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The current clinical standards in cancer chemotherapy are limited by shortcomings such as
poor water solubility, short circulation half-life, high toxicity and cellular resistance.
Targeted nanoparticle drug delivery systems have the potential to overcome a number of
these challenges [1-4]. Nanodiamonds (NDs) have shown great promise in the fields of
biomedical imaging and drug delivery and have been functionalized with a variety of small
molecule therapeutics, contrast agents, proteins, polymers and nucleic acids[1, 2, 5-16].
Although NDs are both safe[2, 17-20] and effective at delivering contrast agents[2, 15] and
chemotherapeutics[2, 9, 19], in vivo tumor localization has been primarily reliant on passive
mechanisms. Previous studies have reported the ability to target nanoparticles to specific
subpopulations of cells through the covalent attachment of a protein ligand or
antibody [9, 21-24]. For this reason we have developed self-assembled nanodiamond-lipid
hybrid particles (NDLPs) that harness the potent interaction between the nanodiamond

*dean.ho@ucla.edu.
Chow Current Address: Cancer Science Institute of Singapore Department of Pharmacology Yong Loo Lin School of Medicine
National University of Singapore Singapore 117599
Current Address: Division of Oral Biology and Medicine Division of Advanced Prosthodontics The Jane and Jerry Weintraub Center
for Reconstructive Biotechnology California NanoSystems Institute UCLA School of Dentistry Los Angeles, California, 90095, USA

Experimental Experimental details can be found in the supplemental material.

Supporting Information is available online from Wiley InterScience or from the author.

NIH Public Access
Author Manuscript
Adv Mater. Author manuscript; available in PMC 2014 July 12.

Published in final edited form as:
Adv Mater. 2013 July 12; 25(26): . doi:10.1002/adma.201300343.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(ND)-surface and small molecules, while providing a mechanism for cell-targeted delivery
of imaging or therapeutic payloads.

The identification of key extracellular receptors and signaling pathways in cancer provides
an opportunity to develop targeted drug delivery strategies capable of enhancing efficacy
and reducing toxicity. Receptor targeted therapies, such as Her2 inhibitory antibodies and
selective estrogen-receptor modulators (SERMs), are now routinely incorporated into breast
cancer chemotherapy regimens [25]. However, in order to benefit from these hormone-
receptor targeted therapies, the cancer cells must express the appropriate receptors. Triple
negative breast cancers (TNBCs) are named as such because they do not express the
estrogen receptor (ER), progesterone receptor (PR) and Her2, all of which are commonly
targeted with breast cancer therapies [26-28]. TNBCs are among the most aggressive breast
cancer subtypes and are associated with poor prognosis, enhanced metastasis and greater
rates or recurrence after conventional treatment [29, 30]. Although TNBCs fail to express
many typical breast cancer receptors they do typically overexpress epidermal growth factor
receptor (EGFR), which could be harnessed as a therapeutic target for improved drug
delivery [27, 31, 32].

Herein we report the synthesis, characterization and evaluation of novel nanodiamondlipid
hybrid particles (NDLPs) targeted to EGFR. We demonstrate that NDLPs can be readily
self-assembled from a variety of modified-NDs and used to specifically deliver imaging or
therapeutic molecules to TNBC cells (MDA-MB-231) cells in vitro and in vivo. We show
that NDLP-mediated epirubicin delivery improves chemotherapeutic tolerance by mitigating
drug-induced mortality and markedly increases treatment efficacy compared to epirubicin
alone. Finally, we demonstrate that both NDs and NDLPs appear to be non-toxic in vivo.
NDLPs are a scalable, biocompatible and modular platform for the delivery of a wide
variety of biological agents, representing an important advance in targeted chemotherapeutic
delivery.

