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Abstract 


This thesis has exploited the use of gold nanoparticles (AuNPs )/DNA conjugates 

towards 1) the development of simple colorimetric assays to monitor DNA functions and 

relevant biological processes, and 2) the control the nanoassembly of AuNPs using 

biomolecules and biological processes. 

DNA has a number of attractive functions including specific biorecognition, 

catalysis and being manipulated by protein enzymes, etc. These characteristics were 

exploited to permit nanoassembly to be responsive to a specific stimulus and also ensure 

the specificity and precision in the construction of well-defined 3D nanostructures. 

Meanwhile, the assembly or disassembly of AuNPs, which results in distinct color 

changes due to the localized surface plasmon resonance, provides an excellent platform 

for the colorimetrically monitoring the DNA functions and the relevant biological 

processes. 

We have specifically investigated how the surface charges, the length and 

conformations of surface-tethered DNA polymers affect the assembly of AuNPs. We 

found that the colloidal stability of AuNPs can be well-tuned by nucleotides (small 

charged molecules) with various binding affinity to AuNP surface and/or different 

number of negatively-charged phosphate groups. This relies on the fact that nucleotides 

can bind to AuNP surface via nucleobase-Au interaction, and negatively charged 

phosphates stabilize AuNPs via electrostatic repulsion. This investigation allowed us to 

monitor protein enzymatic reactions where nucleotides are modified by alkaline 

phosphatase and to control the growth of AuNPs using nucleotides as capping ligands. 

We then investigated the effect of the length of DNA polymers on AuNP surface 

on AuNP colloidal stability. DNA-modified AuNPs are stabilized electrosterically at a 

relatively high salt concentration; the removal (or shortening) of the DNA molecules by 

enzymatic cleavage or the dissociation of DNA aptamers from AuNP surface upon 

binding to their target destabilizes AuNPs and results in AuNP aggregation. We attribute 

this to the loss of negatively-charged polymeric DNA molecules that initially served as 

colloidal stabilizers. This has been applied to the monitoring of enzyme (both protein 

enzyme and DNA enzyme) cleavage of DNA molecules, and DNA aptamer binding 

event to its target, respectively. 
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We also studied how DNA polymer conformational changes influence AuNP 

colloidal stability, which has been employed to monitor DNA aptamer folding events on 

the AuNP surfaces. We found that AuNPs to which folded aptamer/target complexes are 

attached are more stable towards salt induced aggregation than those tethered to unfolded 

aptamers. Experimental results suggested that the folded aptamers were more extended 

on the surface than the unfolded (but largely collapsed) aptamers in salt solution. The 

folded aptamers therefore provide higher stabilization effect on AuNPs from both the 

electrostatic and steric stabilization points of view. 

Finally, we demonstrated the well-defined assembly of AuNPs usmg long 

(hundred nanometers to microns) single-stranded (ss) DNA molecules as template in a 

three-dimensional (3D) fashion. Specifically, these long ssDNA containing repeating 

units are generated by protein enzymatic reaction (DNA extension through rolling circle 

amplification) on AuNP surface. The resultant product provides a 3D-like scaffold that 

can be subsequently used for periodical assembly of complementary DNA-attached 

nanospec1es. 

We also expect that the facile colorimetric biosensing assays developed in this 

thesis work provide an attractive means to study biomolecular behaviors ( e.g, 

biorecognition and conformational changes) on the surface, and to investigate other 

common DNA (or RNA) structural (e.g., triplex, G-quadruplex, hairpin, i-motif) and 

protein structural transitions. 

Finally, this thesis work provides some novel and general strategies for the 

control of nanoassemblies by tuning surface charges and surface-tethered polymers. We 

expect these principles can also be applied in other AuNP-based sensing platforms that 

exploit interparticle interactions and in the construction of well-defmed nanostructures 

which involves other types of nano-scaled materials (e.g., quantum dots, nanotubes, 

nanowires, etc). 
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enzymatic cleavage of DNA on AuNPs. Before enzymatic cleavage, DNA-modified AuNPs are 
stable at a relatively high salt concentration due to the electrostatic and steric stabilization. The 
removal ofDNA (colloidal stabilizer) on the AuNP surface by enzymatic cleavage destabilizes 
the AuNP and results in a rapid aggregation. (A) Cleavage of a DNA duplex by DNase I. (B) 
Pb2+-mediated cleavage ofan RNA-containing DNA substrate by the 8-J 7 DNA enzyme. 
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and J min (background, red curve) in the absence ofDNase I. Note that these two curves are 
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at the studied salt concentration in the absence ofDNase I. The addition ofDNase I (4 units/ml) 
caused a significant red-shift of surface plasmon band in UV/visible spectra (DNase I, Blue 
curve). On the other hand, the presence ofDNase I inhibitor (DAPI, 7.5 µM), highly inhibited the 
DNase I activity (DNase I + inhibitor, purple curve). Blue andpurple curves were recorded at J 
min after the addition ofDNase I. (C) JO% denaturing PAGE analysis of radioactive SJ (lane 
J), cleaved product ofradioactive SJ in duplex with S2 by DNase I in solution-phase (lane 2) and 
on AuNPs (lane 3), respectively. Note that the intensity ofbands was not usedfor quantification 
purpose. Rather, lane J and 2 served as markers to assess the size of cleaved product from 
AuNPs in lane 3. (D) A600/A520 calculated from UV/visible spectra recorded at J min was 
plotted as a function of DNase I concentration. (E) A600/A520 calculated from UV/visible 
spectra recorded at 4 min was plotted as a fanction of DAPI concentration. The DNase I 
concentration used for inhibitor study was 4 units/ml. The effective inhibitor detection range 
under investigated conditions was from ~J-10 µM It is interesting to note that, at high 
concentration (e.g. JOO µM), DAPI itself could cause AuNP aggregation presumably through an 
inter-particle cross/inking mechanism by its amidine ending groups. Spectra in (B), (D) and (E) 
were recorded at 37 ° C. 
Figure 4.3. (A) Photographs of Au!S3-EJ solution in the presence of 100 µM Pb2

+ or other 15 
control divalent metal ions. The reaction was performed in "8-J 7" DNA enzyme buffer (40 mM 
BaCl2, 300 mM NaCl, 50 mM Tris-HC/, pH = 8.8) at room temperature for JO min. (B) 
Representative UV/Visible spectra ofAu/S3-EJ in "8-J7" DNA enzyme buffer and the spectra 
were recorded at 0 min (starting curve, black curve) and JO min (background, red curve). Blue 
curve (Pb2+) is the UV/visible spectrum ofAu/S3-EJ in "8-J7" DNA enzyme buffer with JOO µM 
Pb2

+. The spectrum was recorded at J 0 min after the addition ofPb2 
+. (C) J 0 % denaturing 

PAGE analysis ofS3 (lane J), cleaved product ofS3 by "8-17" DNA enzyme in solution-phase 
(lane 2) and AuNPs (lane 3), respectively. (D) A600/A520 calculated from UV/visible spectra 
recorded at J 0 min at room temperature (25 °C) was plotted as a fanction ofPb2 

+ concentration. 
(E) A600/A520 calculated from UV/visible spectra recorded at 5 min at 35 °C was plotted as a 

fanction ofPb2 

+ concentration. 

Figure S4.1. The amount of Au/SJ-2 solution color change (A600/A520, calculated from 85 

UV/visible spectra) at JO min after the addition ofvarious amounts ofMgCl2. 


Figure S4.2. Aggregation behavior of Au/SJ-2 ljudged from the A600/A520 ratio) at 40 mM 86 

MgCl2 as a fanction oftime, which shows the aggregation is a dynamic and continuous process. 


Chapter 5 
Figure 5.1. (A) The working principle of the structure-switching aptamer based, salt-induced 89 
AuNP sensor. See the main text for the explanation. (B) The sequences of the DNA molecules 
usedfor the construction ofthe structure-switching aptamer sensor for adenosine detection. 
Figure 5.2. UV-Vis spectra of (A) AuNP-OD-APT and (B) AuNP-OD solutions before (red line) 91 
and after (blue line) adding MgC12 (a final concentration of 35 mM) to the solution that 
contained 300 mM NaCl, 20 mM Tris-HCl, pH 7.4. The tubes on the right are photographs of 
AuNP-OD-APT (A) and AuNP-OD (B) at 30 mMMgC12, 300 mMNaCl and 20 mM Tris-HC/, pH 
7.4. The spectra andphotos were taken J min after the addition ofMgC/2• 

Figure 5.3. (A) Photographs ofAuNP-OD-APT solution in the absence of target (tube J) and in 94 
the presence of J mM adenosine (tube 2), inosine (tube 3), guanosine (tube 4) and cytosine (tube 
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5). Photos were taken 1 min after the addition ofconcerned nucleosides. (B) Representative UV
Vis spectra ofAuNP-OD-APT in the present 1 mM adenosine at different detection time. (C) and 
(D) are the representative TEM images of AuNP-OD-APT solution before and after adding 
adenosine, respectively. 
Figure 5.4. (A) Kinetics ofAuNP aggregation in the presence ofvarious amounts ofadenosine. 96 
(B) A 70t/A525 at 1 min was plotted as a function of adenosine concentration in order to quantify 
adenosine. The Inset shows the responses at low analyte concentration region. 
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Figure 6.1. (A) Schematic illustration ofthe different stability ofAuNPs with folded and unfolded 107 
adenosine binding DNA aptamer. (B) Photographs for (1) Au-Ado + adenosine, (2) Au-Ado, (3) 
Au-Ado + inosine, and (4) Au-AdoM + adenosine. 30 mMMgCl2 was used in these solutions and 
the photographs were taken JO minutes after the addition of MgCl2 to AuNP solutions. (C) UV
visible spectra of Au-Ado before (black curve) and after (blue curve) the addition of 30 mM 
MgCl2. Red curve is the UV-visible spectrum for Au-Ado-Target with 30 mM MgCl2• Spectra 
were taken JO minutes after the addition ofMgC/i. 
Figure 6.2. Effects of DNA spacer and aptamer graft density on the colloidal stabilization of 109 
AuNP attached with folded aptamers. The samples in (A), (B) and (C) are MCH-treated Au-Ado, 
MCH-treated Au-TJOAdo and non-MCH-treated Au-TJOAdo, respectively. Red and blue curves 
are in the presence and absence of adenosine (1 mM), respectively. In (A) and (B), a rapid 
aggregation over the first two minutes was observed, followed by a slower aggregation phase. 
This may be due to the fact that the aggregation is characterized by the color change. Once the 
AuNPs start to aggregate, the surface plasmon peak shifts from 5 20 nm to the longer wavelength 
(e.g., 600 nm), which leads to the decrease of A520 and increase of A600 nm. Therefore, 
A600/A520 showed a sharp increase at the initial aggregation stage. However, as aggregation 
continues, the surface plasmon peak may further shift to even longer wavelength (e.g., 700 nm). 
As a result, the increase ofA600 (and therefore A600/A520) may not be as aggressive as that at 
the initial aggregation stage. 
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Chapter 1: Introduction 

1.1 Nanotechnology and nanobiotechnology 

"Nanotechnology" is the science and technology of manipulating matter at the 

molecular and atomic level. 1 Nanotechnology has at least three integrated domains: 

construction of nanostructured devices from the "bottom up" or "top down" with 

molecular and atomic precision, unique physical properties that are tunable by controlling 

nanostructure size and shape, and various applications ranging from nanoelectronics in 

modem computers to biosensors in living cells. 

"Nanobiotechnology" refers to the construction and application of nanostructured 

devices at the interface between nanotechnology and biological systems.1 

Nanobiotechnology has become one major (which may become dominant in the future2
) 

branch in nanotechnology. There are at least two major reasons for this: (1) biological 

systems can help nanotechnology to realize the precise assembly of nanosized building 

blocks, taking advantage of the specificity of bio-recognition; (2) nanobiotechnology can 

find tremendous applications in diagnostic and biomedical areas, which may have real 

impact for life-changing developments. 

In the following review, we discuss the unique properties of gold nanoparticles 

(AuNP), and of DNA, in order to provide a basis of discussion for the main subject of 

this thesis: harnessing the assembly of AuNP by DNA to better understand biological 

processes and, in a complementary manner, using biological elements to structure AuNP. 

