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Abstract

This report describes the synthesis and characterization of novel N-heterocyclic carbene (NHC)
gold(l) complexes and their bioconjugation to the CCRF-CEM leukemia specific aptamer sgc8c.
Confirmation of successful bioconjugation was achieved by using fluorescent tags on both the
NHC-Au(l) complex and the aptamer. Cell viability assays indicate the NHC-Au(l)-aptamer
conjugate is more cytotoxic than the NHC-gold complex alone. A combination of flow cytometry,
confocal microscopy, and cell viability assays provide clear evidence that the NHC-Au(l)-aptamer
conjugate is selective for targeted CCRF-CEM leukemia cells.
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N-heterocyclic carbenes (NHCs) are an interesting class of ligands with strong o-donating
properties.[t] The resulting strong bond between transition metals and the NHCs render their
metal complexes stable to air, heat, water, and acid.[?] In the context of potentially reducing
the side effects caused by metallo-drug demetalation and degradation in the body, NHC-
metal complexes offer a promising alternative, especially considering their ease of synthesis
and vast structural diversity.[3 4] In the last decade, NHC-Au complexes have drawn
attention as a new generation of potential anticancer agents due to their impressively high
cytotoxicity and stability. A series of neutral and cationic NHC-Au complexes with a wide
diversity of ligand structures were synthesized and characterized in recent years.[3-51 NHC-
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Au(l) complexes can induce cell apoptosis by targeting mitochondrial-related cellular
pathways!8: 71 that involve thioredoxin reductase (TrxR) and Estrogen Receptor (ER).[3: 7]
Though NHC-Au(l) complexes inhibit the growth of tumor cells, they also interact with
human normal cells, a characteristic common for metal based drugs,®! thus limiting their
potential as cancer therapeutics.[®l [10] Cell-selectivity is an obvious area in need of
improvement.

This report describes a strategy to target cancer cells efficiently while potentially reducing
metal-based side effects. The strategy involves covalently binding a cytotoxic NHC-Au(l)
complex to a DNA aptamer. Aptamers are short single-stranded oligonucleotides which are
biocompatible, stable and more importantly, they are able to specifically recognize and
effectively bind to their targets—in this case—cancer cells.[!X] With all these advantages,
DNA-aptamers are one of the most attractive drug delivery agents.[12-14] Currently, several
reports feature aptamer-drug conjugates, but most rely on noncovalent association of the
drug with specific DNA sequences.[!3] Non-covalent strategies have disadvantages such as
complicated syntheses, uncontrollable drug loading, and uncontrollable drug release.[*5] One
of the reports of covalent attachment involves tethering the anti-cancer agent Doxorubicin
(Dox) to an aptamer.[*4] However, Dox causes side effects, such as congestive heart
failure,[26] and typhlitis.[17] In addition, resistance to Dox is common, representing a major
obstacle to successful treatment.[18]

Herein, we describe the first bioconjugation of a NHC-Au(l) complex to an aptamer (Figure
1) and demonstrate its cancer-cell-specific internalization and cytotoxicity. As a model
experiment, the sgc8c aptamer was chosen as the drug carrier. The sgc8c aptamer is able to
recognize and target, with high binding affinity, the protein tyrosine kinase 7 (PTK-7), a
transmembrane receptor protein highly expressed on CCRF-CEM leukemia cells.[%] The
formation, selectivity, and cytotoxicity of the aptamer-drug conjugates were verified by
fluorescence spectroscopy, high performance liquid chromatography, flow cytometric
analysis, confocal fluorescence microscopy, and MTS cell proliferation assays (MTS = 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-sulfophenyl)-2H-tetrazolium).

The half-life of an amide bond is approximately 600 years in pH = 7 solution and at ambient
temperature.[20] The stability and biocompatibility of amide linkages make them highly
attractive for site-specific bioconjugation.[2X] Compared to alkyl-esters, activated esters such
as pentafluoropheny! esters (Pfp-esters) react with a wider range of nucleophiles.[22] More
importantly, activated esters are stable in the solid state but react rapidly with amines in
solution under mild conditions with high yield and purity.[23: 24] Considering these facts, our
synthetic design involves functionalizing a NHC ligand with a Pfp-ester group (Scheme 1),
metalation with Au(l), and subsequent bioconjugation to an amine group functionalized on
the 5 end of the DNA aptamer sgc8c.[2°]

