumor cells from the This observation may also provide additional support to the
host immune system, as well as inflammation. Its signaling ND as a medically relevant technology given the established
mechanism involves Jak/STAT, Ras/MAP kinase (MAPK), adverse downstream effects that elevated TiNFevels
and PI-3 kinase (PI3-K)/Akt pathways that are also inherently would have elicited.
correlated with multiple cellular processes including mecha-  Inducible nitric oxide synthase (iNOS) has been shown
nosensation and canclr>3 It has also been observed that to play a role in tumor progression, angiogenesis, as well as
the role of IL-6 in cancer processes varies depending on thesuppression of apoptosis mechanisms by engaging in crosstalk
cell type upon which it acts. For example, IL-6 has been behavior with the COX-2 pathway.As such, a nonelevated
shown to promote the growth of multiple myelomas as well iNOS response following cellulafND interfacing served as
as prostate cancer cells. However, IL-6 has also been showranother positive aspect of the nonfunctionalized ND as a
to inhibit breast cancer as well as lung cancer cells in biocompatible drug carrier system.
vivo.5+~%¢ With specific regard to tumor angiogenesis, IL-6  Shown in Figure 5a,b are genetic analysis results per-
has been shown to enhance the angiogenic capabilities offormed to monitor inflammation of RAW 264.7 murine
cervical tumor cells via downstream up-regulation of vascular macrophages upon addition of nanodiamonds at a concentra-
endothelial growth factor (VEGF. tion of 100ug/mL relative to the culture media at 24 and 72
IL-6 has also been implicated in the progression of prostate h after addition. The value of 10@g/mL was selected in
cancer via its secretion mediated by transforming growth this case as the PCR concentration as it served as the upper
factor (TGF)A1 through multiple signaling pathways includ-  limit of the ND concentrations added to the cell lines before
ing nuclear factorB (NF-+«B), JNK, and Ra$&® Elevated excess aggregation of the NDs was observed. The IL-6,
serum IL-6 levels have also been correlated with hormone-iNOS, and TNFe. genes were examined for increased
refractory disease as well as cancer morbiefit§? IL-6 was expression as an indicator of inflammation, while Bcl-x was
further shown to serve as a potent autocrine growth factor examined for decreased expression, which would have served
in vivo for primary, androgen-dependent canc&ré® A key as an indicator for decreased cellular protection against
observation with the role of IL-6 in tumor progression/ apoptosis as well as potential cytotoxicity. No inflammation
pathogenesis was shown by a preference for prostate cancewas detected for the three selected cytokines we examined,
cell spreading toward organs that exhibited elevated levelsas expression levels were not significantly up-regulated
of IL-6 secretion including bone, lymph nodes, and the following ND incubation and Bcl-x expression was not
lungs®® In the context of chemotherapeutic delivery, endog- decreased, indicating that the NDs are biocompatible at the
enous IL-6 has been shown to confer prostate carcinoma cellgenetic level in vitro. While any nanomaterial-induced
resistance toward therapeutic agents, includimgdiam- enhancement in IL-6, TNIe; iINOS, or decreases in Bcl-x
minedichloroplatinum and etoposide. As such, the observa-expression would clearly not be correlated to the onset of
tion that tissue-ND incubation does not induce IL-6 up- cancer necessarily, increased levels of the inflammatory
regulation displays another level of significance in that regulatory molecules in the body can clearly play a relevant
favorable nanomateriatissue interfacing at the genetic level role in the activation of signaling elements that can in turn
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Figure 5. (a) Genetic analysis (real-time PCR) was performed to monitor inflammation and apoptotic response of RAW 264.7 murine
macrophage upon addition of nanodiamonds (Zg0nL, 24 h growth). The inflammation genes studied included iINOS, a,N#Ad IL-6.

Bcl-x was also studied, and the lack of decrease in expression levels were indicative of a nonapoptotic cell response to the bare NDs. (b)
PCR was also performed at a 72 h time point for the macrophages, which indicated a similar cellular response and favorable bio-interfacial
properties of the NDs in the context of both inflammation and apoptosis in vitro. In addition to the optical studies of cellular response to
the NDs and DOX-ND composites, the biological amenability of the NDs, DOX-induced cell death, as well as-DiDXnduced cell

death were confirmed via DNA fragmentation as well as MTT assays. For the optical/morphological analysis of drug-induced effects upon
the RAW 265.7 murine macrophages, the cells were cultured for 24 h and morphologies were monitored via optical microscopy. (c) Cell
morphologies in media only and density were observed which indicated normal cell morphology and density, (d) Cells cultured in the
presence of DOX resulted in widespread cell death, as shown by significantly decreases in cell density and abnormal morphology of
remaining debris (3g/mL DOX). (e) Cells cultured with bare nanodiamonds resulted in the morphologies and densities similar to those
observed with cells cultured in media only (29/mL NDs), and (f) cells cultured with DOXND complexes resulted in ND-induced
sequestering of DOX and reduced cell death, which was further confirmed via MTT and DNA fragmentation assagsn(30D + 3

ug/mL DOX) (Leica Lambda DG-4, magnificatior objective: (40x 10)).

result in adverse physiological reactions. Furthermore, a keyto ND presence are not activated. As cytokine up-regulation
element of advanced chemotherapy mediated by these novehas been implicated in physiological disorders that extend
nanodiamond systems rests with their ability to maintain well beyond cancer progression, the absence of IL-6,dNF

steady levels of cytokines such that secondary effects dueand INOS up-regulation or a Bcl-x expression decrease
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following cellular incubation with the NDs demonstrates its
innate potential for biocompatible drug delivery.

