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Aptamer-Mediated Selective Delivery of a Cytotoxic Cationic NHC-
Au(I) Complex to Cancer Cells 

Weijia Niu, I-Ting Teng,
 
Xigao Chen, Weihong Tan and Adam S. Veige

* 

A novel cationic NHC-Au(I) complex was synthesized and studied for its antitumor activity.  For all the cell lines tested, 

cationic  NHC-Au(I) complex 2 shows much higher cytotoxicity than its neutral analogue 1.  To achieve selective cancer cell 

targeting, complex 2 was covalently conjugated to aptamer AS1411, a DNA aptamer with strong binding affinity for 

nucleolin. The successful conjugation was confirmed by HPLC, gel electrophoresis, fluorescence spectroscopy and UV-Vis 

absorption. Conjugate AS1411-2 was then examined for its specific targeting and binding ability towards cancer cells over 

human normal cells using flow cytometry analysis and confocal microscopy. The cytotoxicity of AS1411-2 was then 

estimated by MTS assay. It was found that AS1411-2 exhibits higher activity than complex 2 towards targeted cells. 

Importantly,   AS1411-2 exhibits much lower cytotoxicity towards healthy normal cell lines. Concurrently, the control 

groups without the AS1411 aptamer or without the NHC-Au(I) complex do have significant impact on cancer cell viability.  

Introduction 

Targeted drug delivery remains a challenging task. Peptide,
1
 

antibody,
2
 and other nanocarriers

3
 are strategies used in drug 

delivery. Exploiting antibody recognition of cell surface targets 

present obstacles for realizing their full potential including the 

challenging synthesis of antibody-drug conjugates, inconsistent 

binding affinities, 
4, 5

 and immunogenicity.
6
 DNA aptamers are a 

group of excellent escorting agents for targeted drug delivery, 

providing great alternatives to antibodies. Aptamers are short 

single-strand oligonucleotides capable of specifically recognizing 

and effectively binding to their cell-surface targets, ranging from 

small organic molecules to proteins.
7-11

 As oligonucleotides, 

aptamers are biocompatible and generally have a longer shelf life 

than protein-based targeting ligands.
9, 12

 Because of these 

advantages, a wide range of biological studies employ aptamers,
12-

17
 including cancer detection and therapy,

18-21
 and tumor imaging.

22-

25
  

Metal-based cancer drugs, such as cisplatin,
26

 highlight the 

importance and continued need for selective delivery vehicles. 

Despite their notable success, platinum based anticancer drugs 

suffer from adverse side effects such as heavy metal accumulation 

and drug resistance.
27, 28

 Cytotoxic inorganic and organometallic 

complexes designed for anti-cancer applications continue to receive 

intense interest.
29-31

 N-heterocyclic carbene (NHC) metal 

complexes, especially NHC-Au(I) complexes, are gaining 

considerable attention, in part due to their stability and cytotoxicity 

towards tumor cells both in vivo and in vitro.
32-36

  The NHC ligand is 

a strong σ-donor and forms stable M-ligand bonds with a large 

variety of metal ions.
36, 37

 The straightforward synthesis and ease of 

modification of NHC ligands make them an excellent choice for drug 

candidates. High affinity for selenol groups in the TrXR enzyme is 

the proposed reason for elevated Au(I) cytotoxicity towards cancer 

cells.
38

 Although NHC-Au(I) complexes exhibit promise as anticancer 

drug candidates, their major limitation, is a lack of selectivity 

towards specific cancer cells over normal cells.
27, 37, 39

 In previous 

work, we bioconjugated a neutral NHC-Au(I) complex to the 

leukemia cell CCRF-CEM specific aptamer sgc8c, and the aptamer-

NHC-A(I) conjugate exhibited higher binding affinity and cytotoxicity 

towards its target cell than off-target cells in vitro.
40

  This current 

work employs a cationic NHC-Au(I) complex conjugated to the 

aptamer AS1411 to improve upon and broaden the scope of this 

targeted drug delivering strategy. 