1.2 AuNPs 

The assembly of nanosized building blocks, including nanoparticles, nanotubes 

and nanowires, is the foundation of nanotechnology. We chose to examine routes to 

structuring AuNPs mainly because of their unique physical properties, easy preparation 

routes and straightforward surface functionalization strategies.3 While the study of 

colloidal phenomena and physical properties of AuNPs is over a century old, the 

exploitation of them as building blocks and signal transducers in nanobiotechnology is 

1 
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much more recent. This section provides a brief introduction of AuNP preparation, 

surface chemistry, physical properties and applications in nanobiotechnology. 

1.2.1 AuNP preparation 

AuNPs are generally prepared by reducing Au (III) in the presence of capping 

ligands (Figure 1.1 A).3 Capping ligands, which generally comprise AuNP surface 

binding tags (e.g., thiols, amines, phosphines, etc) and protecting moieties (e.g., polymers, 

charged moieties, polyelectrolytes) (Figure 1.1 B), are key ingredients in AuNP growth 

recipes. They not only protect AuNP against aggregation during growth, but often also 

play important role in controlling the AuNP size and shape.3 

A 

u (I II ) 
Reduci ng agent 

Cappi ng li ga nd 

B 
Cappi ng liga nd 

·~-- Protect ing mo iet ie 
(e.g. po lyme r , charged- moiet ie ) 

--- Au P ur face 
bi nd ing tag (e.g. thi o ls a mine ) 

Figure 1.1 (A) Schematic presentation of AuNP synthesis process, and (B) schematic 
structure ofcapping ligand used in the AuNP synthesis. 

One of the most popular routes for AuNP synthesis is the reduction of HAuC14 in 

water by trisodium citrate, which serves as both reducing agent and capping ligand.4 The 

sizes of AuNP prepared by the citrate reduction approach can be tunable within the range 

of 10 - 150 nm by adjusting HAuC14/citrate molar ratio. The resultant citrate-capped 

AuNPs are stable in water at room temperature for a relatively long period of time (e.g., 6 

months), but undergo rapid aggregation at elevated ionic strength (e.g. , 50 mM NaCl) 

2 
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where the surface charges carried by citrate ions are screened. 3 This may limit their direct 

use in biological applications, as salts are always included in assay buffers. 

Another representative method for AuNP synthesis is the so-called "Brust

Schiffrin method".5 It involves a two-phase (water-toluene) synthesis and uses 

alkanethiols as capping ligands to produce AuNPs with sizes between 1 - 5 nm. Briefly, 

Auc4- is transferred, using a phase-transfer reagent (e.g., tetraoctylammonium), from the 

water to toluene phase, where it is reduced by NaB~ in the presence of alkanethiol 

capping ligands such as dodecanethiol. The Brust-Schiffrin method provides a facile 

method for the preparation of highly monodisperse, thermally stabilized and (organic 

solvent) redispersible AuNPs. For biological applications, however, the AuNPs produced 

by this method may not be generally applicable because of the fact that these alkanethiol

capped AuNPs are generally not water-soluble or -dispersible. Furthermore, the use of 

organic solvents and organic capping ligands such as alkanethiols in this method is not 

environmentally friendly. 

Therefore, there is a general need to develop "greener" or more environment- and 

bio-friendly routes for AuNP preparation. In particular, the resultant AuNPs should be 

water-soluble and stable at common salt-containing biological buffers for biological 

applications including biosensing, biolabeling and drug delivery. Towards this end, 

biomolecules such as amino acids have been applied as capping ligands in the preparation 

of AuNPs. For instance, AuNPs prepared using lysine as capping ligand are well

dispersed in water and stabilized electrostatically towards salt-induced aggregation.6 

1.2.2 AuNP surfacefunctionalization 

Surface functionality can be introduced simultaneously during the AuNP 

synthesis step using, for example, functionalized thiols (Figure l .2A), or by the 

subsequent surface functionalization steps. 3 Surface functionalization not only serves as a 

tool for altering such AuNP parameters as surface composition, stability, hydrophobicity 

and surface charge, and also provides surface functionalities for the subsequent reactions 

(or bio-recognition) towards specific applications. 

3 
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Thanks to the strength and ease of formation of Au-S bonds, the adsorption of 

organosulfur molecules (thiols, disulfides, sulfides) on gold surfaces (both flat gold 

substrate and AuNPs) is probably the most straightforward surface functionalization 

technique available.3 For AuNPs initially coated with a loose shell of ligands (e.g. , citrate 

ions), organosulfur molecules can be spontaneously assembled onto AuNP surface, 

presumably accompanied with the displacement of citrate ions from the surface (Figure 

1.2B).3 For instance, thiol modified biomolecules such as DNA and proteins (with 

cysteine residues) can be conjugated to citrate-capped AuNPs through their thiol tags. For 

AuNPs initially capped by alkanethiols, functionalized organosulfur molecules can be 

introduced onto AuNP surfaces via a "ligand exchange" process (via displacement of one 

ligand by another) (Figure 1.2C).3 This method is particularly useful to produce 

heterogeneous surfaces with different functionalities. 
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Figure 1.2. Surface fanctionalization strategies of AuNPs. (A) Functionalities are 
introduced during AuNP preparation, (B) adsorption of thiol-containing molecules onto 
citrate-capped AuNPs, and (C) ligand exchange reaction using the displacement of one 
thiol-containing ligand for another. RI, R2, R3, R4 represent different functionalities. 

1.2.3 Physical properties: localized surface plasmon resonance 

AuNPs have a number of fascinating physical properties including localized 

surface plasmon resonance (LSPR), fluorescence quenching and electronic properties.3 

We are particularly interested in the colors associated with LSPR due to the ability to use 

color change in applications such as colorimetric biosensors. Small AuNPs (normally 10

50 nm in diameter) in water or glass appear deep-red in color, a phenomenon that has 

fascinated people since ancient Roman times. The physical origin of this phenomenon is 

associated with the coherent oscillation of AuNP surface electrons (localized surface 

plasmon) induced by an incident electromagnetic field.3 When visible light shines on 

AuNPs, the light of a resonant wavelength is absorbed by AuNPs to excite surface 

electron oscillation. For small AuNPs (e.g., 13 nm in diameter), green light is absorbed, 

corresponding to a strong absorption band (surface plasmon band) at - 520 nm in the 

visible light spectrum, and therefore AuNP solutions appear red in color (Figure 1.3, red 

line). As the AuNP size increases, the surface area/volume ratio, and thus the physical 

property-related surface effect, becomes smaller. Therefore, the energy required to excite 

surface electron oscillation is lower. Consequently, the surface plasmon band of larger 

AuNPs (e.g., 100 nm in diameter) undergoes a red-shift to longer wavelength at lower 

energy, and colloidal dispersions of such particles appear purple (or blue) in color.3 This 

also explains the corresponding surface plasmon band shifts (red-shift) and color changes 

(red-to-purple) observed during aggregation processes of small AuNPs (Figure 1.3., blue 

line). When AuNPs aggregate, their surface plasmons combine (interparticle plasmon 

coupling), and the aggregates behave like single larger particles. The phenomenon that 

well-dispersed and aggregated AuNPs have different colors provides a great opportunity 

for the development of colorimetric biosensors (see Section 1.4.4). 
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Figure 1.3. SPB bands in the visible region and corresponding AuNP solutions for 
dispersed and aggregated AuNPs. 

1.2.4 Applications 

AuNPs have a large variety of applications ranging from colloidal and surface 

chemistry, quantum physics, electronics and nonlinear optics, catalysis, to nanodevices 

and biology.3•
8

•
9 In nanobiotechnology, AuNPs are increasingly being applied for 

nanoassembly, biosensors, biolabeling and drug delivery, etc.3
•
8

•
9 For instance, AuNPs are 

important building blocks towards the assembly of nano- (or micro-) devices. Of great 

interest is the programmable organization of AuNPs using biological "templates" such as 

DNA, protein and virus, etc.3
•
8

•
9 With respect to biosensors, AuNPs can be adopted in a 

number of biosensing platforms which include colorimetric, light scattering, electrical 

and fluorescent biosensors.3 Among these, the colorimetric sensors are particularly 

attractive due to 1) their simplicity, 2) the fact that the color signal can be observed by 

naked eye and therefore no sophisticated instruments are required, and 3) the extremely 

high extinction coefficients (2: 1000 times larger than those of organic dyes ).10 In 1997, 

Mirkin and co-workers pioneered the development of AuNP-based colorimetric 

biosensors for DNA detection (see Section 1.4.4). 11 Since then, similar assays have been 

developed for the detection of a variety of target analytes such as DNA, proteins, metal 

ions and small molecules. 8•
9 
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1.3 DNA and functional DNA 

1.3.l DNA and nucleotides 

DNA is a biopolymer comprised of nucleotides (Figure 1.4, left) from constituents 

of nucleobase (Figure 1.4, right), sugar and phosphate groups. DNA is an anionic 

polymer at neutral pH due to negatively charged phosphate groups Nucleobases (adenine 

(A), thymine (T), guanine (G), cytosine(C)) are the recognition sites for DNA 

hybridization: the specific Watson-Crick hydrogen-bonding between nucleobases (A and 

T, G and C) and base-stacking interaction allow a single-stranded (ss) DNA to 

specifically recognize its "complementary strand" to form double-stranded (ds) DNA (or 

DNA duplex) (Figure 1.5). 
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Figure 1.4. Chemical structures ofnucleotides (ATP: adenosine 5 '-triphosphate, TTP: 
thymidine 5 '-triphosphate, GTP: guanosine 5 '-triphosphate, CTP: cytidine 5 '
triphosphate) and nucleobases (adenine, thymine, guanine, cytosine) in DNA molecule. 

phosphate 

deoxyribose 

backbone 


3'end 

Figure 1.5. Schematic illustration ofDNA base-pairing. Red dashing lines represent 
hydrogen-bonding. 

DNA, a genetically encoded material, can be obtained in vivo through 

biosynthesis pathways. But for material scientist, short DNA polymers (or 

oligonucleotides) are more often synthesized chemically by DNA synthesizer. During 

8 
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chemical synthesis, functional groups, such as thiols and amines, and other functionalities 

(e.g., fluorophores) can be introduced simultaneously. This provides great opportunities 

for DNA being manipulated as a "material" for in vitro applications such as surface

based bio-assays. 

Enzymatic manipulation is another powerful tool for manipulating DNA 

molecules. For instance, DNA molecules can be cleaved, jointed, and extended by 

endonuclease, ligase, and polymerase, respectively (Figure 1.6). This, together with the 

specificity of DNA hybridization, its physicochemical stability and mechanical rigidity, 

makes DNA a highly suitable material that can be utilized as a building block in 

nanoassembly.12 This so-called "DNA nanotechnology" employs DNA molecules as 

building blocks to construct well-organized nano- (or micro-) DNA structures which can 

further template the assembly of nanospecies to form more complex structures (Figure 

1.7) . 12, 13 
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Figure 1.6. Schematic representation of(AJ DNA cleavage by endonuclease, (BJ DNA 
ligation by DNA ligase, and (CJ DNA extension by DNA polymerase in the presence of 
dNTPs (deoxynucleosides: dATP, dTTP, dGTP and dCTPJ, respectively. 

~ Assembly 

~~ DNA hybridization 

ssDNA 

Complementary DNA
attached nanospecies 

2D assembled DNA structure DNA structure-templated assembly 
of nanospecies 

Figure 1. 7. A representative example in DNA nanotechnology: ssDNA are assembled via 
hybridization into a well-defined two-dimensional (2DJ DNA nanostructure on which 
other nanospecies can be further assembled. 

1.3.2 Functional DNA 

Recent years have also witnessed a dramatic increase of the study and use of 

DNA with certain "functions" other than hybridization with their complementary strands. 

Specifically, DNA can serve as a receptor (aptamer14
' 
15

) that recognizes non-nucleic acid 

targets such as proteins, small molecules and cells (Figure l .8A), a process associated 

with aptamer conformational transition from loose random coil to rigid and compact 
14 15 structure. Some DNA molecules, defined as DNA enzymes, ' also possess the 

capability of catalyzing chemical reactions such as the hydrolysis of phosphodiester 

bonds (Figure 1.8B). These functional nucleic acid molecules 15 exist in vivo and play 

significant roles in regulating biological functions such as gene expression.14 Functional 

DNA can also be selected in vitro from a large random nucleic acid pool by SELEX 

(systematic evolution of ligands by exponential enrichment) (Figure 1.9). 16 
-
18 
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A 

Target.. ~~ Aptamer/target 

complexAptamer 

B 

.. 

DNA enzyme 

Figure 1.8. Schematic illustration of(A) a DNA aptamer binds its target to form complex 
structure, and (B) DNA enzyme catalyzes a phosphodiester bond in a DNA substrate with 
a single RNA linkage (B represents a nucleobase). 