NDLPs were generated by the rehydration of lipid thin films containing
phosphatidylcholine, cholesterol and distearoylphosphoethanolamine-polyethyleneglycol-
biotin with concentrated solutions of ND-complexes. The resulting hybrid particles were
then targeted by attaching biotinylated antibodies to biotin-modified lipids with streptavidin
cross-bridges (Scheme 1). This system facilitated active targeting of ND-drug complexes
without disrupting or limiting the potent ND-drug interaction that enhances therapeutic
tolerance and efficacy. NDLPs were synthesized from a variety of functionalized ND
complexes, such as dye-labeled and drug-loaded NDs, which suggests that hybrid particle
formation is dependent on the ND rather than the complexed molecules. NDLP sizes ranged
from 40 to 110 nm in diameter and were strongly dependent on the size of the foundation
ND-conjugate (Figure 1a). For the dyeconjugated NDs, the particles in the NDLP
suspension are slightly larger than those in the original ND solution, which is likely due to
the addition of a lipid monolayer or bilayer to the particle surface. In contrast, NDLP-
epirubicin is slightly smaller than ND-epirubicin, which may be due to the lipids stabilizing
smaller ND clusters and/or preventing charge-based aggregation. The size of the NDLP-
epirubicin increased appropriately with the addition of streptavidin and then the biotinylated
antibody, which suggests that the protein additions did not alter complex stability (Figure
S1, Supporting Information). In contrast, NDLP zeta-potential was nearly neutral in all cases
regardless of the starting ND type (Figure 1b). This is consistent with studies of liposomes
composed of phosphatidylcholine (PC) and polyethylene glycol functionalized distearoyl-
phosphoethanolamine (PEG-DSPE) [33]. Furthermore, NDLPs were exceptionally stable
even in salt solutions, staying in suspension over the course of 72 hours without agitation
(Figure S2).

Moore et al. Page 2

Adv Mater. Author manuscript; available in PMC 2014 July 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In order to characterize the NDLPs, NDs were labeled with visible range fluorophores and
lipid-bilayers were labeled with the lipophilic dye 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindodicarbocyanine perchlorate (DID). Confocal microscopy of NDLPs prior to
sizing demonstrated strong co-localization of the fluorescence signatures of AlexaFluor-555
modified NDs and DID labeled lipid-layers (Figure 1c). Additionally, the NDLP suspension
was analyzed by flow cytometry after sizing by probe sonication (Figure 1d). Particles that
were positive for both fluorophores – DID and AlexaFluor 488 – were identified as NDLPs.
Prior to filtration the suspension was composed of 17.90% NDLPs, 4.47% free NDs and
75.80% non-ND lipid particles (Table 1). Filtration through a 0.2 μm polyethersulfone
(PES) filter membrane served two purposes: sterilization and removal of free NDs. Although
the particles in solution were smaller than the 200 nm pores of the PES membrane, the
remarkable adsorptive capacity that NDs have for polymers in solution makes their affinity
for a polymer membrane unsurprising [11, 34]. Additionally, the PES structure contains both
aromatic and polarizable residues, which would provide the NDs with ample opportunity for
non-covalent interaction by pi-pi stacking or dipole interactions [35]. Post-filtration the
solution was composed of 6.40% NDLPs and only 0.59% free NDs, suggesting that any
therapeutic effects would be related to ND-drug complexes in NDLPs and not free ND-drug
conjugates.

Cryogenic transmission electron microscopy of NDLPs showed the presence of two particle
subtypes within the solution. Some ND clusters appeared to be encapsulated within
liposomes, while others appeared to form a ND-lipid hybrid particle (Figure S3). When the
solution was fractionated using a sepharose CL-4B column after filtration all the fractions,
except for 11 and 12, contained the fluorescence signatures of both the NDs and lipid-
bilayer (Figure 1e). The lipid presence in each fraction was also confirmed by ICP-AES
(Figure S4). The differing ratios of ND:lipid fluorescence in the various fractions are
consistent with a solution containing liposome encapsulated NDs (Figure 1e, fractions 1-5),
ND-lipid hybrid particles (fractions 6-10) and free NDs (fractions 11-12). This data
demonstrates a strong association between the NDs and lipids, which is a key requirement
for targeted ND-drug delivery using a lipid-based biotin-streptavidin cross-bridge strategy.
Additionally, this data indicates that all fractions of the solution contain NDs, which
suggests that the portion of the solution that was read as “lipid only” on flow cytometry may
have contained low concentrations of ND as opposed to being without NDs altogether.