Aptamer AS1411 is the first aptamer to enter clinical oncology 

trials.
41, 42

 This 26-base guanine-rich aptamer binds selectively to 

nucleolin,
43

 a protein overexpressed on the cell membrane of many 

types of cancers, but importantly, not human normal cells.
43-45

 

AS1411 is remarkably stable in serum and blood,
43, 45, 46

 a 

prerequisite for practical application. Previous work indicates 

AS1411 works as a great delivery agent to selectively deliver 

nanoparticles,
47-50

 quantum dots
25, 51-53

 and liposomes
4, 54, 55

 into 

cancer cells. The toxic agents in the aforementioned studies are 

typically cisplatin or doxorubicin; two agents that have severe side 

effects and exhibit resistance.
56-59

   

Previous reports on NHC-Au(I) complexes indicate that changing 

the substitution groups on the imidazolium nitrogen minimally 

improves the cytotoxicity of the NHC-Au(I) complexes,
60

 cationic 

NHC complexes; however, show much higher cytotoxicity towards 

cancer cells compared to their neutral analogue.
61, 62

  Delocalized 

Lipophilic Cations (DLCs) are responsible for the increased 

cytotoxicity in cationic NHC complexes.
38, 61-63

 Cationic species 
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concentrate in cells and into mitochondria in response to large 

transmembrane potentials. Higher cellular uptake causes higher 

systematic cytotoxicity towards the cell as a result. In addition, 

elevated mitochondria membrane potentials are characteristic for 

many tumors cells compared to normal cells and can lead to 

selective accumulation of DLCs in cancer cell mitochondria.
38, 63

  

Herein, we report the synthesis of a highly cytotoxic cationic 

NHC-Au(I) complex and its subsequent bioconjugation to aptamer 

AS1411. Evidence from flow cytometry and confocal laser scanning 

microscopy indicates bioconjugate AS1411-NHC-Au(I) is highly 

selective and readily enters cancer cells. MTS assays confirm the 

bioconjugate exhibits selective toxicity towards cancer cells versus 

human normal cells. 

Results and Discussion 

Synthesis and characterization of cationic NHC-Au(I) complex 2 

The synthesis
62

 of cationic NHC-Au(I) complex 2 is 

straightforward and involves treating complex 1
40

 with potassium 

hexafluorophosphate and triphenylphosphine in acetone for 30 

min. NMR, HRMS and elemental analysis confirm the identity and 

purity of complex 2. In the 
1
H NMR spectrum of 2, two resonances 

appear at 6.56 and 5.86 ppm as singlets and correspond to the 

methylene groups attached to the NHC. Compared to compound 1 

(6.58 and 5.92 ppm), the singlets are slightly upfield.  The 
13

C{
1
H} 

NMR spectrum of 2 exhibits a characteristic carbene resonance (C-

Au) at 190.14 ppm. Compared to the carbene of 1 at 180.6 ppm, the 

shift downfield for 2 is a consequence of the stronger trans 

influence of the PPh3 ligand compared to Cl
-
. Further confirmation 

of the identity of 2 comes from a resonance at 38.34 ppm in its 
31

P 

NMR spectrum that matches well with similar cationic NHC-Au(I) 

complexes.
61, 64

 Figure 1 depicts the UV-Vis absorption and emission 

spectra of 2. The spectrum reveals a strong absorption maximum at 

256 nm and three weak absorptions centered at 375 nm. The 

absorptions at 375 nm are characteristic of the anthracene moiety.  

The emission maximum for 2 appears at 416 nm. 

 

Scheme 1. Synthesis of cationic NHC-Au(I) complex 2. 

