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N
umerous synthetic and natural
nanoscale carriers have been de-
veloped and investigated for

modulating therapeutic release. These in-
clude, but are not limited to
polymer�protein conjugates, liposomes,
micelles, dendrimers, polyelectrolyte films,
copolypeptides, carbon nanotubes, carbon
nanohorns and variants of the above.1�8

Nanodiamonds (NDs) in particular pos-
sess several characteristics including sur-
face functionalization capabilities, biocom-
patibility, and versatile deposition and
processing mechanisms that make them
suitable for advanced drug delivery.9�17

NDs have formerly been physically immobi-
lized and functionalized in various ways in
order to bind with cytochrome c, DNA, anti-
bodies, and various protein
antigens.10,12,18�22 In addition, we have
previously demonstrated the ability to ad-
sorb 2�8 nm diameter ND powders with
the apoptosis-inducing chemotherapeutic
agent, DOX, and anti-inflammatory immun-
osuppressant glucocorticoid, dexametha-
sone for drug delivery.23,24 Because of their
high surface area to volume ratio, up to 450
m2 g�1, and noninvasive dimensions, ex-
tremely high loading capacities of thera-
peutic are achievable.25 In addition, we
have demonstrated the capability of ND in-
terfacing with virtually any therapeutic mol-
ecule via physical interactions due to tailor-
able surface properties and compositions.24

With highly ordered aspect ratios near
unity, NDs have been shown to be biologi-
cally stable, allowing them to preclude ad-
verse cellular stress and inflammatory
reactions.26,27 Several reports have con-
firmed the inherently amenable biological
performance of suspended NDs when inter-
acting with cells.16,17,23,24,26�28 Particularly,

the general cellular viability, morphology,
and mitochondrial membrane is maintained
among various cell types when incubated
with suspended NDs.26,28 As such, with ap-
propriate manipulation of drug elution pa-
rameters in conjunction with proper selec-
tion of material matrices, NDs serve as
promising platforms for sustained and local-
ized therapeutic release.

Previous studies concerning covalently
modified ND films fabricated via chemical
vapor deposition (CVD) with various bio-
logical entities have provided exciting pros-
pects for biosensing applications but are
nonetheless difficult to implant because of
their rigidity.29,30 We have also previously
demonstrated the application of self-
assembled nanodiamond laminated struc-
tures via layer-by-layer processing, an
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ABSTRACT Nanodiamonds (NDs) of 2�8 nm diameters physically bound with the chemotherapeutic agent

doxorubicin hydrochloride (DOX) were embedded within a parylene C polymer microfilm through a facile and

scalable process. The microfilm architecture consists of DOX-ND conjugates sandwiched between a base and thin

variable layer of parylene C which allows for modulation of release. Successive layers of parylene and the DOX-ND

conjugates were characterized through atomic force microscopy (AFM) images and drug release assays. Elution

rates were tested separately over a period of 8 days and up to one month in order to illustrate the release

characteristics of the microfilms. The microfilms displayed the stable and continuous slow-release of drug for at

least one month due to the powerful sequestration abilities of the DOX-ND complex and the release-modulating

nature of the thin parylene layer. Since the fabrication process is devoid of any destructive steps, the DOX-ND

conjugates are unaffected and unaltered. A DNA fragmentation assay was performed to illustrate this retained

activity of DOX under biological conditions. Specifically, in this work we have conferred the ability to tangibly

manipulate the NDs in a polymer-packaged microfilm format for directed placement over diseased areas. By

harnessing the innate ND benefits in a biostable patch platform, extended targeted and controlled release,

possibly relevant toward conditions such as cancer, viral infection, and inflammation, where complementary

alternatives to systemic drug release enabled by the microfilm devices, can allow for enhanced treatment efficacy.
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drug delivery
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important precursor for local release in the form of a