Confirmation of functional antibody attachment to NDLPs was initially obtained by indirect
ELISA (Figure 1f). In order to more quantitatively determine the degree of antibody loading
on the NLDPs the suspension was subjected to tangential flow filtration. Gel electrophoresis
of the filtrates of antibody loaded and antibody free particles showed the presence of bands
at approximately 160 kDa, 100 kDa and 55 kDa (Figure 1g), which likely correspond to
antibody, bovine serum albumin (BSA) dimers and streptavidin respectively (BSA was a
component of the antibody reconstitution buffer). As no 160 kDa band was evident in the
antibody-free particle filtrate, the 160 kDa band was used to determine the degree of
antibody loading (Figure 1h). Comparison to a standard curve generated with the same
antibody indicated that the filtrate contained 4.92 μg of antibody. Thus, 60.6% of the
antibody was successfully conjugated to NDLPs, resulting in 0.774 wt % loading. Of note,
there were some higher molecular weight bands in the BSA control lanes, which likely
correspond to BSA dimers and trimers. However the 160 kDa band is always more
prominent in the antibody loaded lane, as compared to the paired control lane loaded with an
equivalent amount of BSA. Epirubicin loading into ND clusters was also quantified using
absorbance at 485 nm. Greater than 85% of the epirubicin stock was consistently loaded into
the ND clusters, which resulted in an average of 17.3 wt % loading (Figure 1i). This result is
consistent with previously published reports of doxorubicin loading onto NDs [2].
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The targeting ability of the NDLPs was evaluated in two breast cancer cell lines: the EGFR-
overexpressing MDA-MB-231 cells and MCF-7 cells, which express a lower level of EGFR
proteins relative to the MDA-MB-231 cells [36]. NDLPs loaded with ND-AlexaFluor-488
bearing either an anti-EGFR antibody or a non-specific antibody were incubated with both
cell lines for 24 hours prior to imaging by confocal microscopy. Increased uptake of NDLPs
carrying the anti-EGFR antibody was observed in both cell lines (Figure 2a). The same
effect was observed when both cell lines were incubated with varying doses of NDLPs
functionalized with the anti-EGFR antibody or antibody-free NDLP (Figure 2b). The
addition of the EGFR-targeting antibody to the NDLPs resulted in a 2.89-fold increase in
fluorescence in the MDA-MB-231 cells as compared to a 2.23-fold increase in the MCF-7
cells. A similar effect was observed when Xenolight CF 750, a NIR fluorophore, labeled
NDs were used as the NDLP foundation (Figure S5).

To determine if cells take up NDLPs in an EGFR-dependent fashion, MDA-MB-231 cells
were pre-treated with epidermal growth factor (EGF), the natural ligand for the receptor.
Cellular uptake of targeted Alexafluor 488-labeled NDLPs was inhibited in a dose
dependent fashion by pre-treatment with EGF (Figure 2c), indicating that NDLP update was
dependent on EGFR availability. In addition to the NDLPs synthesized from NDs covalently
modified with a fluorophore, NDLPs were also made using drug-loaded NDs. ND-mediated
delivery of anthracycline chemotherapeutics has been shown to improve therapeutic efficacy
by reducing systemic drug toxicity, increasing circulation time and overcoming ABC
transporter mediated drug resistance [2]. Epirubicin, an anthracycline chemotherapeutic
commonly used to treat breast cancer [25], can be adsorbed onto NDs and targeted using
NDLPs. When mammary carcinoma cells were treated for 24 hours, antibody targeting of
epirubicin-loaded NDLPs reduced cell viability in both the EGFR-overexpressing and non-
EGFR-overexpressing cell lines, however the effect was only significant in the EGFR-
overexpressing MDA-MB-231 cells (Figure 2d). In contrast, there was no reduction in the
viability of either cell line with the untargeted NDLP-epirubicin, which suggests that
epirubicin was sequestered in NDLP clusters.