    

 

Figure 1. The UV-Vis absorption (blue line) and emission (red dash) of cationic NHC-

Au(I) complex 2. (Solvent:VH2O:VAcetonitrile=1:1) 

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl)-2H-tetrazolium) assays provide a measure of 

the cytotoxicity for cationic NHC-Au(I) complex 2. In this 

experiment, four cancer cell lines: CCRF-CEM (T-leukemia), 

MDA-MB-231 (breast cancer), DU145 (prostate cancer), and 

HeLa (cervical cancer), and two normal cell lines: HEK293 

(human kidney cell) and HU1545v (human liver cell), were 

employed. The cells were incubated at 37 °C for 4 h in the 

presence of 1, 2, ligand, and Auranofin at various 

concentrations, then washed and allowed to grow in fresh 

medium for another 48 h. Complex 1 is inefficient for killing 

the cells lines tested within the incubation timeline, except 

CCRF-CEM. Under the same conditions, the cationic NHC-Au(I) 

complex 2 exhibits much higher cytotoxicity (>3 fold) for all the 

cell lines tested, a result attributable to its lipophilic cationic 

character and the known “delocalized lipophilic cation” (DLC) 

effect. DLCs can easily penetrate the hydrophobic barriers of 

cell membranes and accumulate in mitochondria, causing 

higher cellular uptake and systematic cytotoxicity.
61

 Thus, the 

cationic NHC-Au(I) complex 2 is the more promising candidate 

for bioconjugation and biological studies. 

Table 1. IC50 of 1 and 2 towards different cell lines.   

Cell Lines Neutral NHC-Au 
1 

Cationic NHC-Au 
2 

Ligand Auranofin 

CCRF-CEM 31.3±2.11
40 4.26±0.63 >100 7.03±0.63 

MDA-MB-231 >100 29.41±3.44 >100 8.79±3.09 

DU145 >100 19.08±2.21 >100 10.71±1.65 

Hela >100 15.1±2.27 >100 20.47±3.62 

HEK293 >100 32.7±2.37 >100 23.55±0.84 

HU1545v >100 19.2±0.87 >100 19.19±1.36 

a
IC50 values were calculated as the concentration that causes 50% cell viability 

compared to untreated control cells, and are given as the means and errors of three 
independent experiments. The cells were exposed to the gold complexes for 4 h, after 
which the cells were washed and incubated in fresh medium for another 48 h.
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Scheme 2. Synthesis strategy for AS1411-2. DNA is synthesized on the supporting 

beads using an automated ABI3400 DNA/RNA synthesizer.   

Preparation and characterization of aptamer NHC-Au(I) conjugate 

The AS1411 aptamer sequence was modified with FITC 

(fluorescein isothiocyanate) on its 3’ end as a fluorescent 

probe, an amine group on its 5’ end to react with the NHC-

Au(I) complex, and six extra T bases to prevent fluorescent 

quenching by G bases
65

 to give (5’- TTT TTT GGT GGT GGT GGT 

TGT GGT GGT GGT GG TTT TTT- FITC 3’). The aptamer-NHC-

Au(I) conjugate was synthesized by suspending 0.1 μmol of 

solid supported aptamer in 1 mL of THF, followed by addition 

of complex 2 (10 μmol, 100 equiv) and slow addition of 1.4 μL 

of Et3N (Scheme 2). The mixture was shaken at ambient 

temperature for 18 h, then the solid support was removed by 

mixing with AMA solution (Vammonium hydroxide: Vmethylamine = 1:1). 
Finally, the aptamer-NHC-Au(I) conjugate AS1411-2 was 

purified via HPLC separation. HPLC, gel electrophoresis, 

emission, and UV-Vis absorption spectroscopies confirm the 

successful conjugation. The HPLC retention time of conjugate 

AS1411-2 (23.1 min) is 7.7 minutes longer than the retention 

time of the aptamer AS1411 alone (15.4 min). A minor product 

appears at 20.1 min, but is well separated. Gel electrophoresis 

of AS1411-2 and the control AS1411 aptamer results in a single 

band at the predicted size (39 bp), while the component with 

retention time at 20.1 min migrates much slower (see ESI). The 

slower gel migration of the minor component suggests it is a 

larger entity, possibly the result of crosslinking of AS1411.
66, 67

 

Evidence for successful bioconjugation comes from an 

emission at 517 nm for the anthracene unit within AS1411-2 

that is absent in the AS1411 aptamer (Figure 2A). Unique as 

well to the AS1411-2 conjugate is a characteristic weak 

absorption in the UV-Vis spectrum at 375 nm for the NHC-Au(I) 

complex (ε375 = 5000 cm−1
 M−1

: Figure 2B). By applying the 

Beer–Lambert law, it is possible to calculate the amount of 

NHC-Au(I) complex contained within the AS1411-2 conjugate. 