Since the development of the SELEX technique a decade ago, many funtional 

DNA have been identified and these molecules have demonstrated great potential of 

being used as drugs in therapeutics. 14 For example, a selected aptamer can bind to a 

protein and inhibit its activity in vivo. 14 DNA enzymes can regulate gene expression by 

cleaving a messenger RNA (mRNA). 14 Moreover, as a recognition element that can 

specifically bind to both its complementary DNA strand and non-nucleic target, DNA 

aptamers or enzymes can also be readily adopted into a variety of biosensing platforms.15 

For instance, Nutiu and Li previously developed a fluoresence-based ATP sensor based 

on a "structure-switching" aptamer (Figure 1.1 OA, see figure legend for detailed 

description). 19 Using a similar signal transducing mechanism, Lu and co-workers have 

applied DNA enzyme called "8-17" for Pb2
+ detection (Figure 1. lOB).20 

Meanwhile, functional DNA has quickly become an important player in 

nanobiotechnology.21 Taking advantage of its specific recognition nature, DNA aptamers, 

in conjugation with nanoparticles (e.g., polymers and quantum dots), have found great 

utility in biolabeling and drug delivery fields. 22 Function DNA can also be applied as 

11 
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building blocks to control the assembly/disassembly of nanospecies. For instance, Liu 

and Lu have applied ATP aptamer or Pb2+-mediated DNA enzyme (with its substrate) to 

assemble AuNP into aggregates that can be subsquently dissociated by the addition of 

ATP or Pb2+ (Figure 1.11).23
'
24 Significantly, the color change associated with these 

processes can be used to detect the presence of ATP or Pb2+ (see Section 1.4.4 for more 

details). 

In addition to the advantages shared with normal DNA, functional DNA is 

particularly attractive in nanobiotechnology due to the fact that species for many targets 

can be obtained by the powerful SELEX approach. With respect to biosensor applications, 

this greatly expands the detection scope of functional DNA-based assays . Also 

importantly, functional DNA that possess dual functions (target recognition and signal 

generation) can be directly selected by in vitro evolution,25 which makes it possible that 

the obtained functional DNA function at their optimized performance for a specific task. 
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Figure 1.10. Schematic presentation offluorescence sensors using (A) ATP structure
switching aptamer19 and (BJ Pb2 

+ mediated DNA enzyme. 20 In both constructions, 
fluorophore (F) and quencher (Q) are initially at close proximity where fluorescence 
signal is significantly quenched. Upon addition of target (ATP or Pb2+), the dissociation 
of aptamer (or DNA enzyme) with its complementary strand separate F and Q, which 
generates a fluorescence signal. 
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Figure 1.11. Functional DNA (aptamer and DNA enzyme) is used for assembly and 
disassembly ofAuNPs in the development ofcolorimetric biosensors. (A) ATP aptamer is 
used as crosslinker to bridge complementary DNA -modified AuNPs (assembly). 24 The 
addition of ATP causes the dissociation of aptamer from their complementary strands 
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and therefore the disassembly of AuNP ag'ff'egates. (BJ A similar strategy has been 
applied using a Pb2 

+ mediated DNA enzyme. 3 Here, the DNA enzyme and its hybridized 
DNA substrate serve as the cross/inker to assemble AuNPs. The addition ofPb2 

+ triggers 
the cleavage ofsubstrate (cross/inker) by DNA enzyme, which results in the disassembly 
of AuNP aggregate. In both cases, a red-to-blue (or blue-to-red) color transition is 
associated with the AuNP assembly (or disassembly). 

1.4 AuNP/DNA conjugates 

It is not a surprise that AuNP and DNA have been married in nanobiotechnology. 

By their nature, AuNPs are highly suitable building blocks in nanoassemblies and signal

transducers for biosensors; DNA ensures the precision and specificity required by 

programmable nanoassemblies, biosensing and biolabeling. Indeed, AuNP/DNA 

conjugates have demonstrated great potential in the construction of well-organized 

nanostructures, colorimetric biosensors, in vivo biolabeling, drug discovery and delivery. 

This section provides a brief background of the preparation of AuNP/DNA conjugates, 

interactions between AuNP and DNA, their colloidal properties and applications with 

respect to nanoassembly and colorimetric biosensors. 

1.4.1 Preparation ofAuNPIDNA conjugates 

AuNP/DNA conjugates are normally prepared using citrate-capped AuNPs and 

thiol-modified DNA based on Au-S chemistry.3 Thiol-modified DNA is commercially 

available and is generally disulfide protected (e.g., DNA-S-S-C60H) to prevent 

dimerization between DNA molecules. The disulfide protected DNA can be used as such 

or reduced by, for example, dithiothreitol (DTT), to generate a free thiol group before 

being loaded onto a AuNP surface. Thiol-modified DNA can spontaneously assemble 

onto citrate-capped AuNP surface upon mixing (Step one, Figure 1.12), a process where a 

weakly bound ligand (citrate ion) is displaced by strongly binding ligand (thiol).26 Note 

that de-ionized (dd) H20 is normally used for the first step reaction and salt-containing 

buffer should be avoided as citrate-capped AuNPs are not stable at high ionic strength (2: 

50 mM NaCl).3 The number of DNA molecules on a AuNP surface (graft density) 

reaches its first plateau in a few hours and the further assembly becomes difficult due to 
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Figure 1.12. The preparation ofDNA-modified AuNPs. See main text in Section 1.4.1 for 

details. 

the electrostatic repulsion between negatively charged DNA molecules on AuNP surface 

and those in solution.26 To minimize such electrostatic repulsion and load more DNA, a 

salt solution (e.g., 300 mM NaCl) is applied at this stage (Step 2, Figure 1.12), where the 

pre-loaded DNA molecules (negatively charged polymers) are sufficient to stabilize 

AuNP at salt solution via a combination of electrostatic and steric stabilization (see 

Section 1.4.3 for details). It is also interesting to note that the DNA conformation on the 

surface changes during the coupling reaction.26
'
27 In Step 1, nucleobases on DNA 

backbone may "nonspecifically" adsorb onto AuNP surface via ligand-metal interaction 

(see Section 1.4.2 for more details) as there is much free space available on the surface. 

This makes DNA adopt a "flat conformation" on the AuNP surface and, consequently, 

less accessible for the subsequent biomolecular recognition.26
•
27 In Step 2, the addition of 

salt facilitates the further loading of DNA, a process in which thiols on incoming DNA 

molecules break Au-nucleobase interaction by forming stronger Au-S interaction. 

Consequently, DNA adopts a more extended (into solution) conformation on AuNP 

surface.26
•
27 The maximum DNA graft density for AuNPs of, for example, 13 nm in 

diameter is ~ 150 - 200 strands per AuNP. It was found, however, that not all DNA 

probes on the surface are equally accessible to hybridization with their complementary 

strands. Indeed, the typical hybridization efficiency is ~ 20 - 40 %.28
•
29 This is 

presumably because the steric hindrance and electrostatic repulsion, resulting from 

neighboring DNA molecules, inhibit the DNA recognition with its complementary 

strand.29 To improve the hybridization efficiency of DNA probe on AuNP surface, a 
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mercaptohexanol (MCH) treatment are often conducted (Step 3, Figure 1.12). MCH 

treatment is a ligand exchange process where MCH displaces the nonspecifically bound 

(e.g., via Au-nucleobase) and some of specifically bound (Au-S) DNA from AuNP 

surface.28
•
29 As a result, 1) more DNA adopts the extended conformation on the surface, 

and 2) DNA surface graft density decreases, which reduces the repulsive effect from 

neighboring DNA molecules. Both of these effects make DNA more accessible to bind to 

its targets.28
•
29 Indeed, the hybridization efficiency of DNA probes, after MCH treatment, 

can reach 2: 90 %. 10 Note that MCH treatment can also be used to tune (or decrease) the 

colloidal stability of DNA-modified AuNPs (see Section 1.4.3) by removing negatively 

charged DNA molecules (colloidal stabilizers) from AuNPs. 10 

1.4.2 Interactions between AuNP and DNA (and nucleotides) 

Apart from the Au-S interaction between thiol-modified DNA and AuNP, DNA 

(with and without thiol) can also interact with AuNP surfaces through Au-nucleobase 
30 31interactions.26

• • This was initially a surprise, particularly considering the electrostatic 

repulsive force between negatively-charged AuNP (due to citrate ions) and negatively

charged DNA backbone. It turned out that ssDNA can strongly adsorb onto AuNPs via 

the ligand-metal interactions between nucleobases (with amine and/or carbonyl groups) 

and AuNP surface. 26 The involvement of nucleobases in such process is demonstrated by 

the fact that dsDNA in which nucleobases are occupied by the complementary strand 

showed little affinity to AuNP surface.32 The interactions between nucleobases and gold 

surfaces have been demonstrated by both qualitative and quantitative experiments. 30
•
31 

However, the exact mechanism of nucleobase adsorption and the resulting geometry on 

AuNP surfaces remain largely unknown due to their complex nature. 

"Nonspecific" binding was traditionally treated as a "serious issue" for surface

based bioassays due to the fact that nonspecifically adsorbed DNA probes become less 

accessible to their targets. However, this phenomenon has recently been applied for DNA 

immobilization33 and biosensor development32 (see Section 1.4.4 for details). 
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1.4.3 Colloidal chemistry ofAuNPIDNA conjugates 

AuNP colloidal properties such as stability and aggregation are key aspects in 

nanoassembly and biosensing applications of AuNPs and AuNP/DNA conjugates. This 

section briefly discusses the basics of colloidal stabilization and aggregation (Figure 

1.13), particularly for DNA-modified AuNPs. 

As-prepared AuNPs (Section 1.2.1) are often stabilized against van der Waals 

attraction induced aggregation by surface-tethered capping ligands. For instance, AuNPs 

prepared by the classic citrate reduction method4 are stabilized in water by charged citrate 

ions on the surface. The stability of AuNPs can be further controlled to an exceptional 

degree by introducing colloidal stabilizers (see below) onto these as-prepared AuNPs via 

chemical grafting methods (e.g., Au-thiol, Au-amine), electrostatic adsorption and 

physical adsorption, etc. Common colloidal stabilizers include small charged species, 

polymers, and charged-polymers (polyelectrolytes) that stabilize the colloidal particles 

through electrostatic, steric, and electrosteric (a combination of electrostatic and steric) 

stabilizations, respectively (Figure l .13A). 

With respect to electrostatic stabilization (Figure 1.13A), the surface charges, 

together with the counterions in the medium, form a repulsive electric double layer that 

stabilizes colloids against van der Waals attractive forces. 36 A characteristic feature of the 

electrostatic repulsion force is its high sensitivity to the bulk ionic strength: the 

electrostatic repulsion force diminishes significantly at high salt concentration where the 

electric double layer is highly suppressed.36 This explains why citrate-capped AuNPs are 

only stabilized in water but undergo aggregation at elevated salt concentrations (e.g. 50 

mMNaCl).3 

In the case of steric stabilization36
•
37 (Figure l.13A), macromolecules grafted on 

colloid surfaces in a good solvent (steric stabilization diminishes with decreasing 

solubility) impart a polymeric barrier that prevents colloids from coming close enough 

such for van der Waals attractive forces to dominate.36
•
37 Essentially, the penetration of 

polymer chains on colloids when they approach each other results in a loss of polymer 

configurational entropy, which makes the aggregation process disfavored.36
•
37 Steric 
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stabilization is much less sensitive towards ionic strength than electrostatic stabilization. 