coating.24

In this work, we describe the development of a scal-

ably fabricated flexible microfilm patch device which

harnesses the release activity of nanodiamonds for sig-

nificantly extended drug release capabilities in a local-

ized format. These nanodiamond-embedded polymeric

microfilms utilize the aforementioned benefits associ-

ated with NDs with minimal to no impact upon the di-

mensions of the device, thereby realizing a high-load

capacity system that is inherently noninvasive architec-

turally. Because of the innate biostability of the parylene

polymer platform that was utilized for encapsulation,

this technology can serve as a foundation for ultralong

term drug elution which can address the need for a

broad range of medical disorders including cancer, in-

flammation, and viral infection in a tangible form allow-

ing directed device placement toward virtually any

specified location.

Parylene C, a material with well-documented bio-

compatibility and FDA-approval, is used as a flexible

and robust framework and nanodiamond packaging

agent for microfilm fabrication.31,32 Parylene surfaces

have been utilized in several medical applications be-

cause of their highly conformal nature, biostability, and

inertness under physiological conditions with no

known adverse biological degradation events.31,33�36

The hybrid film consists of DOX�ND conjugates

sandwiched between a thick hermetic base and thin

permeable layer of parylene C (Figure 1a). NDs effi-

ciently sequester DOX, and can be released gradually

upon appropriate stimuli, that is, DOX concentration

gradients and acidic pH conditions, which have been

shown to be indicative of cancerous cells. A permeable

top layer of parylene C additionally acts as a physical

barrier that further limits and modulates elution. This

microfilm architecture can address a broad range of

medical conditions including difficulties involving tu-

mor heterogeneity, blood circulation, and unsustain-

able controlled release over a prolonged period of

time.37 Therefore, the ND-parylene hybrids possess par-

ticular significance and relevance toward oncological

and anti-inflammatory translation through functional-

ization of different disease specific drugs. The biocom-

patible properties, customization and localization ca-

pacity of the flexible parylene C encapsulated DOX�ND

hybrid film (Figure 1b,c) addresses several of these dif-

ficulties and offers a promising method and avenue for

future drug delivery schemes.

RESULTS AND DISCUSSION
This work demonstrated the fabrication of an ND-

based device by embedding drug-ND matrices within

a parylene C microfilm. While we have demonstrated

the foundational ability to physically adsorb therapeu-

tics onto ND surfaces for particle and self-assembled

interface-driven release, the microfilm device transi-

tions the ND from a fundamental material toward sys-

temic fabrication.23,24 This microfilm has conferred to

the ND matrix the tangibility for directed placement

and localized chemotherapeutic release. Additionally,

device performance harnesses the slow-desorption and

sustained delivery properties of the NDs toward bio-

stable cancer cell therapy.

For elution and biological assay studies, a confor-

mal and impenetrable base layer of parylene C was de-

posited atop precut glass slides. Within the parylene

deposition machine, the parylene C dimer (di-para-

xylylene) is pyrolized into monomer form (para-

xylylene) and then deposited at room temperature in a

Figure 1. (a) Illustrated schematic of hybrid film patch. NDs and DOX molecules bound through physical interactions in
various configurations are deposited atop a base layer of parylene. A final layer of parylene film is then deposited for addi-
tional elution control. (b) Hybrid films with a 10 g base layer of varied size and shapes. (c) The patch exhibits innate flexibil-
ity and a thin physical profile.
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vacuum, where the monomers spontaneously form

polymers.35,38 Since this process takes place under am-

bient conditions, the functionality and structure of the

DOX�ND conjugates are not harmed or inhibited.

The base layer exists as a flexible foundation upon

which an implantable patch can be constructed and si-

multaneously provides an impermeable and pinhole-

free platform for unidirectional drug-elution. As newly

deposited parylene is hydrophobic as elucidated by

fundamental surface nanostructure studies (Figure

2a),39 additional surface processing was performed to

enhance drug deposition uniformity and elution. As

such, the parylene layers were oxidized via oxygen

plasma treatment, which has been shown to increase

surface roughness while adding CO3
� and carbonyl

(CAO) groups, effectively creating a hydrophilic sur-

face (Figure 2b).40 Oxidization of parylene C surfaces

have been shown to be stably hydrophilic after treat-

ment, while increasing the level of cell adhesion.36 For

elution experiments, appropriate amounts of a

DOX�ND solution composed of a 4:1 ratio of NDs and

DOX of concentrations 330 and 66 �g/mL, respectively,

was then added to the base layers via solvent-

evaporation at room temperature to produce a final

concentration of 6.6 �g/mL in solution (Figure 2c).