In order to evaluate the degree of tumor localization in vivo, targeted and untargeted NDLPs
were synthesized from NDs conjugated to Xenolight CF 750. Mice bearing luciferase-
expressing MDA-MB-231 (MDA-MB-231-luc-D3H2LN) tumor xenografts were
administered targeted or untargeted NDLPs by tail vein injection and imaged daily for 10-
days. Anti-EGFR antibody targeting enhanced the degree and duration of tumor localization
of NDLPs (Figure 3a), with a significant difference in tumor localization at 48 and 72 hours
(p=0.003, p=0.0001 respectively; Figure 3b) compared to untargeted NDLPs. Both targeted
and untargeted NDLPs appeared to clear by day 7, which allowed for weekly dosing of
therapeutic particles (Figure 3b).

EGFR targeting with NDLPs provides a method for enhancing delivery of ND-complexes to
EGFR-overexpressing tumors. As such, we investigated the effects of NDLP-mediated
delivery of therapeutic ND-complexes on tumor progression. Following 2 weeks of tumor
growth, tumor-bearing mice were treated weekly with 150 μg of epirubicin or equivalent of
targeted or untargeted epirubicin-loaded NDLPs. We elected to compare the targeted
NDLPs to epirubicin in order to test their overall efficacy relative to the clinical standard. In
addition, we also treated a group of mice with untargeted NDLPs to ascertain the degree of
benefit added from targeting. Tumor volumes were measured weekly following treatment
(Figure 3c). All mice treated with 150 μg of unmodified epirubicin suffered from drug-
related mortality by week 4 (Figure 3d). In contrast, all mice treated with NDLP-epirubicin
survived the 7-week study, indicating that NDLP-mediated delivery of epirubicin improves
murine tolerance of chemotherapy (Figure 3d). In addition to improving tolerance of
therapy, treatment with both anti-EGFR targeted and untargeted NDLP-epirubicin resulted
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in significant reductions in tumor volume when compared to phosphate buffered saline
treated controls (Figure 3d). The most effective treatment was the anti-EGFR targeted
NDLP-epirubicin, which resulted in a more than 50% reduction in luciferase signal relative
to untargeted particles and nearly complete tumor regression by the end of the 7-week study.
These results suggest that targeted delivery of epirubicin using NDLPs can enhance
treatment efficacy through increased tumor localization and improve drug tolerance.

Although a number of different groups have evaluated the safety of NDs both in vitro and in
vivo [2, 18-20], a comprehensive evaluation of both serum and hematological markers of their
safety has, to our knowledge, not yet been reported. 150 μg of epirubicin (N=5), 150 μg
equivalent of NDLP-epirubicin (targeted, N=3; untargeted, N=4), equivalent does of ND
(833 μg, N=5) or vehicle control (N=5) were delivered to CD-1 mice by tail vein injection.
Blood was sampled after 24 hours and subjected to serum chemistry analysis and blood
counts. Following treatment, the serum chemistry analysis and blood counts for all of the
groups were within the normal range (Figure 4). There was no elevation or suppression of
white blood cell counts in any of the groups (Figure 4, WBC), no significant changes in
platelet numbers (Figure 4, PLT) and no alternations in white blood cell differential (Figure
4, WBC Differential). When compared to the published normal range for 6-8 week old
female CD-1 mice, the red blood cell counts were slightly higher (Figure 4, RBC) and
hemoglobin (Figure 4, HGB) was slightly lower than expected. However, no significant
differences were observed between groups. In contrast, hematocrit was within the normal
range (Figure 4, HCT) and there was no significant perturbation in other red blood cell
indices (Figure S6).