Rather, the macromolecule molecular weight and surface graft density are more 

important factors. In general, thicker polymer layers and higher graft densities lead to 

more effective steric stabilization effecting. 36
•
37 

Electrosteric stabilization provided by surface-tethered charged polymers (Figure 

l.13A) is probably the most effective strategy to stabilize colloidal particles.36
•
37 DNA 

(negatively charged polymers)-modified AuNPs represent an excellent example of such 

systems. It is found that DNA-modified AuNPs with high DNA graft density remain 

stabilized even at very high salt concentrations (e.g., 300 mM MgCh). Steric stabilization 

is expected to play a major role in stabilizing AuNPs at such salt concentrations where 

electrostatic repulsion is significantly diminished. 36 

To aggregate DNA-modified AuNPs, one can use an "inter-particle crosslinking" 

mechanism (Figure l.13B), where AuNPs are bridged together via a complementary 

DNA crosslinker taking advantage of DNA hybridization. The bonding formation in 

inter-particle crosslinking process yields an enthalpic benefit, which overcomes the 

electrostatic and steric repulsion forces. 36 

Alternatively, DNA-modified AuNP aggregation can be achieved by reducing 

electrostatic and steric repulsion forces through, for instance, the addition of salt or 

removal of charged and polymeric DNA moieties. The aggregation induced by such 

means is referred to as "non-crosslinking aggregation" (Figure 1.13B). 35
•
36 

Although the colloidal properties of DNA-modified AuNPs follow the general 

rules developed for polyelectrolyte-modified colloids, the real situation is much more 

complex due to the potential DNA inter- and intra-biomolecular interactions (e.g., 

hydrogen bonding). In particular, the effect of the molecular recognitions between 

AuNPs bound ssDNA molecules and their targets on the colloidal stabilities of AuNPs is 

difficult to predict. 35
'
36 
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Figure 1.13. Schematic representation of colloidal stabilization and aggregation. (A) 
colloids can be stabilized by 1. small charged molecules or ions, 2. surface grafted 
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polymers, and 3 surface grafted charged polymers through electrostatic, steric and 
electrosteric stabilization, respectively. (BJ Colloidal aggregation can be induced by 1. 
inter-particle cross/inking or 2. removing surface charges and/or polymeric moieties. 

1.4.4 Applications ofAuNPIDNA conjugates 

The organization of DNA-modified AuNPs taking advantage of DNA 

hybridization (Figure 1.7) is one of the best examples to demonstrate the power and 

versatility of biomolecule-directed self-assembly. Indeed, DNA nanotechnology holds 

great potential for the programmable construction of future nanodevices. 12 Meanwhile, 

due to the unique LSPR of AuNPs, the assembly of such nanostructures has numerous 

applications in biosensors. 3•
8 

As mentioned previously in Section 1.2.3, AuNP solutions appear as different 

colors in their dispersed and aggregated states. Therefore, colorimetric biosensors can be 

designed for the detection ofbiological events (or analytes) that trigger the aggregation of 

AuNPs (or redispersion of AuNP aggregate). Mirkin and co-workers pioneered the 

development of AuNP-based colorimetric biosensors.11 In their work (Figure 1.14A), 

DNA-modified AuNPs are assembled into aggregates, accompanied by a red-to-blue 

color change, in the presence of the complementary DNA target. The redispersion of pre

formed AuNP aggregates, which leads to a blue-to-red color transition, can also be used 

for the design of colorimetric biosensors.23
•
24 As shown in Figure 1.11, Liu and Lu have 

used this strategy to construct adenosine and Pb2
+ sensors. Specifically, the AuNP 

aggregates were first prepared by crosslinking DNA-modified AuNPs using structure

switching DNA aptamers (or DNA enzyme substrate).23
'
24 The addition of target 

adenosine molecules (or Pb2l removes crosslinkers by dissociating the aptamers (or 

cleaving DNA substrate), which results in the dispersion of aggregates and therefore a 

blue-to-red color change.23
'
24 

The aggregation in these assays is essentially induced by the "inter-particle 

crosslinking (or bridging)" mechanism (Figure l.13B) using DNA crosslinkers. Since 

Mirkin' s pioneering work, biosensors using a similar aggregation mechanism have been 

developed for the detection of a variety of substances including DNA, protein, small 
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38 39molecules and metal ions.8
• • A conceivable drawback of inter-particle crosslinking 

aggregation is that a cross linker (the target in many cases) is required to possess at least 

two binding sites in order to crosslink AuNPs. This may limit the generality of this assay. 

Moreover, for the inter-particle crosslinking of DNA-modified AuNPs with its 

complementary DNA crosslinker, it is known to be a relatively slow process: it generally 

requires a few hours (e.g., 2 h) to form the assembled aggregates. 11 Furthermore, the 
23 24assays • where the AuNP aggregates are first prepared and then dissociated in the 

presence of target also suffers from 1) the extra steps required to form aggregates, 2) 

difficulties ofhandling unstable aggregates due to precipitation and potential dissociation, 

and 3) that the biomolecules embedded insides aggregates appear less accessible for the 

biomolecular recognition. 23
•
24 

In addition to inter-particle crosslinking, the colloidal aggregation can also be 

tuned by a number of other factors such as surface charges or surface-grafted polymers 

(Figure 1.13B, non-cross/inking aggregation).36 This can also be applied as a highly 

useful tool to manipulate AuNP aggregation and to develop colorimetric biosensors. For 

instance, Maeda and co-workers found that ssDNA-modified AuNPs are more stable 

toward salt-induced aggregation than those after the hybridization of its complementary 

DNA strands (i.e., dsDNA-modified AuNPs) (Figure 1.14B).35 While the precise 

mechanism was not fully understood, the authors attributed this to the entropic loss 

associated with the formation of a rigid DNA duplex. Moreover, Rothberg and colleagues 

have also developed AuNP-based colorimetric biosensor for DNA detection, taking 

advantage of the fact that ssDNA can adsorb onto citrate-capped AuNPs via Au

nucleobase interactions and stabilize AuNPs against salt-induced aggregation whereas 

dsDNA does not possess the same effect (Figure 1.14C).32 In the "non-crosslinking 

aggregation" mechanism (Figure 1.13B), AuNP aggregation is driven by van der Waals 

attraction after interparticle repulsive forces (e.g., electrostatic and steric repulsion) are 

significantly diminished. Non-crosslinking aggregation has a few advantages over inter

particle crosslinking mechanism. First, it does not require the targets to have at least two 

binding sites in order to crosslink the AuNPs. Second, the aggregation induced by non
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crosslinking mechanism is very rapid (normally from seconds to a few minutes).I0
•
35 This 

is presumably due to the nature of non-crosslinking aggregation: once the inter-particle 

repulsive forces are significantly reduced, the attractive forces (van der Waals) dominate 

to result in rapid aggregation.35 By contrast, in the inter-particle crosslinking system, the 

aggregation is mainly driven by random collisions between nanoparticles with relatively 

slow Brownian motion. 35 Third, compared with the biomolecules entrapped inside of the 

aggregates in the assays where the color change is based on the redispersion of AuNP 

aggregates, the biomolecules on AuNP surface in non-crosslinking aggregation systems 

are presumably more accessible for the bio-recognition events. Io Nevertheless, in non

crosslinking aggregation systems, biomolecular interactions may not be performed at the 

optimized conditions (e.g., salt concentration) since a specific salt concentration is 

required to modulate the AuNP stability and aggregation. Io Therefore, one may need to 

either choose a salt that has no effect on the biomolecular activity or seek a compromise 

between biomolecular performance and AuNP stability at a specific salt concentration. Io 

1.5 Summary and Challenges 

AuNP/DNA conjugates have recently been a subject of great interest due mainly 

to its potential in the programmable assembly of well-defined nanostructures and 

colorimetric biosensors. 

AuNPs with their unique physical properties are excellent building blocks for the 

construction of nano- (or micro-) structured materials. However, the precise and 

controllable assembly of AuNPs, particularly in response to a specific stimulus and/or in 

a periodic three-dimensional (3D) fashion, still remains a challenge. Most previous 

AuNP-based colorimetric bioassays use an inter-particle crosslinking aggregation 

mechanism; the assembly and disassembly of AuNPs by modulating AuNP colloidal 

properties (e.g., surface charges and surface-tethered polymers) in a non-crosslinking 

aggregation fashion have not been fully exploited. 
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Figure 1.14. (A) Inter-particle cross linking aggregation ofDNA-modified AuNPs using a 
complementary DNA target that serves as a cross/inker. Red-to-blue color change 
indicates the presence of target DNA. 11 (B) ssDNA-modified AuNPs are stable at I M 
NaCl due to the stabilization provided by surface-grafted DNA molecules. By contrast, 
the formation ofdsDNA by hybridization causes the decrease ofAuNP colloidal stability 
towards salt-induced aggregation and a red-to-blue color change. This is presumably 
due to the entropic penalty resulted from the conformational transition from flexible 
ssDNA to rigid dsDNA. 35 (C) The design ofcolorimetric biosensors based on the different 
affinity of ssDNA and dsDNA on AuNP surface. ssDNA can bind to AuNP surface and 
stabilize AuNPs against salt-induced aggregation whereas dsDNA does not. This 
phenomenon has been applied to detect the complementary DNA target ofa ssDNA. 32 

DNA has multiple functions: DNA is widely known for its hybridization with the 

complementary strand, which has also been exploited as a tool to guide nanoassemblies. 

In particular, the fact that DNA molecules can be manipulated by a number of enzymatic 

reactions offers extra advantages of using DNA as a material. More recently, DNA 

molecules with novel functions have been discovered: DNA aptamers and enzymes can 

specifically recognize non-nucleic targets and catalyze chemical reactions, respectively. 

These functional DNA molecules largely extend the detection scope of DNA-based 

biosensors from targeting only nucleic acid targets to many other non-nucleic acid targets. 

Therefore, the development of facile method to monitor these DNA functions becomes 

important with respect both to understanding these functional DNA behaviors and 

developing biosensors standpoints. 

Our hypothesis was that the combination of AuNP and DNA would benefit both 

sides towards the above-mentioned aspects: the color changes associated with AuNP 

assembly (or disassembly) can be used as a simple tool to monitor the DNA functions 

(e.g., DNA aptamer binding and folding, DNA enzyme catalysis), and DNA-involved 

biological processes (e.g., protein enzymatic manipulation of DNA molecules), which 

will eventually lead to the development of facile colorimetric biosensors; function DNA 

molecules which specifically recognize a target allow the DNA-guided nanoassembly to 

be responsive to a certain stimulus. Furthermore, the specificity of DNA recognition, 

together with the powerful enzymatic manipulation reactions, should offer opportunities 

to construct well-defined 3D nano-assembled structures. 
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1.6 Thesis objective and outline 

The objective of this thesis work is therefore aimed to 1) develop facile 

colorimetric AuNP assays to monitor DNA function and DNA-involved biological 

processes, and simultaneously construct prototypes of biosensors. Specifically, the 

investigated functions and the relevant biological processes include DNA aptamer 

binding and folding upon complexing with its target, DNA enzyme catalysis and protein 

enzymatic manipulation of DNA molecules; 2) control the assembly of AuNPs using 

(functional) DNA towards stimuli-responsive assembly and construction of well-defined 

3D structures. In particular, this is addressed by modulating AuNP colloidal parameters 

including surface charges, the length and conformations of surface-tethered DNA 

polymers. The thesis projects are outlined as follows. 

Chapter 2: Simple and rapid colorimetric enzyme sensing assays using non

crosslinking gold nanoparticle aggregation. In this chapter, we investigated how the 

interaction of small nucleotide molecules, the DNA monomers, with citrate-capped 

AuNPs affects AuNP colloidal stabilities through tuning surface charge properties of 

AuNPs, and how that is applied to monitor enzymatic reactions where nucleotides are 

modified by protein enzymes. 

Chapter 3: Highly stabilized nucleotide-capped small gold nanoparticles with 

tunable size. In this chapter, talking advantage of the fact that nucleotides can interact 

with AuNPs and then modulate AuNP colloidal stabilities, we exploited the use of 

nucleotides as capping ligands to control the growth of AuNP crystals. These nucleotide

capped AuNPs possess tunable sizes and have narrow monodispersities. Moreover, they 

are water-soluble and highly stable towards salt-induced aggregation. 

Chapter 4: Enzymatic cleavage of nucleic acid on gold nanoparticle: a 

generic platform for facile biosensors. In this chapter, the AuNP colloidal stability and 

aggregation is tuned by the length of DNA polymers on AuNP surfaces: long DNA 

molecules stabilize AuNPs electrosterically whereas the removal (or shortening) of such 

polymers by enzymatic cleavage destabilizes AuNPs. This was applied to monitor DNA 

enzyme catalysis and protein enzyme manipulation reactions of DNA molecules. 
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Chapter 5: Simple and rapid colorimetric biosensors based on DNA aptamer 

and non-crosslinking gold nanoparticle aggregation. The controlled assembly of 

AuNPs by the length of surface-tethered DNA polymers was further exploited to monitor 

DNA aptamer binding to its target. Instead of removing DNA by enzymatic cleavage 

(chapter 4), the DNA aptamers are switched off from AuNP surface upon binding its 

target. 

