
4770

www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N

    Xue-Qing   Zhang  ,     Robert   Lam  ,     Xiaoyang   Xu  ,     Edward K.   Chow  ,     Ho-Joong   Kim  , 
    and   Dean   Ho   *   

 Multimodal Nanodiamond Drug Delivery Carriers 
for Selective Targeting, Imaging, and Enhanced 
Chemotherapeutic Eff icacy 
 Major goals within the development of nanomedicine for cancer 
therapy include enhancing therapeutic effi cacy, the selective tar-
geting of cancerous cells and the ability to track drug import. [  1  ]  
The advancement of next-generation nanocarriers as drug 
delivery platforms will require the incorporation of these useful 
properties, through which adverse side effects of chemotherapy 
drugs can be avoided and overall treatment and diagnosis 
improved. As such, a variety of nanoparticle-based delivery sys-
tems have already been widely investigated and provided inter-
esting avenues of research for improving cancer treatments 
through therapy and targeted delivery. [  2–7  ]  

 Herein, we report on an inclusive multicomponent nano-
diamond (ND)-based drug delivery system with simultaneous 
capabilities in targeting, imaging and enhanced therapy. NDs, 
2–8 nm diameter carbon carriers of truncated octahedral compo-
sition, have been emerged as promising drug carriers due to their 
unique features, including biocompatibility, [  8–10  ]  functionalization 
versatility [  11  ]  and unique surface electrostatics. [  12  ]  In particular, the 
utilization of NDs has circumvented many individual challenges 
in cancer therapy, including bypassing chemoresistance, [  13  ]  con-
trolled delivery [  9  ]  and intracellular tracking. [  14–16  ]  A broad range 
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of therapeutics, such as small molecule drugs and nucleic acids 
have been bound to the ND surface and effi ciently delivered with 
increased effi cacy. [  9  ,  17  ]  Recent in vivo studies have also alluded to 
the clinical potential of utilizing ND to deliver chemotherapeutic 
agents. [  13  ]  Fluorophore conjugation and introduction of nitrogen 
defects have also provided a means of tracking NDs within bio-
logical samples. [  15  ,  18  ,  19  ]  Thus far, the development of multifunc-
tional NDs as drug delivery platforms with simultaneous capa-
bilities in targeting, imaging and therapeutic activity has yet to be 
reported. For this, we have synthesized a versatile ND construct 
that incorporates a targeting agent, imaging agent and chemo-
therapeutic for multimodal imaging and therapeutic applications. 
The enhanced therapeutic effi cacy and specifi c internalization 
within cancerous cell lines is then observed and evaluated. 

 Active targeting of drugs in a disease specifi c manner is 
an appealing approach towards the treatment of cancers. [  1  ]  
In particular, an effective strategy in treating cancer involves 
the specifi c targeting of antigens within tumors of interest. [  20  ]  
Through ligand-target biorecognition of tumor cells, the toxicity 
to healthy surrounding cells can be minimized. The receptor 
tyrosine kinase, human epidermal growth factor receptor 
(EGFR), is a potent and well studied target for anticancer drug 
delivery systems. EGFR is overexpressed in over one-third of all 
solid tumors, including breast, lung, colorectal and brain can-
cers. [  21  ,  22  ]  In response to growth factor ligand binding, EGFR 
is signifi cantly involved in cell signaling pathways associated 
with growth, differentiation and proliferation. Previous clinical 
trials involving EGFR-targeted therapies in cancer patients have 
shown promising increases in therapeutic effi cacy and enhanced 
specifi city. [  23  ]  Due to these reasons, we synthesize NDs which 
are endowed with the specifi city of anti-EGFR monoclonal anti-
bodies (mAbs), designed to increase internalization and delivery 
of anticancer agents into EGFR-overexpressing cells. 

 Paclitaxel (PTX), a chemotherapeutic which causes cell 
death by interrupting the polymerization dynamics of tubulin 
during cell division and interphase, remains as one of the most 
frequently used antitumor drugs against ovarian and breast 
cancer today. [  24  ]  Although highly effective, several challenges 
associated with drug administration remain, most notably side 
effects due to solubilization agents and drug resistance among 
others. [  24  ,  25  ]  The commercial formulation of PTX, Taxol (Bristol-
Myers Squibb), includes a 1:1 absolute ethanol:Cremophor EL 
solubilization agent, which has been associated with hypersen-
sitivity reactions and many others. [  24  ,  26  ]  Therefore, emerging 
nanoparticle-based delivery approaches for increasing PTX solu-
bility and effi cacy have been studied. [  27–32  ]  In this study, we report 
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on a multimodal ND conjugate to improve the therapeutic index 
of PTX through targeting and nanoparticle attachment. 