In addition to the hematological analysis, the serum chemistry analysis also indicated no
apparent toxicity for all groups. Specifically, we observed no increases in serum marker of
inflammation alkaline phosphatase (Figure 4, ALK). There was also no induction of serum
markers of hepatotoxicity alanine aminotransferase (Figure 4, ALT) or aspartate
aminotransferase (Figure 4, AST), which are particularly important as some of the NDLPs
localized to the liver (Figure 5a). There was also no apparent effect upon liver function as
measured by total serum protein (Figure 4, TPR) and total bilirubin (Figure 4, TBIL). There
was no elevation of blood urea nitrogen (Figure 4, BUN) or serum creatinine (Figure S7,
CRE), which indicated good renal function. Finally, there were no major alterations in
serum glucose, phosphate, calcium, cholesterol, triglycerides or albumin (Figure S7, GLU,
PHOS, CAL, CHOL, TRG, ALB). In general, we observed some variation from the
expected normal range published by the mouse supplier (Charles River Laboratories). As the
mice were outbred we did expect to see more variation in all of the serum and hematological
makers than in an inbred strain. However, there were no statistically significant changes
between the vehicle control and any of the other groups. Overall these results indicate that
both NDs and NDLPs appear to be biocompatible, which serves as a foundation for their
continued preclinical evaluation.

The focus of this study was to develop a self-assembled, ND-based system for targeted
delivery of therapeutic and imaging agents to TNBCs. Here we have demonstrated that
NDLPs provide an effective method for targeting ND complexes, both for imaging and
therapy, to EGFR-overexpressing breast cancer cells in vitro and in vivo. Targeted NDLP-
mediated delivery enhanced EGFR-overexpressing tumor treatment in mice and induced
tumor regression compared to the administration of the clinical standard while improving
overall tolerance epirubicin. Furthermore, both NDs and NDLPs appeared to be non-toxic
when systemically administered to mice.

In addition to their high degree of biocompatibility there are a number of features of the
NLDPs, such as size and composition, which contribute to the overall success of the system.
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Size and charge of nanoparticle complexes are important characteristics to consider when
designing a drug delivery system, particularly when applied to cancer imaging or therapy.
Endothelial junctions in healthy tissue range from 4-8 nm while those in cancerous tissue are
on average 40-80 nm, but can be as large as 1 μm [37]. In combination with defective
lymphatic drainage near rapidly growing tumors, this irregular tumor vasculature promotes
the enhanced permeation and retention of nanoparticles with diameters greater than 8 nm in
tumors compared to healthy tissue [37-40]. While drug-delivery complexes larger than 8 nm
are beneficial for cancer therapy, the larger particles are cleared at an increased rate by the
reticuloendothelial system [41]. For instance, 400 nm diameter liposomes are cleared 7.5
times as quickly as 200 nm liposomes, which in turn are cleared 5 times as quickly as
vesicles of approximately 65 nm [42]. Although the size effect on reticuloendothelial system
clearance was somewhat mitigated by the addition of polyethylene glycol modified lipids –
similar to those used in this study – 200 nm particles are still cleared 54% faster than their
100 nm counterparts [43]. As such, optimal drug-delivery complex size for tumor treatment
likely resides between 8 nm and 100 nm. DLS analysis of NDLPs revealed that NDLPs fit
closely to these size requirements for optimal drug delivery in cancer therapy. The complex
size may be a contributing factor to enhanced drug efficacy and tolerance by both EGFR-
targeted and untargeted NDLPs. Furthermore, previous studies with cationic and neutral
lipid particles suggest that high cationic lipid content will cause severe aggregation of lipid
particles in serum, which contributes to shorter circulation times and poorer distribution into
tumor tissues as compared to neutral lipid particles [44]. Both the initial lipid content and
zeta-potential analysis of the NDLPs indicates that the particles are nearly neutral, which
may contribute to the enhanced tumor localization and drug-delivery of NDLPs by
preventing the formation of larger lipid aggregates.