Chapter 6: DNA aptamer folding on gold nanoparticle: from colloid 

chemistry to biosensors. This work investigated the DNA aptamer folding with its target 

on AuNP surfaces, and how this polymer conformational change affects AuNP colloidal 

stability and aggregation. Strikingly, we discovered a unique colloidal stabilization effect 

associated with aptamer folding: AuNPs to which folded aptamer structures are attached 

are more stable towards salt induced aggregation than those tethered with unfolded 

aptamers. Therefore, distinct AuNP aggregation and redispersion stages can be readily 

operated by controlling aptamer folding and unfolding states. Meanwhile, this allows us 

to easily monitor DNA aptamer folding events on AuNP surfaces by the color changes 

arising from the different AuNP assembly stages. 

Chapter 7: DNA polymerization on gold nanoparticles through rolling circle 

amplification: towards novel scaffolds for three-dimensional periodic 

nanoassemblies. This work attempted to control the nanoassembly in a well-defined 3D 

fashion. AuNPs attached with long (typically hundreds of nanometers to microns) DNA 

polymers containing repetitive units were obtained by performing an enzymatic extension 

reaction of a short DNA primer attached to the AuNP core. This 3D structure serves as a 

scaffold on which complementary DNA-attached nanospecies can be assembled 

periodically. 

Chapter 8: Conclusions. This chapter summarizes the major achievements of 

this thesis. 

Appendix: Ph.D. publication list. 
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Chapter 2: Simple and rapid colorimetric enzyme sensing 

assays using non-crosslinking gold nanoparticle aggregation 

The following chapter was published in Chemical Communications under the 

citation: 

Weian Zhao, William Chiuman, Jeffrey C. F. Lam, Michael A. Brook, Yingfu Li. 

Simple and rapid colorimetric enzyme sensing assays using non-crosslinking gold 

nanoparticle aggregation. Chem. Commun., 2007, 3729-3711. 

I was responsible for all data collection and analysis. William Chiuman provided 

helpful suggestions on enzyme assays and helped with the calculation of the enzymatic 

reaction rate. Jeffrey C. F. Lam helped in the UV-Visible spectroscopy experiments. 

wrote the first draft of the manuscript and Dr. Brook and Dr. Li provided editorial input 

to generate the final draft of the paper. 
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2.1 Abstract 

Non-crosslinking gold nanoparticle (AuNP) aggregation induced by the loss (or 

screen) of surface charges is applied for enzymatic activity sensing and potentially 

inhibitor screening. 

2.2 Introduction 

AuNP-based colorimetric assay has been recently used for the detection of 

various substances, 1 based on the unique phenomenon that well-dispersed AuNP solution 

is red in color whereas aggregated AuNPs appear a blue (or purple) color.2 The major 

advantage of AuNP-based assays is that molecular recognition events can be transformed 

into color changes, which can be observed by the naked eye, and therefore no 

sophisticated instruments are required. 1 Moreover, because of the extremely high 

extinction coefficients of AuNPs, AuNP-based assays could provide sensitivity 

comparable to (or even higher than) conventional analytical methods such as 

fluorescence assays. 1b Mirkin and co-workers pioneered the study of AuNP-based 

colorimetric biosensors where they used oligonucleotide-modified AuNPs to detect a 

target complementary DNA molecule. 'a Recently, AuNP-based assays have also been 

applied for the detection of other targets such as metal ions, tb proteins, Id-i and small 

molecules. tj The sensing of enzymatic activity and study of enzyme inhibitor using 

AuNP-based assay have also been developed.3--5 For instance, Brust and co-workers 

developed an elegant assay to identify kinase inhibitors taking advantage of the fact that 

kinase modified AuNP can undergo inter-particle crosslinking to form aggregates and 

therefore generate a red-to-blue color change.3
a Guarise and coworkers demonstrated that 

a short peptide, which contains a cysteine group at both ends, can effectively crosslink 

AuNP leading to AuNP aggregation. 4 They then developed an assay to detect protease 

that can cleave that peptide. Most recently, Choi and coworkers extended this concept to 

a phosphate group containing peptide substrate.5 They showed that the substrate charge 

properties, controlled by a phosphatase, can affect the peptide crosslinking of AuNP, and 

thus the AuNP aggregation and color change. 5 
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In all aforementioned assays, AuNP aggregation is induced by inter-particle 

crosslinking such as DNA hybridization, la,b antibody-antigen interactions, le and peptide 

bridging with two binding tags.4
'
5 However, this crosslinking AuNP aggregation is 

limited to the use of crosslinkers that possess at least two binding tags in order to bridge 

AuNP together. To meet this criterion, the cross linkers (e.g. peptide with two binding 

tags to AuNP) sometimes have to be carefully designed and synthsized. 5 6 Moreover, 

AuNP aggregation induced by inter-particle crosslinking is a relatively slow process: it 

sometimes takes a few hours to observe the aggregation-induced color change. 1a 

A - B 
2 3 4 5 6 7 8 9 10:· -- - - - 1 -.- c~-_-_-_ :, __: = ~·= ~ :, __ 

-• - - Al 1 
O'o · 

Figure. 2.1. (A) Schematic illustration of the differential impact ofATP and adenosine 
(Ado) on AuNP stability. (BJ Photographs of AuNP solutions containing 60 µM ATP, 
ADP, AMP, inosine, and adenosine (vials 1-5, respectively). Vial 6-10 are the AuNP 
solutions containing 30, 20, JO, 5, and 2.5 µM adenosine, respectively. Photographs were 
taken 1 min after mixing AuNP with a relevant compound. 

It is well known that colloidal stability can also be adjusted by modifying surface 

charges which affect electrostatic stabilization, and that aggregation can be induced due 

to the loss (or screening) of surface charges.7 In this communication we exploited this 

"noncrosslinking" aggregation phenomenon8 to develop colorimetric assays for sensing 

enzymatic activities. We speculate that if the substrate and product of an enzymatic 

reaction differently affect the AuNP stability by changing their electrophoretic properties, 

such a reaction can be monitored colorirnetrically using AuNPs and the enzymatic 

activity can therefore be determined. 

Enzymatic reactions concemmg nucleoside triphosphates as substrates, 

specifically nucleotide dephosphorylation by alkaline phosphatase and DNA 

polymerization by DNA polymerase, were chosen as model systems due to their vital 
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importance in molecular biology.9 It is known that nucleobases can bind to citrate-capped 

AuNPs with the displacement of weakly bound citrate ions via metal-ligand 

interactions.10 The adsorption of highly charged nucleotides or uncharged nucleosides 

should then further stabilize AuNPs or cause their aggregation, respectively, due to the 

gain or loss of surface charges (Fig. 2.l(A)). We found that the AuNPs capped by 

adenosine 5'-triphosphate (ATP), adenosine 5'-diphosphate (ADP), or adenosine 5'

monophosphate (AMP) were much more stable than bare AuNP (see Supplementary 

Information (SI)). The stability of AuNPs followed the order AuNP/ATP > AuNP/ADP > 

AuNP/AMP >bare AuNP. This is further confirmed by surface charge measurements: 

the zeta potentials of ATP-adsorbed AuNPs and bare AuNPs are -32.36 ± 1.43 m V and 

24.98 ± 1.54 mV, respectively. This clearly illustrates the direct relationship between the 

concentration of negatively charged phosphates on AuNP surface and colloidal stability. 

In contrast, the adsorption of uncharged nucleosides (e.g. adenosine and inosine) caused 

AuNP aggregation, indicated by an instant red-to-blue color change (Fig. 2. l(B)). 

We then sought to take advantage of the observed noncrosslinking AuNP 

aggregation phenomenon to develop a simple colorimetric assay for monitoring an 

enzymatic dephosphorylation reaction where ATP was converted into adenosine by calf 

intestine alkaline phosphatase (CIAP) (Fig. 2.2(A)). The development of simple, quick 

and inexpensive assays to monitor dephosphorylation or phosphorylation reactions is 

technically challenging because the loss or gain of nucleotide phosphate group( s) cannot 

be easily distinguished by conventional spectroscopic methods. For instance, the 

substrate (ATP) and the product (adenosine) in CIAP-mediated dephosphorylation 

reactions have essentially identical absorption spectra (see SI, Fig. S2.2(A)). 
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Figure. 2.2. (A) Conversion ofATP into adenosine by CIAP. (B) UV-Vis spectra ofAuNP 
solutions after addition of ATP-CJAP mixture incubated at indicated time points. (C) 
Photographs ofAuNP solutions after addition ofATP-CIAP mixture incubated for 0, 18, 
21 and 24 min (vials 1-4, respectively). Vials 5 and 6 were the AuNP solutions with 
addition of the mixture (incubated for 24 min) where ATP or CIAP was omitted, 
respectively. This control experiment showed that CIAP itself does not cause AuNP 
aggregation. 13 (D) A520/A600 vs. enzymatic reaction time for the indicated CIAP 
concentrations. (E) The amount of substrate processed per minute vs. CIAP 
concentration (units/20 µL reaction solution). 

2.3 Results and discussion 

In our AuNP-based assay, a typical reaction mixture (20-µL) containing 10 mM 

ATP, 10 mM MgCh, 10 mM Tris-HCl (pH 7.5), and 2.5 units(~ 250 nM) of CIAP. To 

monitor the reaction, 1 µL of the mixture was taken out at a given reaction time, diluted 
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100 times by H20,11 and then added to 200 µL AuNP solution (14 nM). The UV-Vis 

adsorption spectra were recorded 1 min after mixing. As expected, with the increase of 

reaction time, the adsorption of the mixture (originally peaked at - 520 nm) broadened 

and shifted to longer wavelength (Fig. 2.2(8)), while the color of the solution changed 

progressively from red to blue (Fig. 2.2(C)), indicating the AuNP aggregation during the 

conversion of ATP to adenosine. 

To estimate the percentage of ATP converted, a calibration curve relating the ratio 

of A520/A600 as a function of ATP/adenosine molar ratio (in the absence of CIAP) was 

developed (see SI, Fig. S2.3). By fitting the A520/A600 value calculated from Fig. 2.2(8) 

at a certain reaction time, one can easily estimate how far the reaction has progressed. 

To quantify the enzyme activities, reactions with various amounts of CIAP were 

performed and the adsorption spectra are given in Fig. S2.4 in SI. The A520/ A600 ratios 

as a function of enzymatic reaction time are plotted in Fig. 2.2(D); the amount of 

substrate processed per minute (see SI for calculations) as a function of CIAP units is 

shown in Fig. 2.2(E). A linear relationship was obtained, which strongly suggests that 

this assay can be applied to quantify the effective enzyme activities. The typical detection 

limit ofCIAP in the current study is- 0.16 units/20 µL (- 16 nM). 12 

Notably, this assay can be further used to study enzyme inhibitors. Sodium 

orthovanadate (Na3V04), a well known inhibitor for CIAP, 14 is used in our proof-of

concept experiment. It was found that 2 mM of Na3V04 (note that, under investigated 

conditions, Na3V04 itself does not stabilize or aggregate AuNPs) completely inhibited 

CIAP (1.25 units/20 µL) activity, as there is no significant spectra shift (Fig. 2.3(A)) or 

color change (data not shown) in the AuNP test. The titration of inhibitor concentration 

showed that, at the investigated enzyme concentration (l.25 units/20 µL), the detectable 

inhibitor concentration is - 300 µM or above (Fig. 2.3(8)). Note that the detectable 

inhibitor concentration is highly dependent on the enzyme concentration used for the 

reaction, that is, less inhibitor is required for effective inhibition when enzyme with lower 

concentration is used (data not shown). 
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Figure. 2.3. (A) A520/A600 calculated from UV-Vis spectra in the AuNP test as a 
function of enzymatic reaction time. The enzymatic reaction was conduct with 2 mM 
Na3 V04 inhibitor and without inhibitor. (B) A520/A600 of the sample which underwent 
30 min enzymatic reaction time is plotted as a.function ofNa3V04 concentration. 

We reasoned that the concept illustrated above could also be adapted to other 

enzymatic reactions where substrates and products impact differently on the AuNP 

stability. To provide a second demonstration, we applied the same method to monitor an 

enzymatic reaction known as "rolling circle amplification" where dNTPs (dATP, dTTP, 

dGTP and dCTP) are converted to a long single-stranded DNA (ssDNA) by phi29 DNA 

polymerase.15 We anticipated that dNTPs would bind AuNP more effectively than the 

long ssDNA product because of the steric hindrance and large secondary structures 

formed in long ssDNA, Sb and that dNTPs would stabilize AuNP more effectively than the 

long ssDNA. Since dNTPs and the long ssDNA product both stabilize AuNPs (although 

to different extents), the assay was performed at a specific salt concentration where 

dNTP/AuNP is stable whereas long ssDNNAuNP would aggregate. 16 The results are 

shown in Fig. S2.5 in SL Briefly, the AuNP solution mixed with the reaction mixture that 

either excluded or contained DNA polymerase was red and blue in color, respectively. 