 Within this construct, PTX molecules are attached to the ND 
surface via fl uorescently labeled oligonucleotide strands. Poly-
valent DNA functionalization of nanoparticles has been exten-
sively studied and utilized in a variety of biological applications, 
including nanomedicine, diagnostics and self-assembly. [  6  ,  33–35  ]  
The programmable and versatile chemistry afforded by oligo-
nucleotide synthesis is especially useful in drug delivery, as the 
simultaneous linkage and intracellular tracking of conjugated 
therapeutics to the ND surface can be accomplished in an inte-
grated manner. DNA-functionalization has also been shown to 
exhibit a three orders of magnitude higher cellular uptake than 
oligoethylene glycol (OEG)-functionalized NPs, a commonly 
used linker. [  6  ]  Combined with anti-EGFR mAb attachment to the 
ND surface, the resultant conjugates provide a multimodal drug 
delivery platform with simultaneous capabilities in enhanced 
therapy, targeting and imaging. The collective capacity of this 
ND-based drug delivery system was then tested and observed in 
vitro within breast cancer cells of contrasting EGFR expression. 

 In order to prepare the multimodal ND nanoparticles 
possessing both fl uorescently labeled drug-oligonucleotide 
conjugates and mAbs, the ND surface was fi rst functionalized 
with the hetero-bifunctional cross-linker sulfosuccinimidyl 
6-(3 ′ -[2-pyridyldithio]propionamido)hexanoate (sulfo-LC-SPDP) 
and characterized with Fourier transform infrared spectroscopy 
© 2011 WILEY-VCH Verlag GAdv. Mater. 2011, 23, 4770–4775

     Figure  1 .     a) Synthetic scheme of multifunctional PTX-DNA/mAb@NDs.
forming sulfhydryl-reactive NDs (ND-SPDPs). Thiolated drug-oligonucleo
ND-SPDPs. b) Hydrodynamic size and c)  ζ -potential of NDs and specifi ed
3). d) Surface loading of PTX and mAb within PTX-DNA@ND and PTX-DNA
tion (N  =  3). e) TEM images of (left) NDs and (right) PTX-DNA/mAb@ND
(FTIR) (see Figure S1, Supporting Infor mation), followed by 
the attachment of thiol-containing biomolecules ( Figure    1  a).  

 For PTX linkage, we fi rst constructed a thiolated 20-mer 
poly-dT strand containing a terminal dodecyl amine for con-
jugation. A fl uorescein-labeled dT-nucleotide was inserted 
within the oligonucleotide strand for cellular imaging and 
PTX loading quantifi cation. A carboxylic acid derivative of PTX 
(Compound 1) [  36  ]  was tethered to the oligonucleotide strand via 
amine coupling chemistry (PTX-DNA) and characterized by 
matrix-assisted laser desorption/ionization mass spectrometry 
(MALDI-MS) (see Figure S2 and S3, Supporting Information). 
Sulfhydryl groups were introduced into the targeting protein by 
reacting 2-Iminothiolane (Traut’s reagent) with primary amines 
within anti-EGFR mAbs (see Figure S4, Supporting Infor-
mation). Resultant thiolated PTX-DNA and mAbs were then 
simultaneously coupled to SPDP functionalized NDs (ND-
SPDP), forming PTX-DNA/mAb@NDs (Figure  1 a). 

 Once functionalization was completed, conjugates were puri-
fi ed through repeated centrifugation and washes to remove excess 
unbound ligands, resulting in highly stable suspensions within 
aqueous solutions. Dynamic light scattering (DLS) analysis showed 
untargeted and targeted PTX-DNA@ND hydrodynamic sizes 
of  ≈  230 nm and  ζ -potential values of  ≈  −30 mV (Figure  1 b,c). 

 A cleavable disulfi de linkage between attached biological 
cargo (i.e. oligonucleotides, therapeutics and proteins) and the 
ND surface allows for the surface loading quantifi cation of PTX 
4771mbH & Co. KGaA, Weinheim wileyonlinelibrary.com