When considering the additional improvement in efficacy observed with the EGFR-targeted
NDLPs as compared to untargeted NDLPs, the combination of imaging, efficacy, and safety
studies that have been demonstrated in this work should be considered. Figures 3C and 3D
clearly show that untargeted NDLP-drug delivery impaired tumor growth instead of
inducing tumor regression. This was also recently observed with the untargeted, ND-
Doxorubicin (NDX) complex[2]. Treatment with the targeted ND-drug complexes, however,
resulted in tumor regression with virtually undetectable levels of luciferase expression
(Figures 3C and 3D). The ND-drug interaction coupled with the lipid-antibody architecture
that enables increased drug loading and potent ND-drug binding results in improved drug
tolerance that is observable with both the untargeted and targeted ND-drug complexes and
also with NDX. The enhanced specificity mediated by the antibody, however, appears to be
critical to mediating tumor regression. This specificity is further evidenced by the targeted/
untargeted imaging studies in figures 3A and 3B.

Part of the success of the NDLP drug delivery systems is due to improvements in drug
tolerance. Our group has previously shown that NDs improve chemotherapeutic efficacy by
improving tumor localization and increasing drug circulation half-life [2]. The improved
drug tolerance seen with ND-mediated drug delivery is at due, in part, to functional drug
sequestration within the ND clusters. Myelosuppression, or reduction in white blood cell
count, is frequently the dose limiting side effect of chemotherapy as it renders the patient
susceptible to opportunistic infections. When doxorubicin, an epimer of epirubicin, was
delivered as a free acid, it caused a marked reduction in white blood cell count. However,
when it was delivered in ND clusters, the potent but reversible ND-drug interaction
eliminated the drug-induced myelosuppression while also improving drug effectiveness [2].
In the current study, premature drug release would have likely resulted in both decreased
drug efficacy due to non-specific uptake by normal cells and drug efflux from tumor cells.
Furthermore, administration of NDs alone likely does not affect tumor treatment efficacy or
toxicity, as comprehensive serum marker in vivo biocompatibility assays in figures 4, S6,
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and S7 demonstrated every marker remains unchanged following ND-only administration.
Therefore, the potent drug-ND binding was likely the basis for the improved drug tolerance
observed with both targeted and untargeted NDLP delivery as compared to the
administration of epirubicin alone.

Although enhanced drug tolerance is an important feature of the system, sufficient antibody
loading is required for the specificity necessary to mediate tumor regression. Overall we
were able to achieve loading of 0.774 wt % of antibody onto the NDLP clusters. Assessment
of per-particle antibody loading was conducted based on the mass of the NDs in solution and
the size of the ND-488 clusters. Utilizing an approximately spherical shape for the ND
particles, an estimated 1.76×104 NDs reside in each cluster and approximately 8.42×1010

clusters/mg. If roughly the same concentration of clusters in the ND suspension is present
within the NDLP solutions, then on average there were approximately 346 antibodies per
particle. Previous studies on immunoliposomes have demonstrated effective cellular
targeting in vitro with as few as 20 antibodies per liposome [45]. Therefore, although the
antibody loading may vary due to the presence of free liposomes in solution, a 15-fold
increase in the number of particles would still present a sufficient number of antibodies on
each particle to mediate targeting.

While previous work performed by our laboratory suggests that NDs are cleared from the
body, whole body clearance of NDs still remains in question. Yuan et al have previously
demonstrated that approximately 60% of NDs remain in the body after 28 days [46]. The
primary particles used in that study, however, were an order of magnitude larger than those
used here. Furthermore, we observed virtually no fluorescence in the mice administered
NDLP-750 10 days after injection. While ND clearance timeframes are a subject of
continued study, the ability for whole-body clearance, coupled with the promising safety
studies in this work serve as further evidence for the continued translation of NDs towards
clinical applications.