The red-to-blue color change indicated that AuNP aggregation occurred as dNTPs were 

made into long ssDNA by phi29 DNA polymerase. 
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2.4 Conclusion 

In conclusion, we have demonstrated simple and rapid enzyme sensing assays 

usmg the principle of non-crosslinking AuNP aggregation. The use of AuNP is 

advantageous, particularly for the enzymatic reactions that cannot be easily monitored by 

traditional spectroscopic techniques, due to its simplicity and the colorimetric detection 

nature. Moreover, compared to the crosslinking AuNP aggregation, this non-crosslinking 

aggregation induced by a change of the electrophoretic properties of AuNPs is generally 

faster (the AuNP test assay in the present study was completed in 1 min).8 In the non

crosslinking system, the aggregation is driven by the London/van der Waals attractive 

force between the nanoparticles.sc Once the electrostatic repulsion is significantly 

reduced due to the loss (or screen) of surface charges, the attractive forces dominate, 

leading to a rapid aggregation. In contrast, in the crosslinking system, the aggregation is 

mainly driven by random collisions between nanoparticles with relatively slow Brownian 

motion.Sc Furthermore, this approach is conceptually simpler than the cross linking system 

and, in principle, can be applied to any target molecules which can affect the 

electrophoretic properties of AuNPs, whereas in the crosslinking aggregation process, the 

crosslinker has to carry at least two binding tags in order to bring AuNP into close 

proximity. We speculate that our assay can be adapted to other charged substrates such as 

DNA oligonucleotides, amino acids and peptides, and that similar assays could be easily 

developed to detect and quantify other enzymes including ligases, endonucleases, 

proteases, etc. Nevertheless, nonspecific aggregation of bare AuNP could be a potential 

issue for the use of this assay in more complex matrices (rather than pure buffers) and 

therefore a pre-purification step might be required in some specific cases. Finally, since 

the interaction between nucleobases and AuNP is quite complicated and has been the 

subject of extensive debate, ' 0 we hope this work will provide insight into the nature of the 

interaction between DNA (or nucleotides, nucleosides) and AuNPs. 
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2.7 Supplementary Information 

Experimental 

Materials 

Calf intestine alkaline phosphatase (CIAP), phi29 DNA polymerase, and dNTPs 

(dATP, dCTP, dTTP, and dGTP) were purchased from MBI Fermentas. ATP and other 

reagents were obtained from Sigma. DNA oligonucleotides used in this study were 

obtained from Central Facility, McMaster University. H20 was doubly deionized and 

autoclaved before use. 13 nm gold nanoparticles (AuNP) were prepared according to 

reported procedures 1 and the final concentration was estimated to be about 14 nM using 

UV -Vis spectrometric measurements based on an extinction coefficient of - 2.7x108 M-1 

cm-1 at /... 520 nm for 13 nm particles. 1 

Study ofAuNP stability in the presence ofATP, ADP, AMP, adenosine and Inosine 

100 µL of ATP (or ADP, AMP, adenosine and inosine) solution (18 nmol, 180 

µM) was added to 200 µL of AuNP solution (14 nM) in a 2-mL glass vial, and the 

photographs, as shown in Fig. 2.lB vials 1-5, were taken in 1 min following the mixing. 

To further investigate the impact of adenosine concentration on AuNP stability, the same 

assay was performed with adenosine in different concentrations (90, 60, 30, 15, and 7.5 

µM), and the results are shown in Fig. 2.lB vials 6-10, respectively. 

We found that ATP, ADP and AMP all stabilize AuNP. To investigate the relative 

stability of AuNP/ATP, AuNP/ADP, and AuNP/AMP solutions, NaCl (5 M) was 

gradually added to the above solutions. The color change was first observed in 

AuNP/AMP solution, then AuNP/ADP, and finally AuNP/ATP, indicating that the AuNP 

stability follows the order of AuNP/ATP > AuNP/ADP > AuNP/AMP. In the present 

work, AuNP/ATP, AuNP/ADP, AuNP/AMP, and bare AuNP solution were found to be 

unstable (color change in 1 min) at NaCl concentration of~ 320 mM, ~ 250 mM, ~ 170 

mM, and~ 50 mM, respectively. 
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The zeta potential of the nanoparticles were measured at room temperature by 

using a ZetaPlus (Brookhaven Instruments Corporation, Holtsville, NY). The reported 

values were based on 5 measurements with 15 cycles for each sample. 

Development ofcalibration curve for determining the percentage conversion ofATP 

ATP and adenosine with various molar ratios were mixed in a total concentration 

of 10 mM in 20 µL Tris-HCI (10 mM, pH 7.5), MgCh (10 mM) (lx reaction buffer). 1 

µL of the mixture was diluted 100 times by ddH20 and added into 200 µL AuNP ( 14 

nM). UV-Vis adsorption spectra were recorded after 1 min following the mixing, and 

shown in Fig. S2.3A. The ratio of extinction at 520 and 600 nm (A520/ A600) were 

plotted as a function of ATP/adenosine molar ratio, as shown in Fig. S2.3B. 

Assay ofsensing CIAP 

20 µL of enzymatic reaction solution contained ATP (200 nmol, 10 mM), 1 x 

reaction buffer, and various amounts of CIAP (from 10 units to 0.16 units, one unit is 

defined as the amount of enzyme required to catalyze the hydrolysis of 1 µmol of 4

nitrophenyl phosphate per minute at 37 °C in 1 M diethanolamine, 10.9 mM 4

nitrophenyl phosphate, 0.5 mM MgCh (pH 9.8)). 1 µL of reaction mixture was taken at 

given reaction times, diluted 100 times by ddH20 and added into 200 µL AuNP (14 nM). 

UV-Vis adsorption spectra were measured after 1 min following the mixing, as shown in 

Fig. S2.4. A520/A600 was plotted as a function of reaction time and shown in Fig. 2.2D. 

The amount of ATP converted to adenosine per minute for different CIAP units added to 

the reaction was approximated by the following procedures: (1) Two data points were 

taken closest to the inflection point for each curve in Fig. 2.2D; (2) converted into nmol 

adenosine (200 - ((As20/~oo - lowest As2of~oo) + maximum fl. A52o/A600) x 200); (3) 

then divided by the difference in the amount of adenosine produced over the two 

concerned time points by the time. It is important to note that they axis in Fig. 2.2E, the 

amount of ATP converted to adenosine per minute, was not intended to represent the real 

reaction rate. Rather, it was only used to quantify the enzymatic activities. 
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Enzymatic inhibition assay was conducted as follows: CIAP (1.25 units) was pre

incubated with desirable amount of N a3V04 in 20 µL reaction buffer for 10 min. ATP 

(final concentration 10 mM) was then added to the mixture and the reaction was 

performed at 3 7 °C. At certain given reaction time, 1 µL of reaction mixture was taken, 

then diluted 100 times by ddH20 and finally added into 200 µL AuNP (14 nM). UV-Vis 

spectra were taken and A520/ A600 was calculated. The A520/ A600 was plotted as a 

function of enzymatic reaction time and the data was shown in Fig. 2.3A. For the 

inhibitor concentration assay, the enzymatic reactions with different amount of inhibitor 

were performed for 30 min, and 1 µL of reaction solution was then taken for the AuNP 

test. 

Assay ofsensing phi29 DNA polymerase 

20 µL of enzymatic reaction solution contained dNTPs (2 mM dGTP, 3 mM 

dATP, 0.6 mM dCTP, and 0.7 mM dTTP), phi29 DNA polymerase (40 units, one unit is 

defined as the amount of enzyme required to catalyze the incorporation of 0.5 pmol of 

dCTP into a polynucleotide fraction in 10 min at 30°C), primer ( 5 ' 

GGCGAAGACAGGTGCTTAGTC, 20 pmol, 1 µM), circular template (5'

TGTCTTCGCCTTCTTGTTTCCTTTCCTTGAAACTTCTTCCTTTCTTTCTTTCGAC 

TAAGCACC, 20 pmol, 1 µM) (for the synthesis of circular template, see ref. 2), 1 x 

reaction buffer (33 mM Tris-acetate (pH 7.9 at 37°C), 10 mM Mg-acetate, 66 mM K

acetate, 1 % (v/v) Tween 20). The reaction was performed at 37 °C. 1 µL of the reaction 

mixture was taken at certain reaction time, and added to 99 µL NaCl solution (75 mM). 

This resulting mixture was then added to 200 µL AuNP solution (14 nM). UV-Vis 

adsorption spectra were measured after 1 min following mixing, as shown in Fig. S2.5. 
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Figure. S2.l. Chemical structures ofATP, ADP, AMP, adenosine and inosine. 
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indicates that CIAP, without any dilution, has little effect on AuNP stability after 30-min 
incubation. Given that the color was read after I min following addition of the reaction 
mixture to AuNP solution in our assay, we expect that the buffer and enzyme have little 
effect on the AuNP stability, that is, one can directly add the reaction solution to AuNP 
for detection without any dilution. 

A ATP:Adenosine _ 10,0 

molar ratio - 9: 1 
2.08:2 

Cl 
7:3 Cl 

IO 
- 6:4 < 
- 5:5 0 1.5 
- 4:6 N 

It) 
- 3:7 < 
- 2:8 
- 1:9 1.0 

- 0:10 

o.5 ~--- u~~~~___.____._~~_.__.__,_~ 

400 600 700 900 ATP 10:0 9:1 8:2 7:3 6:4 5:5 4:6 3:7 2:8 1:9 0.10 Adenosine 

Wavelength (nm) ATP:Adenosine (molar ratio) 

Figure. S2.3. (A) Representative UV-Vis spectra ofAuNP solutions with various amounts 
ofATP and adenosine. All spectra were recorded after 1 min following the addition of 
ATP and adenosine mixture to AuNP solution. (BJ The A520/A600 ratios are plotted as a 
function ofATP and adenosine molar ratios. 
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Figure. S2.4. Representative UV-Vis spectra of AuNP solution after addition of CIAP
ATP reaction solution with 10 (A), 5 (B) , 2.5 (C) 1.25 (D), 0. 625 (E), 0.31 (F), and 0.16 
(G) units ofCIAP (in 20 µL reaction volume) at different reaction times. All spectra were 
recorded after 1 min following addition ofthe relevant reaction mixture to AuNP solution. 
Note that the spectra which overlap with the spectrum at 0 min reaction time are not 
shown for clarity. 
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Figure. S2.5. (A) DNA polymerization via rolling circle amplification (RCA): dNTPs 
(reactant) are converted into long ssDNAs (product). See ref 3 and 4 for more detailed 
information ofRCA. (BJ Representative UV-Vis spectra ofAuNP solution after addition 
ofphi29 enzymatic reaction mixtures taken at different reaction time. (CJ Photographs of 
AuNP solutions after the addition of phi29 enzymatic reaction solutions with reaction 
times at 0 (vial 1), 8 h (vial 2) and 16 h (vial 3), respectively. Vial 4 was the AuNP 
solution after addition ofa control enzymatic reaction solution quenched at 90 °C for 10 
min right after the addition of phi29 DNA polymerase. The control reaction was 
conductedfor 16 h. 
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Chapter 3: Highly Stabilized Nucleotide-capped Small Gold 

N anoparticles with Tunable Size 

The following chapter was published in Advanced Materials under the citation: 

W eian Zhao, Ferdinand Gonzaga, Yingfu Li, Michael A. Brook. Highly stabilized 

nucleotide-capped small gold nanoparticles with tunable size. Adv. Mater. 2007, 19, 

1766-1771. 