A two-step procedure yields the benzimidazolium NHC-Pfp ligand precursor 2 (Scheme
1).[23] Confirming its identity, the 1H NMR spectrum of 2 exhibits a typical downfield
resonance for the imidazolium C, proton at 11.74 ppm. A notable resonance in the 13C{1H}
spectrum is the carbonyl that resonates at 166.4 ppm. Silver(l) transmetalation with
dimethylsulfidegold(l) chloride ((CH3),SAUCI) provides the NHC-Au(l) complex 3.
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Compared to ligand 2, the downfield proton resonance at 11.74 ppm is absent in the
spectrum of complex 3. In the 13C{*H} NMR spectrum of 3, the imidazole carbon resonance
shifts downfield from 141.3 ppm for 2, to 174.1 ppm for 3. The carbonyl carbon maintains
its position at 166.8 ppm, suggesting that the ester oxygen atoms are not interacting with the
Au(l) ion. Finally, resonances at 152.41, 157.72, and 162.16 ppm in the 19F NMR spectrum
confirm that complex 3 retains the Pfp-ester moiety. Employing an MTS cell proliferation
assay against the human T-lymphoblastic leukemia cell line CCRF-CEM, the cytotoxicity of
complex 3 was evaluated (see ESI). With an ICg of 14.6 + 1.40 uM, complex 3 is
cytotoxicity towards the target cell.

The next step involved elucidating chemistry to conjugate complex 3 to an amine
functionalized aptamer. Mimicking the amine functionalized aptamer, a test reaction with
furfurylamine was examined. Treating complex 3 with furfurylamine provides the NHC-
Au(l)-amide complex 4 in 91% isolated yield within 6 h (see ESI). Considering the
successful test reaction, the NH,-modified sgc8c aptamer was synthesized.[26: 271 To
accomplish the bioconjugation reaction, 0.1 umol (1 equiv) of solid supported aptamer
suspended in 500 pL of THF was treated with complex 3 (10 pmol, 100 equiv) followed by
slow addition of 1.4 pL of EtzN (Scheme 3). The mixture was shaken at ambient
temperature for 18 h, then the solid support was removed and the NHC-Au(l)-aptamer
conjugate sgc8c-3 was purified via HPLC separation (Scheme 2). The MTS assay of the
aptamer-drug conjugate reveals an impressive increase in cytotoxicity compared to complex
3alone. The ICsq value decreased from 14.6 + 1.40 for 3 to 0.54 + 0.85 pM for sgc8c-3.
Possible explanations for the increased cytotoxicity include high affinity and efficient
internalization of the aptamer conjugate to the target cells, and the enhanced hydrophilic
nature of the drug after conjugation to the aptamer.[14. 28]

As a tool for monitoring the fate of the aptamer and the NHC-Au conjugate independently,
we constructed a dual-tagged aptamer-NHC-Au conjugate. The anthracenyl tag was chosen
as a fluorescent signalling agent for the NHC-Au(1) fragment.[2%] Ligand 6 and NHC-Au
complex 7 were synthesized according to Scheme 3. In the *H NMR spectrum of 6, a
resonance downfield at 12.03 ppm is attributable to the C, proton on the imidazole.
Indicative of successful metalation, the C, proton resonance is absent in the spectrum of
complex 7. Also, in the 13C{*H} NMR spectrum of complex 7, the carbene carbon
resonance appears at 180.5 ppm, indicative of a NHC-Au(l) bond.

Similar to the previous method described for the synthesis of sgc8c-3, Scheme 2 (bottom)
depicts the conjugation between complex 7 and FITC-modified sgc8c (FITC = fluorescein
isothiocyanate). Several key data confirm the successful bioconjugation. The FITC-sgc8c
aptamer alone has a HPLC retention time of 16 min while the retention time for complex 7
is 35 min. After the conjugation reaction, a significant peak appears with a retention time of
24 min. The material exiting the column at 24 min was collected, dried and analysed. Figure
2 depicts the emission spectrum of the NHC-Au(l)-FITC-sgc8c conjugate sgc8c-7. Clearly,
emission maxima for the NHC fragment at 418 nm and the FITC dye at 516 nm are strong
evidence for the successful conjugation reaction and formation of sgc8c-7. As depicted in
Figure 3, sgc8c-7 also shows an enhanced cytotoxicity (ICsg = 2.39 + 1.50 pM) compared to
complex 7 alone (ICsg =31.1 + 2.11 M) against the targeted CCRF-CEM cell line.
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CCRF-CEM leukemia cells express the PTK-7 protein, which is recognized by the sgc8c-7
aptamer conjugate. In contrast, K562 leukemia cells do not over-express PTK-7, and
therefore should not have any appreciable binding affinity for sgc8c-7. To demonstrate the
selectivity of sgc8c-7 between these cell lines, a flow cytometry experiment was performed.
Figure 4 depicts the fluorescence intensity results of K562 cells (left) and CCRF-CEM cells
(right). Sgc8c aptamer alone was used as a positive control and complex 7 conjugated to a
library of random sequences tagged with FITC (L1B-7) was used as negative control. As
shown in Figure 4_right, the enhancement of the fluorescence intensity indicates sgc8c-7 has
a specific binding affinity to the CCRF-CEM target cells, whereas in the case of K562 cells
(left), neither L1B-7 nor sgc8c-7 caused any obvious fluorescence intensity change.