Overall, we have presented a completely self-assembled and readily scalable drug delivery
platform capable of targeting imaging and improving drug delivery. Furthermore, the
platform we have developed appears to be non-toxic. Previous studies on biocompatibility of
NDs have focused on in vitro assessment [19, 20], evaluation in nematodes [17] and specific
organ toxicity in mice [2, 18]. Here we performed a comprehensive hematological and serum
chemistry analysis looking for any evidence of an inflammatory or toxic response to both
NDs and NDLPs. Our study demonstrated that there was no significant alteration in organ
function with intravenous administration of plain NDs, targeted and untargeted NDLPs,
indicating that NDs and NDLPs are well tolerated materials. This data is particularly
important as it provides a key step forward towards the clinical translation of ND-based drug
delivery.

In conclusion, NDLPs offer a highly scalable and readily adaptable platform for drug
delivery and biomedical imaging. The system itself is entirely self-assembled under mild
conditions and can serve as a vehicle for a broad array of targeting moieties, therapeutic
compounds, and imaging agents. Here we chose to use an anti-EGFR antibody and
epirubicin to treat triple negative breast cancers. There are a number of other cancers that
could benefit from anti-EGFR targeted therapies, including esophageal, colorectal and lung
carcinomas [47-49]. Additionally, the anti-EGFR antibody could be readily replaced by
virtually any other biotinylated antibody to target other cancers subtypes, such as anti-CD20
to treat leukemias and lymphomas. Alternatively, CD20-targeted NDLPs could be used to
treat B-cell mediated autoimmune diseases or assist in immunosuppression for organ
transplant. Furthermore, the ND clusters used here can also be replaced by any number of
different ND-types that have been previously described in the literature [2, 5, 11, 15, 50, 51].
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This feature provides an opportunity to improve the imaging and treatment of a number of
different disease states, ranging from cell-targeted magnetic resonance imaging to detect
distant metastases to cell-specific gene delivery to treat inherited metabolic disorders.
Furthermore, because NDLP mediated delivery enhances the stability of NDs in salt
solutions this platform may also enhance the translational potential of a variety of different
ND-complexes.