 Sulfo-LC-SPDP was attached on to an aminated ND surface (ND-NH 2 ), 
tide conjugates and thiolated mAbs were then simultaneously attached to 
 conjugates. Particles were suspended in deionized water (50  μ g/ml) (N  =  
/mAb@ND conjugates. Data is represented as the mean  ±  standard devia-
s. Scale bars are 5 nm in each image.  
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     Figure  2 .     Confocal fl uorescence microscopy images of live MCF7 and MDA-MB-231 cells treated with ND-conjugates (25  μ g/ml) after 6 h. Each sample 
was imaged for a) bright fi eld, b) oligonucleotide based fl uorescein fl uorescence, c) Lysotracker stained lysosomes, d) Cellular Lights stained actin, 
e) DRAQ5 stained nuclei and f) overlaid. Scale bars are 20  μ m in each image.  
and mAbs. Treatment with dithiothreitol (DTT) cleaves and 
detaches PTX-DNA and thiolated mAbs from the ND surface. 
Prior to DTT treatment, supernatant collection after centrifu-
gation yielded a colorless liquid. In contrast, after DTT treat-
ment, supernatant samples upon centrifugation produced a 
green fl uorescent tint, indicating successful cleavage of fl uo-
rescently tagged PTX-DNA from the ND surface. Fluorescence 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
analysis and protein quantifi cation assays of collected super-
natant revealed surface loading of 3.1  ±  0.7 nmol of PTX per 
mg of untargeted ND conjugates and 2.2  ±  0.4 nmol of PTX 
and 53.5  ±  2.1  μ g of mAb per mg of targeted ND (Figure  1 d). 
Transmission electron microscope (TEM) images also showed 
an amorphous organic layer coating the crystalline NDs within 
PTX-DNA/mAb@NDs as compared to ND only controls 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 4770–4775
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     Figure  3 .     Quantitative analysis of PTX-DNA@ND and PTX-DNA/mAb@
ND internalization within cells. Flow cytometry analysis of fl uorescein-
labeled oligonucleotides is representative of ND-conjugate internalization 
into MCF7 and MDA-MB-231 cells. Data is represented as the mean  ±  
standard deviation (N  =  2).  
(Figure  1 e). These results clearly confi rm the presence of PTX-
DNA and mAb within PTX-DNA/mAb@ND conjugates and 
represent the versatility afforded by this delivery system. 

 The feasibility of PTX-DNA/mAb@NDs as a targeted drug 
delivery platform was tested through in vitro uptake studies 
in breast cancer models with upregulated EGFR as a readout 
within basal EGFR expressing MCF7 and EGFR-overexpressing 
MDA-MB-231 cells. By observing the fl uorescent tag within the 
oligonucleotide linkers, the therapeutic payload delivery of the 
resultant conjugates can be examined through confocal micro-
scopy. Internalization was measured within MDA-MB-231 cells 
compared with MCF7 cells. The differences in EGFR density 
allow for the comparison of baseline untargeted internalization 
within cells of normal level EGFR expression and increased 
uptake through targeted delivery in EGFR-overexpressing cells. 
Confocal microscopy data demonstrates that after 6 hours of 
incubation, PTX-DNA@ND and PTX-DNA/mAb@ND treated 
MCF7 cells exhibited similar levels of fl uorescence ( Figure    2  ). 
In contrast, anti-EGFR containing conjugates were highly fl uo-
rescent compared to the untargeted NDs within MDA-MB-231 
cells (Figure  2 , Channel B). These results attest to the internali-
zation specifi city conferred by anti-EGFR mAb during uptake. 
Fluorescence within all conjugates was primarily observed in 
the cytoplasm in a punctuate manner. Furthermore, a signifi -
cant portion of conjugates were colocalized with lysosomes, 
consistent with observations from previous reports on an endo-
cytic mechanism of internalization (Figure  2 , Channel B and 
C). [  37  ,  38  ]  These results suggest that the majority of complexes 
enter the endosomal pathway, but the addition of anti-EGFR 
improves the internalized amount in the same period of time.  

 Binding and uptake of EGFR-targeted and non-targeted NDs 
within EGFR-overexpressing cell lines were then quantitatively 
evaluated by fl ow cytometry ( Figure    3  ). Fluorescence intensity 
of fl uorescein-labeled DNA linkers within PTX-DNA@NDs 
and PTX-DNA/mAb@NDs showed that internalization was 
nearly equivalent within MCF7 cells, even in the presence of the 
soluble competitive binding agent EGF. However, when MDA-
MB-231 cells were treated with PTX-DNA/mAb@NDs, there 
© 2011 WILEY-VCH Verlag GAdv. Mater. 2011, 23, 4770–4775

     Figure  4 .     Cytotoxicity profi les of PTX (blue triangles), PTX-DNA@NDs (red
lating equivalent PTX doses in MCF7 and MDA-MB-231 cells after 48 h inc
was a nearly 150% enhancement in the fl uorescence signal as 
compared to that of PTX-DNA@NDs. Internalization of anti-
EGFR-conjugated NDs within MDA-MB-231 cells was competi-
tively inhibited by the addition of soluble EGF. Increased con-
centrations of EGF led to larger reductions of internalization. 
At excess amounts of EGF, internalization was reduced to orig-
inal base level internalization found in untargeted PTX-DNA@
NDs. Therefore, results show the large enhancement in delivery 
within EGFR-overexpressing cells is primarily attributed to the 
specifi c targeting conferred by mAb conjugation.  