Besides specific recognition, a drug delivery agent should be able to internalize into cancer
cells. In earlier work, aptamer sgc8c was reported to be internalized into target CCRF-CEM
leukemia cells selectively.[27] In our current study, sgc8c-7 and L I B-7 were incubated with
CCRF-CEM cells and K562 cells for 4 h. Figure 5a exhibits strong green fluorescence in the
cytoplasm of CEM cells treated with sgc8c-7. In contrast, CEM cells treated with L1B-7,
K562 cells treated with sgc8c-7 and L1B-7 displayed negligible fluorescence, thus
demonstrating the specificity of sgc8c-7 recognition and internalization into targeted CCRF-
CEM cancer cells.

As sgc8c-7 was validated for selective cancer cell recognition and internalization, we
subsequently studied its selective cytotoxicity. The target CCRF-CEM cells and off target
K562 cells were incubated with sgc8c-7 or L1B-7 for 4 h to allow time for specific binding
and internalization, then new media was added and the cells were incubated for another 48
h. The capability of cell proliferation was evaluated using an MTS assay. For K562 cells,
sgc8c-7 didn’t induce appreciable cytotoxicity. However, for the target CCRF-CEM cells,
sgc8c-7 exhibited dose-depedent cytotoxicity with a IC5p = 2.39 + 1.50 uM (Figure 6).

L 1B-7 was not toxic to both CEM and K562 cells. This result confirms the goal of
combining the cytotoxicity of an NHC-Au complex with the selectivity mediated by the
sgc8c aptamer.

In summary, two NHC-Au(l) complexes were conjugated to the CCRF-CEM specific
aptamer sgc8c. Using fluorescent dyes tagged to the NHC-Au(l) and aptamer fragments,
conclusive evidence of successful conjugation was achieved. Notably, the cytotoxicity of the
NHC-Au(I) ion was enhanced upon conjugation to the aptamer by as much as 30x.
Furthermore, flow cytometry and confocal microscopy confirms sgc8c-7 is able to
selectively recognize and internalized into target cancer cells. In addition, /n vitro MTS cell
proliferation assays show that sgc8c-7 is relatively non-toxic to off-target K562 cells but is
acutely cytotoxic to target CCRF-CEM cancer cells. Providing evidence that the sgc8c DNA
sequence is critical to effective delivery, a random library of aptamers conjugated with the
NHC-Au(l) complex is non-toxic to both K562 and CCRF-CEM cells at 2.5 uM. Finally,
given the diversity of NHC-metal complexes developed over the past decade, it is
conceivable that our targeted delivery system can be applied to a wide variety of metal ions
with tailored NHC ligands, and therefore opens a new opportunity for future drug
development.
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Design of the aptamer-NHC-Au(l) conjugate.
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(a) The emission spectrum of complex 7 (acetonitrile/H20=1:1); (b) The emission spectrum
of complex FITC-sgc8c (acetonitrile/H20=1:1); (c) The emission spectrum of HPLC-
separated aptamer-drug conjugate sgc8c-7 exhibiting both the emission of the NHC-Au(l)

and FITC-aptamer fragments (acetonitrile:H20=1:1).
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Figure 3.
The comparison of the cytotoxicity between NHC-Au complexes 3 and 7 and their

corresponding conjugates sgc8c-3 and sgc8c-7.
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Figure 4.
Flow cytometry assays of conjugate sgc8c-7 with the K562 cell line (left) and the CCRF-

CEM cell line (right). Random aptamer sequences conjugated to 7 to create LI B-7 were
used as negative control and do not exhibit any fluorescence intensity change. The aptamer
sgc8c and the conjugate sgc8c-7, which can target CCRF-CEM cells exhibit fluorescence
intensity increases (See ESI for more information).
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Figureb.
Confocal microscopy images of a): CEM cells incubated with Sgc8c-7; b): CEM cells

incubated with L1B-7; c): K562 cells incubated with Sgc8c-7; d): K562 cells incubated with
L1B-7 for 4 h at 37 °C. Sgc8c aptamer and LIB sequences were labelled with fluorescein.
The scale bars correspond to 25 um. Only the cells treated with Sgc8c-7 exhibit appreciable
internalization (green color in panel a).
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MTS cell proliferation assay results demonstrating the specific cytotoxicity of sgc8c-7

towards CCRF-CEM cells.
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Synthesis of Pfp-ester functionalized NHC-Au(l) complex 3.
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