When compared to other nanoparticle systems both NDs and NDLPs offer a versatile
platform for the improvement of drug delivery and biomedical imaging. The unique carbon
surface provides the opportunity to employ a variety of different coupling methods, both
covalent and adsorptive, while improving drug tolerance. NDs have been shown to improve
the safety and efficacy of a variety of different therapeutic and imaging
agents [1, 2, 9, 11, 15, 20]. Importantly, NDs also appear to be biocompatible. The combination
of all these features in one nanoparticle is very promising for the future clinical translation
of ND-based drug delivery platforms, including the NDLPs presented here.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) NDLP hydrodynamic radius was strongly dependent on the foundation ND-complex size
488 – AlexaFluor 488, 750 – XenoLights CF750, Epi – Epirubicin. (b) NDLP zeta-potential
was nearly neutral for all complexes. (c) Confocal microscopy of NDLPs prior to sizing
demonstrated strong colocalization of ND (AlexaFluor 555) and lipid (DID) fluorescent
labels. (d) Flow cytometry shows the presence of a dual positive NDLP population in
addition to free NDs (AlexaFluor 488 only) and empty liposomes (DID only) (quantified in
Table 1). (e) Size exclusion chromatography, nearly all fractions obtained from a size
exclusion column contained the fluorescence signature of both the NDs and lipid bilayer in
varying ratios. (f) Indirect ELISA using the fluorescence signature of ND-AlexaFluo 488
confirmed successful antibody conjugation to NDLPs. (g) Protein gel electrophoresis of
tangential flow filtrate showed bands at approximately160 kDa (black arrowhead), 100kDa
and 55kDa. (h) Quantification of the 160 kDa band demonstrated loading of 7.74 μg
antibody/mg ND. (i) Epirubicin loading into ND clusters was quantified using absorbance at
485 nm of the supernatant after centrifugation showed consistent drug loading of greater
than 85% of the stock solution or 17.3% (wt).
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Figure 2.
(a) Confocal microscopy demonstrates anti-EGFR antibody targeting increases uptake by
EGFR-overexpressing MDA-MB-231 cells as compared to non-EGFR-overexpressing
MCF-7 cells and non-specific antibody targeting. (b) Increased uptake of EGFR-targeted
NDLPs was observed across multiple concentration (*p<10−4, **p<10−5, ***p<10−6, 2-way
ANOVA for targeted vs. untargeted, within MDA-MB-231 p=1.35×10-19, within MCF-7
p=3.36×10-16, 4 degrees of freedom). (c) Pre-treatment with EGF diminished uptake of
EGFR-targeted NDLPs in a dose dependent fashion, indicating receptor dependent uptake
(*p<0.005, **p<10−5, ***p<10- 6). (d) Treatment with anti-EGFR targeted, epirubicin-
loaded NDLPs reduced cell viability in both cell lines, however the effect was only
significant in the EGFR-overexpressing MDA-MB-231 cells (*p<0.05).
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Figure 3.
(a) Mice were injected with liposomal complexes 2 weeks after 1×106 MDA-MB-231 cells
were implanted into the mammary fat pad of female Nod/scid mice. Luciferase and NIR
signal were measured daily following injections. Representative images of MDA-MB-231
tumor-bearing mice injected by tail-vein injection with NDLP-750, anti-EGFR-NDLP-750
or PBS control. (b) Quantification of NIR signal of anti-EGFR-NDLP-750 (n=3) and
NDLP-750 (n=3) treated mice (*p=0.003, **p=0.0001). (c) Mice were injected
intravenously once a week with liposomal drug complexes and controls two weeks after
1×106 MDA-MB-231 cells were implanted into the mammary fat pad of female Nod/scid
mice. Luciferase signal was measured weekly following injections. Representative images
of MDA-MB-231 tumor-bearing mice injected by tail-vein injection with PBS control (n=3),
epirubicin (Epi) (n=4), untargeted NDLP Epi (n=4) and anti-EGFR-NDLP-Epi (n=4) (d)
Quantification of luciferase signal of tumor-bearing mice following treatment (*p=0.006,
**p=0.0006)
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Figure 4.
CD-1 mice were treated with 150μg epirubicin (n=5), 833μg of ND (n=5), equivalent of
untargeted NDLP (n=3), targeted NDLP (n=4) or vehicle control (n=5) for 24 hours prior to
hematological and serum chemistry analysis. No significant differences between treatment
and vehicle control groups were observed. Gray region indicates expected normal range for
6-8 week-old, female, CD-1 mice. WBC – white blood cells, PLT-platelets, BA-basophils,
EO-eosinophils, MO – monocytes, LY – lymphocytes, NE – neutrophils, RBC – red blood
cells, Hgb – hemoglobin, Hct – hematocrit, ALK – alkaline phosphatase, AST – aspartate
aminotransferase, ALT – alanine aminotransferase, TPR – total protein, TBIL – total
bilirubin, BUN – blood urea nitrogen.
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Scheme 1.
NDLPs are synthesized by rehydration of lipid thin films containing cholesterol and
biotinylated lipids with concentrated ND solutions. Hybrid particles are then targeted using
biotinylated antibodies and streptavidin crossbridges
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Table 1

Quantification of NDLPs analyzed by flow cytometry (Figure 1d) before and after filtration through 0.2μm
membranes.

NDLP ND+ / Lipid − ND − / Lipid +

ND Only 0.03% 41.60% 0.12%

Lipid Only 0.67% 0.51% 98.60%

Unfiltered NDLP 17.90% 4.47% 75.80%

Filtered NDLP 6.40% 0.59% 92.90%
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