A second ultrathin parylene C layer of patchy poros-

ity was then deposited as an elution limiting element

(Figure 2d). At diminutive parylene dimer loads, film

Figure 2. (a, b) Atomic force microscope (AFM) images reveal the coarse grained polymer structure of native and plasma
treated parylene C, with an rms roughness of 6.245 and 9.291 nm, respectively. The rms roughness values were obtained
through Asylum’s MFP-3D/Igor Pro software. Insets: static contact angle measurements exhibit the hydrophilicity transfor-
mation associated with plasma treatment. (c) DOX�NDs were deposited on a plasma treated layer of parylene C. The im-
ages portray nanoscale features that form via parylene coating of the DOX�ND conjugates, possibly due to the general
roughness of the underlying parylene or ND aggregation. (d) DOX�NDs were covered with an additional thin layer of
parylene C. General structure and conformation of the underlying DOX�NDs were unaffected by the thin film of parylene
C deposition; scale bars � 5 �m.

A
RTIC

LE

www.acsnano.org VOL. 2 ▪ NO. 10 ▪ 2095–2102 ▪ 2008 2097



deposition cannot be guaranteed to be conformal and

pinhole free.41 Therefore, with smaller dimer masses,

the dimensions and amount of pinholes are increased,

acting as an adjustable physical barrier for controlled

drug release. Furthermore, this additional thin film

provides a structural platform that simultaneously pro-
tects the underlying DOX�ND and acts as a base for ad-
ditional device modifications. We have previously ap-
plied this base layer-drug-porous layer configuration
toward studies involving DOX and other parylene varia-
tions.42 The final layer of parylene C, with a thickness
on the order of 20�50 nm, confirmed through AFM
scratch tests (data not shown),42 was also treated with
oxygen plasma.

The topography of each successive layer during pro-
cessing is exhibited in Figure 3. Of particular impor-
tance, the grainy texture of the top eluting parylene
layer (Figure 3c) is shown to maintain the structure of
the underlying DOX-ND conjugates while simulta-
neously providing a means for modulating therapeutic
release, indicated through slow-release assessment
trials.

Slow-release assessments were chosen with DOX
due to its easily characterizable absorbance and ob-
tained by immersing samples in nanopure water and
placing in a 37 °C and 5% CO2 incubator to mimic physi-
ological conditions. In addition, the biological function
of eluted DOX in a biological environment was exam-
ined by identifying apoptosis within a DNA fragmenta-
tion assay.

DOX solubilized in water generates an absorbance
signal from approximately 375 to 575 nm, with a peak
at approximately 480 nm (Figure 4a�b). Absorbance
values under 350 nm were not recorded since parylene
C is known to absorb strongly at lower wavelengths.

The hybrid films were tested for their initial release
profile over the first eight days against a control micro-
film of same architecture containing only DOX (Figure
5a). Microfilms containing only DOX eluted the entirety
of its drug within the 24 h. In contrast, films that lacked
the deposited thin parylene layer eluted the majority
of the deposited drug in the first day, while films that
contained the layer demonstrated a more controlled
and constant release of therapeutic. On the basis of ab-
sorbance readings, uncovered DOX�ND complexes
eluted at least three times more DOX over the first day

Figure 3. 3-d AFM representations of the (a) 1st layer, oxidized
parylene C base; (b) 2nd layer, coated DOX�ND deposition on oxi-
dized parylene C base; (c) 3rd layer, top eluting parylene C layer depos-
ited upon DOX�ND conjugates.