DOX—ND-Induced Cellular Apoptosis. Interactions of
bare NDs and the macrophages, as well as the BOR
composites and macrophages, were imaged by optical
microscopy and morphological analysis was performed to
assess DOXND effects and impact upon cellular morphol-
ogy/architectures. This visual/morphological assessment was
then supported by substantial further testing that provided
quantitative support of several factors, including the innate
biocompatibility of the NDs, DOXND efficacy in multiple
cell lines (Raw 264.7 and HT-29), DOX-only efficacy, and
LPS-inhibited DOX activity (conditions assessed via RT-
PCR, MTT assays, DNA fragmentation assays). Cell imagery
and visual analysis were conducted 18 h postincubation under
the given parameters. In Figure 5c, the macrophages culturecFigure 6. Electrophoreses of DNA extracted from RAW 264.7
in media only resulted in standard morphologies and density/ murine macrophage cells alone (lane 1) in the presence of

viability, which was previously confirmed via MTT/DNA 2;*”0‘1(;3”10“3'_5 (ZﬁgémL, lane Z)quxr?[j”bicm éz"ﬁf(/gr%Llﬁlrg
. . " , and nanodiamonds conjugated with doxorubicin,
fragmentation. In Figure 5d, it could clearly be seen that *’ 2.5ug/mL DOX, lane 4). DNA was isolated via gentle cell lysis

both cellular morphology as well as the absence of the cells and RNase and ProteinaseK treatment followed by phenol chloro-
bearing a normal morphology as shown in Figure 5¢c were form extraction and isopropanol precipitation. The fragmentation

correlated with the addition of pure DOX, which was also 0]1: ENA iSbi_“!jiC?tive??flceg death duefto apoptosis. The G‘I?gitioa
conimed fom e MTTIDNA fagmentaon assaysiy 94l (e deass o s cresein col et
mL DOX). In Figure 5, ND-only incubation also showed a - sjgnificantly attenuates this cell death. All cells were cultured for
clear distinction from Figure 5d, as the cell bodies possessed18 h prior to harvest.

morphologies similar to Figure 5c that were indicative of

healthy growth, and ND bio-amenability was again confirmed preclusion, LPS pretreatment of macrophage cells was shown
via MTT/DNA fragmentation assays (3@/mL NDs). Figure  to inhibit DOX (released from NDs) induced apoptosis.

5f confirmed an attenuated effect of the DOXDs upon DNA Assay for DOX—ND Composite Driven Cell

the cells, which was expected due to the adsorptive effectsDeath. Because the fragmentation of cellular DNA is
of the NDs upon the DOX and subsequent reduction in DOX- indicative of apoptotic cell death, the different extent of cell
mediated effects upon cellular morphology, with impact upon death induced by free-floating DOX and DGXD com-

cell death also confirmed by the MTT/DNA fragmentation POSites can be examined via gel electrophoresis of frag-
assays (30ug/mL NDs + 3 ug/mL DOX). mented DNA. Shown in Figure 6 are comparative DNA

. : assays of DOXND activity at 18 h. Because the NDs are
To further examine and confirm that cell death upon . . . . :
o ) . : innately biocompatible, as demonstrated in the PCR studies
addition of the DOX-ND composites is DOX-induced .
as mentioned before, lane 2 served as the control. As seen

acuvanoq c.)f apoptosis, studies of LPS-mediated effects UPONi 1ane 2, no DNA fragmentation was observed and thus bare
DOX activity were also conducted where cells were pre-

7 ) NDs did not induce cellular apoptosis. DNA fragmentation
treated with lipopolysaccharide (LPS, 10ng/mL), a known : . L .
could be seen in cells grown with the addition of free-floatin
inhibitor of DOX-mediated apoptosis, and then DOGXD g g