I was responsible for all data collection and analysis. Dr. Ferdinand Gonzaga 

provided helpful suggestions in the project design and data collection. I wrote the first 

draft of the manuscript and Dr. Brook and Dr. Li provided editorial input to generate the 

fmal draft of the paper. 
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3.1 Introduction 

Gold nanoparticles (AuNPs) have attracted considerable attention in recent years 

due to their various applications in nano- and biotechnologyY1 In particular, small 

AuNPs (d < 5 nm) are of great interest for use in certain nanodevices,l2aJ biosensors,l2bJ 

and biolabels.l2cJ While a number of approaches have been developed to prepare 

AuNPs, l3•
4l the synthesis of stabilized small AuNPs, particularly with tunable size and 

controllable morphology still faces challenges. l4l This is partially due to the fact that 

small nanocrystals tend to aggregate due to van der Waals attraction.l51 

Capping ligands such as alkanethiols, l3.4a.b,6J phosphines, l7l amines,[SJ and 

polymersl4c.9J are typically used during nanocrystal growth processes to protect 

nanocrystals against aggregation. For instance, the classical method reported by Brust et 

a1}3al which involves a two-phase synthesis, and uses alkanethiols to produce AuNPs 

with sizes between 1-5 nm. More recently, Hussain et al. successfully prepared AuNPs in 

the 1-4 nm range using thiol-tethered polymeric ligandsYbJ Remarkably, precise size 

control and monodispersity were achieved in their study. However, most of these organic 

capping ligands, particularly alkanethiols, are arguably toxic, [SbJ and the use of organic 

solvents in most of these synthetic approaches also raises environmental issues: there is a 

general need to develop "greener" or more environmentally and bio-friendly routes to 

prepare AuNPs. [lOJ Moreover, these organic layer-protected AuNPs suffer from poor 

water solubility or water instability which significantly limits their use in biological 

applicationsYoa,bJ Herein, we report a facile and more environmentally friendly route to 

synthesize water-soluble small AuNPs (d::::: 2 nm - 5 nm) using nucleotides as capping 

ligands. Significantly, these nucleotide-capped AuNPs have precisely controlled sizes, 

and are highly stabilized against salt-induced aggregation. 

It is well known that nucleic acids interact with metal ions through nucleobases 

and the phosphodiester backboneY 11 Both DNA and RNA have been used as scaffolds 

for metal-nanoparticle deposition, a process that can be potentially applied to 1-D 

nanoelectronicsY21 These efforts suggest that nucleotides, the monomers of nucleic acids, 

could be effective ligands to prepare metal nanocrystals. Indeed, Kelley and co-workers 
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recently reported that guanosine 5'-triphosphate (GTP) played an important role in their 

semiconductor PbS growth.l13l We also recently demonstrated that nucleotides can 

effectively adsorb onto AuNP surfaces and thus stabilize AuNPs by electrostatic 

repulsion.l14l The chemical structure of nucleotides suggests that they could be effective 

capping ligands in metallic nanoparticle formation processes: nucleobases (e.g., adenine, 

thymine, guanine, and cytosine) bind to metallic nanoparticle surface due to the 

interaction between functional groups (amines and carbonyls) in nucleobases and the 

metal surface;l151 the negatively charged phosphate group stabilizes the nanoparticle 

against aggregation during its growth phase through electrostatic repulsion. To verify this 

hypothesis, we set out to investigate the influence of the presence of nucleotides on 

AuNP formation. 

3.2 Results and discussion 

In a typical AuNP synthesis reaction (details are provided in the Experimental 

Section), HAuC4 (10 mM, 60 µL) and adenosine 5'-triphosphate (ATP) (10 mM, 60 µL) 

were added into 2.75 mL of double-deionized water (ddH20) in a glass vial, and the 

mixture was incubated at room temperature for 30 min. Freshly prepared NaBH4 (100 

mM, 100 µL) was then quickly added, and the vial was vigorously shaken for 10 s. An 

orange color appeared immediately upon the addition ofNaBHi, indicating the formation 

of AuNP.l4l The color of the solution changed gradually from orange to red over 2 h, after 

which there was no further color change, indicating the AuNP growth was complete 

within 2 h. This was further confirmed by a kinetic study using UV-Vis spectroscopy (see 

Supplementary Information, S. Fig. 3.1) which showed that there was no significant 

spectral shift after 2 h. The as-prepared AuNPs were characterized by transmission 

electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM), 

UV-Vis spectroscopy, X-ray photoelectron spectroscopy (XPS), and X-ray diffraction 

(XRD). 
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Figure 3.1. (A) Representative TEM image of AuNP prepared in the absence of ATP. The 
average size is 7.85 ± 2.31 nm. Scale bar= 20 nm. (B) and (C) are representative TEM 
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and HRTEM images, respectively, ofATP-capped AuNPs. Scale bar is 20 nm in (B) and 
10 nm in (C), respectively. The molar ratio ofHAuCh·ATP:NaBH4 in this experiment is 
1:1:16.7. The size ofthis ATP-capped AuNP is 3.75 ± 0.60 nm. The insets in (A) and (B) 
are size distributions. The inset in (C) shows the corresponding fast Fourier transform 
(FFT) of the selected area. The discrete dots in FFT pattern illustrate the crystalline 
nature of these as-prepared AuNPs. (DJ UV-Vis absorption spectra of AuNP solution 
prepared in the presence or absence ofATP. (E) XRD pattern ofATP-capped AuNP. (F), 
(G), and (H) are XPS spectra ofATP-capped AuNPs, which correspond to Au, N and P, 
respectively. 

AuNPs prepared by the reduction of HAuC4 using NaBRt in the absence of nucleobases 

were used as controls. The representative TEM image (Fig. 3. lA) reveals that these 

"unprotected" AuNPs are roughly spherical with an average diameter of 7.85 ± 2.31 nm 

(note that in this study the standard deviation of AuNP size was calculated based on more 

than 200 particles in the TEM images). Higher magnification TEM images for each 

sample in Fig. 3.lA, Band Fig. 3.2A-D are provided in the Supplementary Information, 

see S. Fig. 3.2). In some cases, elongated or fused particles were also observed (data not 

shown). By contrast, TEM images of the ATP-capped AuNPs displayed well-distributed 

spherical nanocrystals with much smaller sizes and improved dispersity (3.75 ± 0.60 nm) 

(Fig. 3.lB & C). This indicates that ATP played an essential role in controlling the AuNP 

size and morphology, presumably because the binding of ATP, which has negatively 

charged phosphate groups, on the AuNP surface prevented small nanoparticles from 

aggregating during the growth process (see below for more detailed discussion of the 

mechanism). UV-Vis spectroscopy of ATP-capped AuNP (Fig. 3.lD) showed a small and 

broadened surface plasmon band around 510 nm, which is characteristic for small 

spherical AuNPs.l41 It is known that the SPR band decreases and broadens with 

decreasing AuNP size and is undetectable for very small AuNPs (diameter < 2 nm), 

which can be interpreted as an indication of the quantum size effects (i.e., the loss of bulk 

Au character during the transition from bulky Au to small "quantum-sized" Au 

cluster).l4a.f1compared to the spectrum of "unprotected" AuNPs (Fig. 3.lD), which has a 

much sharper and more intense band at about 515 nm, this blue shifted and broadened 

surface plasmon band of the ATP-capped AuNP further confirmed that smaller 
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nanocrystals were formedJ4dJ HRTEM (Fig. 3.lC) and XRD (Fig. 3.lE) results reveal the 

crystalline nature (face-centered cubic (fee) structure) of the ATP-capped AuNPs. XPS 

spectra (Fig. 3.lF) clearly showed two peaks centered at binding energies of 83 .9 and 

87.6 eV, which correspond to the Au 4f712 peak and Au 4f512 peak, respectively, indicating 

the formation of the metal AuNP.[SbJ XPS data (see Supplementary Information S. Fig. 

3.3) also confrrrned that there was no free gold ions left after the reduction process. The 

binding of ATP to AuNP is demonstrated by the presence of Nls and P2p at binding 

energies of 400.1and134.2 eV, respectively (Fig. 3.lG, H).[161 To estimate how much of 

the capping agent initially added is finally bound to the AuNPs, we used UV-Vis 
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Figure 3.2. Representative TEM images of ATP-capped AuNPs prepared with the 
HAuCl4:ATP molar ratio of 1:10 (AJ, 1:5 (BJ, 1:0.2 (CJ and 1:0.1 (DJ, respectively. The 
insets are size distributions. The one with HAuCl4:ATP molar ratio of 1: 1 was given in 
Fig. 3.lB. Scale bar= 20 nm. The average sizes of these AuNPs are 2. 73 ± 0.53 nm (AJ, 
3.12 ± 0.58 nm (BJ, 4.23 ± 0.63 nm (CJ, and 4.54 ± 0.67 nm (DJ, respectively. (EJ UV-Vis 
spectra of ATP-capped AuNP solutions which are prepared with various HAuCl4:ATP 
molar ratios. 

spectroscopy to measure the amount of ATP in the supernatant solution after AuNP 

formation and centrifugation. It was found that there were about 79 ATP molecules on 

each 3.75 nm AuNP. 

Previous studies suggested that the size and shape of AuNPs can be controlled by 

varying the molar ratio of HAuC4, ligands, and/or reducing agentsY-91 We therefore 

investigated the impact of the amount of ATP and NaBl-4 on the AuNP size and shape. 

As the molar ratio of HAuC4:ATP decreases, the size of the AuNP decreases (e.g., 2.73 

± 0.53 nm for ATP:HAuC4 = 10:1), as shown in the TEM images (Fig. 3.2A-D). This is 

further confirmed by UV-Vis adsorption spectra (Fig. 3.2E) which showed that the 

surface plasmon band became less distinct as more ATP was added, indicating that 

AuNPs with smaller sizes were formed. l4d.9aJ The AuNPs prepared in the presence of 

more ATP also showed a better control of size dispersity. These observations are 

consistent with the previous finding that the availability of more ligands generally yielded 

smaller AuNPs with narrower monodispersities.l4
d.9aJ 

The experiments where the NaB~:HAuC4 molar ratios were varied indicated 

that the NaB~:HAuC14 molar ratio required to produce monodisperse spherical AuNP 

ranged from 15 to 20. When less or more NaBl-4 was added, poorly size-controlled (e.g., 

fused or elongated) particles were observed in TEM images (see Supplementary 

Information S. Fig. 3.4). It has been previously demonstrated that insufficient reducing 

agent results in a slower crystal growth process leading to difficulties in controlling the 

crystal size and morphology.l1 71 Similarly, it is generally understood that the use of higher 

reducing agent concentrations generally produce nanocrystals with smaller sizes and 

more controlled morphology.l161 In light of these reports, it was surprising, in the current 

study, to show that an excess of reducing agents also yielded poorly controlled AuNPs. 
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Although this observation is not yet fully understood, we attribute it to the fact that 

excess NaBH4[I SJ resulted in such a rapid crystal growth process that the ATP ligand may 

no longer effectively stabilize the growing particles: the rate of generation of Au surface 

area during particle synthesis may exceed the rate at which ATP can stabilize the growing 

surface under these conditions. 
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Figure 3.3. (A) UV-Vis spectra ofATP-capped AuNP in ddH20 (blue curve) and in 1 M 
NaCl at 20 mMphosphate buffer saline (pH 7.4) (red curve). The spectra were taken 1 h 
after the mixing of AuNP with salt solution. Note that the SPR band of ATP-capped 
AuNPs under the investigated salt concentration decreased slightly over a few hours. (B) 
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A510/A700 was used to monitor the stability and aggregation stage of ATP-capped 
AuNPs (red line) and bare AuNPs (black line) over a longer period oftime. 

Other fascinating properties of these small ATP-capped AuNPs include their 

water solubility and extremely high stability toward salt-induced aggregation. Most of 

AuNPs produced by conventional methods (e.g., alkanethiol-capped AuNPs) show poor 

solubility in water.[s,ioa-b] Although efforts have been made to generate water-soluble 

AuNPs, the as-prepared AuNPs are normally unstable in water at high salt 

concentrations.lIOb] For instance, AuNPs prepared according to the classical citrate or 

NaB~ reduction methods in the absence of ligands aggregate and precipitate at about 50 

mM NaCL This largely limits the broad use of AuNPs, particularly in biological 

applications where most of the assays are performed in the presence of buffers and salts 

(e.g., 300 mM NaCl). In the present work, the ATP-capped AuNP was found to be highly 

stable at high salt concentrations as evidenced by the fact that there is no color change or 

significant UV-Vis spectral shift when salt concentrations are increased up to at least 1 M 

NaCl at pH 7.4 (Fig. 3.3A). To further determine the stability of ATP-capped AuNPs 

over longer periods of time, we monitored the absorbance ratio at 510 nm and 700 nm 

(A510/A700),l' 91 which was previously used to follow AuNP aggregation. As shown in 

Fig. 3.3B, the ATP-capped AuNPs are stable for at least a few hours at 1 M NaCl (pH 

7.4). This extremely high stability of ATP-capped AuNP may be due to the fact that 

negatively charged phosphate groups prevent particle against aggregation via the 

electrostatic repulsion. This proposal is supported by the fact that these ATP-capped 

AuNPs migrate through an agarose gel toward the positive anode (data not shown). The 

zeta potential of ATP-capped AuNP is about -19.81±2.75 mV whereas the zeta potential 

of AuNP prepared without nucleotides is only about -5.34 ± 2.73 mV. These stability 

studies of nucleotide-capped AuNPs and bare AuNPs confirmed that nucleotides have 

higher binding affinity to AuNP than that of Blk, and nucleotides are indeed the 

stabilizing ligands during the growth of AuNPs (see below for more detailed discussion 

of mechanism). Importantly, these stable AuNPs should be "ready-to-use" for biological 
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purpose (e.g., biolabeling and bioimaging) without further surface modifications or 

ligand exchange reactions. 