Figure 4. Sample of UV�vis spectra of eluate collected at every 24 h interval for uncovered (a) and covered (b) samples.
The red arrow in panel b indicates the reduced initial drug elution, especially evident at day 1.
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than films with the additional elution control layer,
which released drug at a nearly constant rate after 24 h.
The muted initial release of the covered films may aid
in reducing symptoms associated with spiked levels of
drugs that result from direct drug administration. After
eight days, there remained a great deal of DOX�ND
complexes on both uncovered and covered patches
upon visual inspection, possibly due to large aggrega-
tions of NDs surrounding a DOX core or physical entrap-
ment onto the uneven coarse oxidized parylene sur-
faces.23

To evaluate the long-term performance of the patch,
the experiment was repeated over a month-long pe-
riod (Figure 5b). An identical initial trend equivalent to
the 8-day results was observed. The robustness and sta-
bility of the parylene-based patches were confirmed
visually throughout the experiment while ongoing tri-
als are examining the continued extension of elution
duration to maximize the length of microfilm
functionality.

Two important consequences of the initial surge in
elution of DOX�ND from the uncovered film affect
drug preservation and dosage. First, the decreased abil-
ity of the uncovered film in sequestering drug was a di-
rect cause for the increased elution over the first 3
days. In addition, samples were allowed to elute for a
period longer than 24 h at specific times to determine
extended dosage levels, namely at days 12�16 and
22�29, highlighted in Figure 5b. During the aforemen-
tioned periods, covered films eluted a greater total
amount of drug than uncovered films, primarily due to
the uncovered film’s drug reservoir being exhausted at
an early stage from its large initial release. Since equal
amounts of DOX�ND were coated on both films, the in-
creased elution from the last data point infers the cov-
ered hybrid films will elute for a longer period of time
than uncovered films.

In addition, the decreased drug preservation of un-
covered microfilms resulted in increased initial drug
dosage, which can be particularly important during the
nascent phases following implantation. An immediate
release of drug following implantation has been shown
to cause several negative side effects.43 Therefore, con-
trolled localized elution offers several advantages over
conventional systemic drug administration, including
the ability of maintaining a desired concentration over
long periods of time with a single administration.3 This
continuous elution can alleviate drug loss through
blood circulation, extravasation, or other methods of
excretion.44

Moreover, DOX has poor penetration into tumor tis-
sues, due to low diffusion rates caused by small intersti-
tial spaces and strong intracellular binding.45 Because
of this effect, steep DOX concentration gradients are
observed when injected in vivo, with the highest con-
centrations localized near microvessels.45 A gentler con-
centration gradient can instead be created with con-