 We then investigated the effect of targeted delivery of the ND 
conjugates towards enhancing cellular cytotoxicity. MTT viability 
assays were fi rst assessed for ND-only controls (see Figure S5, 
Supporting Information). Cell viability was  > 90% for ND con-
centrations up to 200  μ g/ml, attesting to NDs as a biocompatible 
nanocarrier. The same assays were then performed comparing 
free PTX with untargeted and targeted versions of PTX-DNA@
NDs at equivalent PTX dosages in MCF7 and MDA-MB-231 cells 
( Figure    4  ). Enhanced cytotoxicity was observed in escalating-dose 
4773mbH & Co. KGaA, Weinheim wileyonlinelibrary.com

 squares) and PTX-DNA/mAb@NDs (black diamonds) in respect to esca-
ubation ( n   =  6). Corresponding IC 50  values are listed underneath.  
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 studies after 48 h treatment of PTX-DNA@NDs and PTX-DNA/

mAb@NDs in both cell lines across all concentrations. Since 
only  ∼ 32 and  ∼ 45  μ g/ml of NDs were employed within 100 nM 
PTX dosages in untargeted and targeted conjugates, respectively, 
the reduction in viability can be solely attributed to PTX activity. 
In MCF7 and MDA-MB-231 cells, PTX performed with similar 
effi ciency with IC 50  values of over 200 nM. Untargeted and tar-
geted PTX-DNA@NDs in MCF7 cells, possessed IC 50  values of 
24.1 nM and 17.7 nM, respectively. These results attest to the 
enhanced activity of PTX when tethered to the ND surface, sim-
ilar to previously reported results. [  28  ,  33  ]  However, targeted con-
jugates did not show a signifi cant improvement in cytotoxicity 
compared to untargeted PTX-DNA@NDs, presumably due to 
the negligible effect of targeting towards normal EGFR expres-
sion. In contrast, anti-EGFR linked conjugates had an IC 50  value 
of 43.8 nM within MDA-MB-231 cells, a nearly two-fold increase 
in effi cacy compared to untargeted conjugates. The data sug-
gests that targeting through the mAb moiety increases specifi city 
and internalization, which subsequently enhances therapeutic 
activity. As such, increased EGFR density on the plasma mem-
brane amplifi es delivery and the ability to mediate selectivity 
cytotoxicity.  

 In conclusion, heterofunctional NDs were prepared 
by attaching fl uorescently labeled PTX-DNA conjugates 
and anti-EGFR mAbs onto the ND surface, alluding to the 
utility of targeted NDs as a novel drug-delivery platform for 
applications in oncology. The covalent attachment of PTX 
and mAbs signifi cantly enhanced therapeutic activity and 
targeting specifi city. Fluorescently labeled oligonucleotide 
linkers within conjugates enabled intracellular observation 
and uptake measurements through confocal microscopy and 
fl ow cytometry, respectively. Visualization of fl uorescein-
labeled targeted and untargeted PTX-DNA@ND conjugates 
revealed internalization and targeting profi les within cells 
of disparate EGFR expression. MAb linked conjugates were 
found to have very little effect within MCF7 cells due to basal 
EGFR expression. In contrast, PTX-DNA/mAb@NDs effi -
ciently internalized into EGFR-overexpressing MDA-MB-231 
cells through multivalent interactions, exhibiting signifi -
cantly enhanced uptake and therapeutic effi cacy. To demon-
strate the over-expression of EGFR in MDA-MB-231 cells, 
the elevated uptake of targeted conjugates was suppressed 
in the presence of a competitive binding factor, EGF. IC 50  
values indicated that drug conjugation onto the ND surface 
demonstrated an order of magnitude greater potency than 
free drug within MCF7 breast cancer cell lines. Notably, the 
addition of anti-EGFR mAbs as an active targeting ligand 
resulted in a further two-fold increase in therapeutic activity 
over untargeted drug-ND conjugates in MDA-MB-231 EGFR-
overexpressing tumor cells. The next phase of our studies 
will involve evaluating the in vivo effi cacy of the targeted ND 
drug conjugates in animal models of cancer. Finally, these 
versatile heterofunctionalized ND conjugates provide an 
excellent platform for developing next-generation targeted 
nanomedicine strategies.  

 Experimental Section 
 For experimental details see supporting information.   
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