. a5 ) DOX (lane 3). The addition of the NDs with the DOX
composites were addedCell death in the presence of the ;4 hificantly decreased the amount of DNA fragmentation

same additives as shown in Figure 5d was significantly ;56 4). The effects of the NDs on DOX-induced cell death
decreased (Supporting Information Figure 1). Apoptotic cells .4, 1q pe clearly seen because the amounts of DOX added
exhibit a number of characteristic phenotypes, including i, these two samples were identical. As previously stated,
damage and fragmentation of cellular DNA, activation of e attenuated effect of the DOXND composites and their
caspase-3 (a mediator of apoptosis), and the cleavage of polyyeneration of gradual cell death were expected due to the
(ADP-ribose) polymerase. Previous studies have demon-gemonstrated drug adsorptive capability of the NDs, con-
strated the progression of these three apoptosis signals Upofirmed through the NaCl-mediated mechanism, TEM imag-
the treatment of murine macrophage cells with DOX.  ery, FTIR, and quantitative MTT/DNA fragmentation analy-
Inflammatory pathway activation has previously been shown sjs. Nonbinding between the DOX and NDs would have
to be a potent blocker of DOX-mediated cell death. The resulted in the identical potency of cell death in the form of
stimulation of inflammation involves the induction of gene observed fragmentation (e.g., nonattenuated) for the DOX
expression from a number of loci, including IL-6. Overex- only and DOX-ND conditions because the same amount
pression of IL-6 has also been shown to inhibit p53-mediated of drug would have been acting on the cells due to the equal
apoptosis®’’ As LPS is a bacterial cell membrane compo- amounts added to the DOX only and DOXID solutions
nent that induces inflammation in macrophage cells, and (3 ug/mL). On the contrary, however, to further confirm the
consistent with previous inflammation-mediated apoptotic TEM imagery and MTT data observed, the DNA fragmenta-
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Figure 7. Cell viability assay (MTT based) of HT-29 human
colorectal adenocarcinoma cells (ATCC) grown alorg, (with
25 ug/mL nanodiamonds (ND), with 2.%g/mL doxorubicin
(DOX), or with 25ug/mL nanodiamonds conjugated with 2.8/
mL doxorubicin (ND+ DOX). All samples done in triplicate.

tion pattern observed for the DGXND composites were
then expectedly displayed through the ND modulation of
drug sequestering that resulted in gradual cell death via DOX
activity. As such, through the several methodologies of
verification conducted as detailed above, it could be deter-
mined then that the DOXND interaction as well as DOX

ND driven cell death was occurring. In addition, longer
cellular incubation with DOX-ND composites led to

progression of apoptotic cell death, which also demonstrated

a functional element of the DOXND composites (data not
shown). The relative cell viability with the three different
added components, which is reflected in the fragmented DNA
patterns, is as follows: NDs DOX—ND > DOX. This
result is consistent with the cell morphology changes
observed previously via optical microscopy.

MTT Assay of DOX—ND Activity in the HT-29 Col-
orectal Cancer Cell Line. To explore the platform capabili-
ties of the ND drug-carrying technology, we also applied
the DOX—ND composites toward the HT-29 human col-
orectal cancer cell line. MTT-based cell viability assays were
done using HT-29 human colorectal adenocarcinoma cells
(ATCC) (Figure 7). Cells were seeded-a0% confluency
in McCoy’s 5A media supplemented with 10% fetal bovine
serum. Nanodiamonds were added to the cells at a final
concentration of 2%g/mL, doxorubicin at a concentration
of 2.5ug/mL, or a mixture of nanodiamonds and doxorubicin
at concentrations of 25 and 2&8/mL, respectively. Cells
were grown for 41 h at 37C with 5% CQ, and the cell
viability assay was performed following the manufacturer’s
protocol (Sigma-Aldrich) and read in a Safire multiwell plate
reader (Tecan) using Magellan software (Tecan) for analysis.
Samples were done in triplicate. No difference was seen in
cell viability when cells were grown in the presence of
nanodiamonds, which further confirmed the biocompatibility
of the NDs. Doxorubicin significantly decreased cell viability,

as expected with this lane, serving as the reference for the

DOX—ND composite effects upon HT-29 viability. It was
then shown that, following the addition of the composites,
the effect of the doxorubicin was attenuated through ND-
mediated DOX sequestering. As such, this study further
extended the applicability of the DGXNDs from the model

Nano Lett, Vol. 7, No. 11, 2007

RAW 264.7 murine macrophage, which served as a testing
platform for both drug-ND efficacy as well as innate
biocompatibility, toward a more clinically relevant colorectal
cancer cell line to demonstrate the translational potential of
this technology.

Summary. We have demonstrated that nanodiamonds
serve as concentration-tuning substrates that can be interfaced
with a chemotherapeutic drug while further serving as
stabilization matrices to preserve drug functionality. Doxo-
rubicin hydrochloride (DOX), an apoptosis-inducing drug
widely used in chemotherapy, was successfully and revers-
ibly coated on the nanodiamonds materials (NDs821m)
and introduced into living cells. The adsorption of DOX onto
the NDs and its reversible release were achieved by regulat-
ing CI~ ion concentration to elucidate the potential of
switchable drug elution mediated at the ND surface. Fol-
lowing the observation of efficient ND-driven drug inter-
nalization, comprehensive bioassays were performed to
assess and confirm the innate biocompatibility of the NDs
and stable gene program activity via RT-PCR. Genetic and
viability interrogation were applied toward the observation
of functional apoptosis-inducing mechanisms enabled by the
DOX-functionalized ND composite materials, confirming its
applicability as a platform transport technology for a
multitude of therapeutic molecules and broad nanoscale
medicine modality.
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