tinuous treatment.45 The ND-parylene microfilm device

is envisioned to circumvent these effects since the ini-

tial elution of DOX from the hybrid film is gradual and

tapered, rather than abrupt and rapidly depleted. Drugs

with poor penetration, like DOX, also have low cell-

death thresholds, as they only affect cells located at

the periphery. Maintained continuous treatment can al-

leviate this obstacle by eliminating additional layers of

cells through lengthened time periods, without supple-

mental therapies.46 As an additional benefit, sustained

release can prevent oncogenic regrowth between che-

motherapy sessions.46

To confirm the retained biological activity and sus-

tained elution of DOX mediated by the DOX�ND micro-

films, a DNA fragmentation assay was performed (Fig-

ure 6). The patterned degradation of DNA that is

characteristic of apoptosis appeared as a result of expo-

sure to DOX, and was observed in the gel for the posi-

tive control and all samples containing DOX�ND. To

show the proper time scale of drug activity, two sets of

samples were harvested after 16 (lanes 1�4) and 20 h

(lanes 5�8) of growth. Lanes 1:5, 2:6, 3:7, and 4:8 corre-

late to the negative and positive controls, the uncov-

Figure 5. (a) Three initial 8 day trials were performed for a ND-deficient
control and uncovered and covered microfilm samples with the opti-
cal absorbance measured at 480 nm. (b) A long-term trial where elu-
ate is collected at various time points and optical absorbance is mea-
sured at 480 nm. Days 12�16 and 22�29 indicated by arrows are time
points representing the specified extended elution period.
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ered device, and the covered porous device, respec-
tively. DOX�ND microfilm samples were loaded with
over 13 times the concentration of DOX compared to
the positive control. The ability of DOX�ND complexes
to naturally reduce DOX elution rates is seen when
comparing lanes 3, 4, 7, and 8 to the 2.5 �g/mL posi-
tive controls. Whereas positive controls prompted rigor-
ous DNA fragmentation, the DOX-ND devices seemed
to display a delayed onset of apoptosis, which can re-
duce the severe side effects that result from a sudden
spike in DOX dosage.47 In addition, the assay attests to
the unaffected biological activity native to the
DOX�ND complex, even within a biological environ-
ment. Moreover, the data substantiates the ability of
the device to deliver at least 13 times more therapeu-
tic to a localized spot at a rate of decreased variability.
Most importantly, the combined effects of localized de-
livery and gradual therapeutic elution of a large reser-
voir of drug offers a safer, yet more enduring, and po-

tent drug delivery device by incorporating other

therapeutic agents.

CONCLUSION
Hybrid parylene-ND-based films were constructed

as a flexible, robust, and slow drug-release device in-

tended for implants or as stand-alone devices for spe-

cific therapies such as antitumor patches. This device

configuration offers a platform on which several thera-

peutic drug delivery devices can be developed. Hybrid

films were capable of releasing a continuous amount of

drug for at least a month. We postulate that by alter-

ing DOX�ND deposition amounts and the thickness of

the permeable parylene layer, dosage amounts and

thus, total release times can be calibrated. Since drug

release is presumably driven by drug concentration gra-

dients, the patches can be optimized to reduce elution

rates should the local therapeutic concentration reach a

defined threshold.

Further studies include utilizing layer-by-layer tech-

niques to construct well-ordered ND and drug multilay-

ers on a polymer surface.24 The flexibility of the critical

components in this device, namely the biocompatible

structural material, parylene, and the drug sequestering

element, NDs, provide exciting prospects involving ad-

justable and extended timed release with combinatorial

drug studies.

Since the DOX�ND complex is highly efficient and

regulated for controlled drug release, the patch may

serve as a transformative technology for pre- and post-

operative therapies to induce localized therapeutic re-

lease and tumor apoptosis prior to surgical interven-

tion, or reduce the recurrence of cancer after surgery.

Furthermore, the encapsulated NDs may be affixed with

fluorescent molecules to serve a dual purpose as an im-

aging agent for cancer detection or other types of im-

aging after ND elution. Lastly, the flexibility of this de-

vice and scalability of the fabrication process allows the

patch to be uniformly coated on any surface including

a variety of implants to increase the biocompatibility

and functionalities of the coated device.

MATERIALS AND METHODS
ND Suspension and Conjugation with DOX. NDs were conjugated

and dispersed according to protocols described in previous stud-
ies.23 Upon ND ultrasonication (100 W, VWR 150D sonicator) for
30 min, DOX and ND solutions were centrifuged together at ap-
propriate concentrations at a 4:1 ratio. Addition of NaCl helped
facilitate the process in a more efficient manner.

Materials and Device Fabrication. A conformal base layer of
parylene C (3 g) was deposited on precut 2.5 cm � 2.5 cm glass
slides with a Specialty Coating Systems (SCS) PDS 2010 Labcoater
(SCS, Indianapolis, IN). The parylene layer was oxidized via oxy-
gen plasma treatment in a Harrick Plasma Cleaner/Sterilizer (Ith-
aca, NY) at 100 W for one minute. A DOX�ND solution was then
added to the base layer so that the final DOX�ND concentra-
tion in solution was 6.6 �g/mL. Subsequently, solvent evapora-

tion occurred in isolation at room temperature. Following
DOX�ND deposition, an ultrathin parylene C (0.15 g) layer was
deposited as an elution-limiting and control element. The final
layer of parylene C was treated with oxygen plasma at 100 W for
one minute. Parylene C was pyrolized into a gaseous monomer
at 690 °C, and deposited at room temperature under vacuum
conditions for all depositions. Control microfilms that lacked NDs
were fabricated in the same manner with equal amounts of
DOX.