The calculated NHC-Au(I)/aptamer ratio in the conjugate was 

1.07(±0.09), indicating that one NHC-Au(I) complex conjugates 

to one aptamer via the amide bond in the site-specific 

conjugation reaction (see ESI for calculation details). 

 

Figure 2. A) Emission spectrum of AS1411-2. (Solvent: VH2O:VAcetonitrile=1:1) B). UV-
Vis absorption spectrum of AS1411-2 (H2O: Acetonitrile=1:1)                  
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Targeted cellular uptake and in vitro cytotoxicity of AS1411-2 

Flow cytometry and confocal laser scanning microscopy 
confirms the targeting specificity of the synthetic aptamer-
NHC-Au(I) conjugate AS1411-2. In the flow cytometry 
experiment, FITC labelled AS1411 aptamer is the positive 
control. A library of random DNA sequences labelled with FITC 
and conjugated with complex 2 (LIB-2) serves as a non-
selective control. Three cancer cell lines with nucleolin 
overexpression, Hela, DU145, and MDA-MB-231, are the target 
cancer cells. Normal cells HEK293 and HU1545v, having low 
nucleolin expression serve as “off-target” control cells. Each 
cell line was incubated with AS1411, AS1411-2, and LIB-2 
individually, for 30 min. For the “off-target” control cells 
HEK293 and HU1545v, results from the flow cytometry 
experiments indicate only a marginal increase in fluorescence 
intensity was detected (Figure 3_(4) and 3_(5)) when treated 
with AS1411-2. In contrast, MDA-MB-231 cells (Figure 3_(1)), 
HeLa cells (Figure 3_(2)) and DU145 cells (Figure 3_(3)) exhibit 
enhanced fluorescence intensity when treated with AS1411-2. 
Clearly, the conjugate AS1411-2 exhibits higher recognition 
and binding to the target cancer cells than the “off-target” 
normal cells. Interestingly, AS1411-2 conjugate exhibits 
noticeably stronger binding affinity to the cancer cells than 
AS1411 aptamer itself. This phenomenon may be caused by 
the cationic character of the NHC-Au(I) complex.

61
  

    Confocal laser scanning microscopy provides compelling cell-

targeting evidence for conjugate AS1411-2. HeLa, MD-MB-231, 

DU145, HU1545v and HEK293 cells were incubated with 100 

nM conjugate AS1411-2 for 30 min. Cancer cells treated with 

AS1411-2 exhibit strong fluorescence; whereas normal cells 

provide negligible fluorescence (see ESI). To further study the 

selective internalization of the conjugate, HeLa cells and 

HEK293 cells were incubated with AS1411-2 for 2 h at 37 °C, 

stained with Hoechst 33342 solution to label the nucleus, and 

then washed with PBS buffer to confirm the selective 

internalization of the conjugate into the cancer cells. As is 

evident in Figure 4, HeLa cells treated with conjugate AS1411-2 

exhibit strong green fluorescence. Importantly, the cytoplasm 

and cell membrane are areas that exhibit the most 

fluorescence; evidence that indicates the conjugate enters the 

cancer cell, presumably via endocytosis.
4
 Off target HEK293 

cells only display weak fluorescence. These results 

demonstrate the highly selectivity and effective internalization 

of conjugate AS1411-2 for targeted cancer cells. 

Figure 3. Flow cytometry histogram to monitor the binding of AS1411-2 to (a) MDA-

MB-231, (b) HeLa, (c) DU145, (d) HU1545v, and (e) HEK293 cells. LIB-2 and AS1411 

were used as controls. 