The preceding parameters apply to devices fabricated for
spectroscopy studies. The concentration of DOX�ND was ad-
justed for devices used in the DNA fragmentation assay so that
the final DOX�ND concentration in solution was 33 �g/mL.

AFM Characterization. Asylum MFP3D AFM (Santa Barbara, CA)
images of the samples were taken to identify the structure and

Figure 6. Gel electrophoresis assay of DNA from RAW 264.7
murine macrophages incubated for 16 h (lanes 1�4) and
20 h (lanes 5�8) on glass (lanes 1, 5), parylene with 2.5
�g/mL of DOX (lanes 2, 6), 33 �g/mL of DOX�ND on
parylene C (lanes 3, 7), and 33 �g/mL of DOX�ND sand-
wiched between a base and permeable layer of parylene C
(lanes 4, 8). The degrees of banding correlate to different
stages of apoptosis induced by DOX incubation.
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interaction between proteins. Image dimensions were 20 �m �
20 �m. Contact mode imaging at line scan rates of 0.3 to 0.5 Hz
were performed in at room temperature with Olympus
TR800PSA 200 �m length silicon nitride cantilevers (Melville,
NY).

Spectroscopic Analysis. Samples were immersed in nanopure wa-
ter (2 mL) in six-well plates and placed in an incubator at 37 °C
and 5% CO2. At every 24-h interval, samples were transferred to
another well to avoid residue contamination while the remaining
eluate (2 mL) was collected. A full wavelength scan from 350 to
700 nm was performed on a portion of the eluate (100 �L) with
a Beckman Coulter DU730 Life Science UV/vis spectrophotome-
ter (Fullerton, Ca).

Contact Angle Measurements. Static contact angles were mea-
sured with DI water (10 �L) with a Ramé-Hart, Inc. imaging sys-
tem and autopipetting system (Mountain Lakes, NJ).

DNA Fragmentation Assay. RAW 264.7 murine macrophages
(ATCC, Manassas, VA) were cultured in Dulbecco’s modification
of Eagle’s medium (Cellgro, Herndon, VA) supplemented with
10% fetal bovine serum (ATCC) and 1% penicillin/streptomycin
(Cambrex, East Rutherford, NJ). Cells were grown in an incuba-
tor at 37 °C and 5% CO2. The cells were plated on two sets of un-
covered and covered devices at �40% confluence, for 16 h with
one set and 20 h with the other to contrast progression of apop-
tosis over time as a result of DOX�ND elution from the native
and porous devices. DOX (2.5 �g/mL) served as a positive con-
trol for apoptosis, and culture media was a negative control. Cell
harvest comprising a PBS wash and subsequent lysis in lysis
buffer (500 �L, 10 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% Triton
X-100) for 15 min, 30-min incubations with RNase A (33.3 �g/mL)
and proteinase K (83.3 �g/mL) that occurred at 37 °C followed
the buffer treatment, separately. The samples then underwent
phenol chloroform extraction, followed by DNA isolation and
precipitation in 2-propanol at �80 °C for at least 2 h. After wash-
ing with 70% ethanol, the samples were resuspended in water
and loaded onto a 0.8% agarose gel in sodium borate buffer, run,
and stained with ethidium bromide (Shelton Scientific, Shelton,
CT).
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13. Krüger, A.; Kataoka, F.; Ozawa, M.; Fujino, T.; Suzuki, Y.;
Aleksenskii, A. E.; Vul, A. Y.; Ōsawa, E. Unusually Tight
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