 
 
 
 
 
 

Figure 4. Confocal fluorescence images of living HeLa cells and HEK293 cells incubated with AS1411-2 conjugate.  Each series can be sorted as FITC fluorescence, 
nucleus of cells dyed in blue by Hoechst 33324, optical images of cells in bright field and the overlay of the previous channels, respectively. All scale bars are 50 
µm. 
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Figure 5. 1) In vitro viability of different cell lines after treatment with NHC-Au(I) 

complex 2. 2) In vitro viability of different cell lines after treatment with AS1411-2 

conjugate. 3) In vitro cell viability of HeLa cells after treatment with AS1411-2, LIB-2, 

AS1411-ligand and AS1411 individually. 

    More support for the selectivity of AS1411-2 comes from in 
vitro MTS assays. In the MTS assay, significant inhibition of 
proliferation was found for all three cancer cell lines by AS1411-2 at 
7 μM, while in the case for complex 2 alone, up to 30 µM is 
required at the incubation time of 4 h. When tested with NHC-Au(I) 
complex 2 alone, the cell viability percentage of all the five cell 
lines, including cancer cells and normal cells, decreased 
synchronously as the concentration increased (Figure 5). In 
contrast, the nucleolin-targeting aptamer AS1411-2 exhibits 
cytotoxicities at much lower concentrations, yet leaves normal cells 
minimally damaged. The cytotoxicity of AS1411-1 conjugate was 

also tested towards the five cell lines for comparison, yet no 
significant cytotoxicity was found (Figure S11), which further 
supports the cationic lipophilic character of complex 2 plays 
important role in killing cancer cells. Flow cytometry data from 
figure 4 clearly indicate the aptamer-conjugate AS1411-2 selectively 
recognizes the target cells; however, it is conceivable that the 
enhanced cytotoxicity that results is simply a kinetic phenomenon. 
That is, complex 2 alone, during the timescale of the MTS assay, 
may not undergo cellular uptake. In an effort to probe the kinetics, 
HeLa and normal cells (HEK293) were exposed to complex 2 at 4 
µmol for 4, 24, and 48 h. The results indicate (Figure S8) that only 
after prolonged exposure (48 h) does complex 2 achieve the 
equivalent cytotoxicity of AS1411-2. Thus, the aptamer is important 
for both cellular recognition and cellular uptake. Finally, to confirm 
the function of each part of the synthetic conjugate, MTS assays 
were performed by treating HeLa cells with AS1411 aptamer, 
AS1411-ligand, LIB-2, and AS1411-2 (Figure 5_bottom). Conjugate 
AS1411-2 caused the highest cell death, while AS1411 aptamer, 
AS1411-ligand conjugate, and LIB-2 conjugate did not significantly 
inhibit cell proliferation.  By comparing the red and the black lines 
in Figure 5_bottom, it is clear the Au(I) ion clearly plays a critical 
role in the high cytotoxicity of the conjugate. By comparing the 
black and blue lines, the specific targeting ability of the aptamer is 
demonstrated since the random sequences do not facilitate 
targeting.  
 
In summary, we successfully synthesized the first conjugate of 
a highly cytotoxic cationic NHC-Au(I) complex with the AS1411 
aptamer. Flow cytometry and confocal microscopy 
experiments demonstrate the specific targeting ability of the 
AS1411-2 conjugate: AS1411-2 shows much higher binding 
affinity towards cancer cells over healthy normal cells. 
Enhanced cytotoxicity was observed when AS1411-2 was 
applied to cancer cell lines MDA-MB-231, Hela and DU145. 
AS1411-2 does not significantly reduce proliferation in two 
healthy normal cell lines HEK293 and HU1545v. In addition, 
the function of each component in the conjugate was 
confirmed by comparing the cell viability of HeLa cells after 
treatment with AS1411, AS1411-2, AS1411-ligand and LIB-2. 
Considering the vast number of metal complexes already known to 
be anti-proliferative towards cancer cells, the results presented in 
this study indicate this method can be exponentially expanded to 
other metal-ligand constructs, and particular attention should be 
given to cationic species.  
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