While the exact mechanism of AuNP formation in the presence of ATP is still not 

completely understood due to the complex nature of AuNP and nucleotide interactions,[IS] 

we speculate that the binding of ATP on AuNP surface during the crystal growth process 

results in highly negatively charged nanoparticles due to the presence of phosphate 

groups. The AuNPs are thus stabilized or protected against the interparticle fusion or 

aggregation. This mechanism is further supported by the experiments where different 

nucleotides (i.e., GTP, cytidine 5'-triphosphate (CTP) and thymidine 5'-triphosphate 

(TTP)) or adenosine bearing different numbers of phosphate groups (i.e., adenosine 5'

diphosphate (ADP), adenosine 5'-monophosphate (AMP) and adenosine) are used as 

ligands in the AuNP formation process. 

Figure 3.4. Representative TEM images of AuNPs prepared using ADP (A), AMP (B) 
and adenosine (C) as capping ligands. Scale bar= 50 nm. (DJ UV-Vis spectra of AuNPs 
prepared using ATP, ADP, AMP or adenosine as ligands. The molar ratio 
HAuCl4:ligand:NaBH4 using in these experiments was 1:1:16.7. 
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Mirkin and co-workers systematically studied the interactions between 

nucleosides and citrate-capped AuNPs.[ISa,bJ Their results revealed that adenosine, 

cytidine, guanosine and thymidine can all bind to AuNP surfaces because the functional 

groups (e.g., amines and carbonyls) in these nucleosides can coordinate to the metal 

surface:[ISJ thymidine was found to have a much lower binding affinity to AuNP surface 

than the other three nucleosidesY5bJ In the present work, we found that all four 

nucleotides (ATP, GTP, CTP and TTP) yield significantly smaller AuNPs with narrower 

monodispersity when compared with AuNPs prepared in the absence of ligands (see 

Supplementary Information, S. Fig. 3.5). Based on the TEM studies, the efficiency of 

nucleotides in controlling AuNP size and monodispersity in the present study follows the 

sequence: ATP > CTP > GTP > TTP, indicating that these nucleotides have different 

affinities to AuNP, which is consistent with the previous study_[1 5cJ Compared to the other 

three nucleotides, TTP is the least effective ligand to control AuNP growth, as shown by 

the formation of relatively larger and more polydisperse AuNP when TTP was used as a 

ligand (see Supplementary Information, S. Fig. 3.5A). A stability study of these 

nucleotide-capped AuNPs further confirmed that TTP has a much lower binding affinity 

to AuNP surface than ATP, GTP and CTP: ATP- (or GTP-, CTP-) capped AuNPs are 

stable at > 1 M NaCl whereas TTP-capped AuNPs aggregate at about 250 mM NaCL 

These results, which are in agreement with previous studies,P51 together with the XPS 

data, strongly suggest that the nucleotides interact with AuNP surfaces through 

nucleobases during the AuNP growth process. We further speculated that the nucleotides 

absorbed on the AuNP surface then became the stabilizing ligands: the negatively 

charged phosphate groups prevented these small particles from aggregating during the 

growth process. 

To further verify this point, experiments were conducted in which adenosines 

carrying different numbers of phosphate groups were used as capping ligands. As the 

number of phosphate groups decreases (i.e., from ATP to ADP, AMP and adenosine), 

more aggregated or fused AuNPs are produced, as shown by TEM images (Fig. 3.4A-C). 

The AuNP aggregation was also corroborated well with the UV-Vis spectral data (Fig. 
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3.4D), which shows that the surface plasmon band becomes broader as the number of the 

phosphate group in the ligands decreases. These results indicate that negatively charged 

phosphate groups play important roles in protecting AuNPs against aggregation during 

the crystal growth process and, therefore, in controlling the size and morphology of 

AuNPs. 

3.3 Conclusion 

In summary, we present a facile method to prepare highly stabilized water-soluble 

AuNPs that have precisely and easily tunable sizes that range from 2 to 5 nm, and narrow 

monodispersity, which provides great opportunities to use these nucleotide-capped 

AuNPs as novel building blocks for bioconjugation, nanodevices, biosensors and 

biolabels. The reaction is performed in water at room temperature, and AuNP growth is 

completed quite rapidly (~2 h). The approach is thus more convenient and 

environmentally friendly when compared with conventional synthetic approaches. Finally, 

this work should also provide insight into the nature of the interaction between nucleotide 

(or nucleic acid) and AuNPs, and thus facilitate the further research where nucleic acids 

and AuNPs are used for nanoassemblies and biosensing. 

3.4 Experimental 

Typical synthesis of nucleotide-capped AuNPs: HAuC4 (10 mM, 60 µL, Sigma) 

and ATP (or TTP, CTP, GTP, ADP, AMP, and adenosine) (10 mM, 60 µL, Sigma) were 

added into 2.75 mL ddH20 in a 4-mL glass vial, and the mixture was incubated at room 

temperature for 30 min. Freshly prepared NaBRi solution (100 mM, 100 µL, Sigma) was 

then quickly added, and the vial was vigorously shaken for 10 s. The reaction was left at 

room temperature for at least 3 h to ensure the completion of AuNP growth. The final 

HAuC4 concentration and reaction volume were fixed at 250 µM and 2.97 mL, 

respectively, for the experiments where [HAuC4]:[nucleotide] or [HAuC4]:[NaBI-4] 

were varied. 
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Characterization: The (HR)TEM sample was prepared by dropping AuNP 

solution (4 µL) onto a carbon-coated copper grid. After 1 min, the solution was wicked 

from the edge of the grid with a piece of filter paper. The TEM and HRTEM images 

were measured with a JEOL 1200 EX and Philips CM12 transmission electron 

microscope, respectively. UV-Vis adsorption spectra were measured using a Cary 100 

UV-Vis spectrophotometer. For XPS and XRD experiments, samples were prepared as 

follows: AuNPs were precipitated by centrifugation at 45,000 rpm for 30 min. The pellet 

can be easily redispersed in ddH20 (1 mL). The solution was centrifuged again and 

redispersed in ddH20 for XPS experiments or dried at room temperature under vacuum 

for 3 days for XRD experiments. For XPS experiment, a few drops of AuNP solutions 

were put on a glass substrate and dried in air. XPS experiments were conducted on a 

Leybold Max 200, magnesium anode nonmonochromatic source spectrometer. Peak 

positions were internally referenced to the Cls peak at 285.0 eV. XRD was performed 

using a X-ray diffractometer with Cu Ka radiation (wavelength/...,= 0.154 nm) operated at 

40 kV and 40 mA. Zeta potentials of AuNPs were measured at room temperature using a 

ZetaPlus (Brookhaven Instruments Corporation). The reported values were based on 10 

measurements with 15 cycles for each sample. 
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S. Fig. 3.1. Kinetic study of AuNP growth in the presence of ATP. Molar ratio of 
HAuC/4:ATP:NaBH4 in this experiment was I: I : 16. 7. 
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S. Fig. 3.2. Higher magnification TEM images for samples in Fig. 3.JA (A), 3.JB (B), 
3.2A (C), 3.2B (D), 3.2C (E) and 3.2D (F) of the main text, respectively. 
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S. Fig. 3.3. High resolution XPS survey ofAu 4fof(A) Au3 
+ before reduction and (B) Au0 

after reduction. The samples before and after reduction were directly dropped onto a 
glass substrate and recorded by XPS spectrometer. After reduction (B), the characteristic 
peak at higher binding energy for ionic Au disappeared Instead, Au0 4fdoublet ( 4fm and 
4fs;2) dominates. fBbJ Note that the tiny components in (B) may be due to charge transfers 
from gold to the nucleotide binding ends (for example, see J. Phys. Chem. B, 2006, 110, 
16812). 
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, 20 nm,. . 
S. Fig. 3.4. Representative TEM images for ATP-capped AuNPs prepared with the 
HAuCl4:NaBH4 molar ratio of 1:10 (A) and 1:25 (B), respectively. HAuCl4:ATP molar 
ratio was 1:10 in these experiments. Scale bar is 20 nm in (A) and 50 nm in (B), 
respectively. 
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S. Fig. 3.5. Representative TEM images for AuNPs prepared using TTP (A), GTP (B) and 
CTP (C) as capping ligands. The average sizes ofthese AuNPs are 4.9±1.01 nm (A), 4.5 
± 0.96 nm (B) and 4.0 ± 0.77 nm (C), respectively. The molar ratio 
HAuCl4: ligand:NaBH4was 1:1: 16. 7. Scale bar is 20 nm. 
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S. Fig. 3.6. Mass spectroscopy (MS) spectra for (A) ATP (B) ATP after treatment with 
NaBH4 under the same conditions (e.g. ATP and NaBH4 concentrations, room 
temperature, reaction time of2 h) with that for preparation AuNPs. As shown in (A), ATP 
itself(~ 20-25 %) slowly decomposes to ADP under the investigated conditions (This 
uncatalyzed hydrolysis ofATP is well known in the literature. For example, Chemistry & 
Biology, 1995, 2, 729). The NaBH4 treatment did not affect the decomposition process, 
which indicates that there is no significant damage of ATP by NaBH4 during the 
reduction process. 
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Chapter 4: Enzymatic Cleavage of Nucleic Acids on Gold 

Nanoparticle: A Generic Platform for Facile Colorimetric 

Biosensors 

The following chapter was published in Small under the citation: 

Weian Zhao, Jeffrey C. F. Lam, William Chiuman, Michael A. Brook, Yingfu Li. 

Enzymatic cleavage of nucleic acid on gold nanoparticle: a generic platform for facile 

biosensors. Small, 2008, in press 

Note that Weian Zhao and Jeffrey C. F. Lam contributed equally to this paper. I 

and Jeffrey C. F. Lam were responsible for all data collection and analysis. William 

Chiuman provided helpful suggestions on DNA enzyme design and function. I wrote the 

first draft of the manuscript and Jeffrey C. F. Lam then revised it. Dr. Brook and Dr. Li 

provided editorial input to generate the final draft of the paper. 
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4.1 Abstract 

The enzymatic cleavage of nucleic acids (DNA or DNA with a single RNA 

linkage) on well-dispersed gold nanoparticles (AuNPs) was exploited in the design of 

facile colorimetric biosensors. The assays were performed at salt concentrations such that 

DNA-modified AuNPs were barely stabilized by the electrostatic and steric stabilization. 

Enzymatic cleavage of DNA chains on the AuNP surface destabilized the AuNPs, 

resulting in a rapid aggregation driven by van der Waals attraction, and a red-to-purple 

color change. Two different systems were chosen, DNase I (a DNA endonuclease) and 8

17 (a Pb 2 
+-depedent RNA-cleaving DNAzyme ), to demonstrate the utility of our assay 

for the detection of metal ions and sensing enzyme activities. Compared with previous 

studies where AuNP aggregates were converted into dispersed AuNPs by enzymatic 

cleavage of DNA crosslinkers, the present assay is technically simpler. Moreover, the 

accessibility of DNA to biomolecular recognition elements (e.g. enzymes) on well

dispersed AuNPs in our assay appeared to be higher than that embedded inside 

aggregates. This biosensing system should be readily adaptable to other enzymes or 

substrates for detection of analytes such as small molecules, proteases and their inhibitors. 

4.2 Introduction 

DNA-modified AuNPs have attracted considerable attention in the last decade due 

to their utility in biosensors and nanotechnologyY1 AuNPs, with unique physical 

properties, particularly colors associated with their surface plasmon resonance, are 

perfectly suitable materials for colorimetric biosensorsl1
•
21 and building blocks for 

nanostructure assembly. [I.
3l The nature of DNA hybridization ensures the specificity and 

3precision required for biosensors and programmable nanoassembly.l1
• •

41 Strikingly, DNA 

molecules on AuNPs can be manipulated in a desirable manner by enzymatic reactions 

that are routinely used in molecular biology such as cleavage, ligation and 

polymerisation,. l4l This greatly expands our capacity to assemble and disassemble these 

building blocks into well-defined nanostructures.l5l 
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Compared to the efforts made in nanostructure assembly and disassembly, there 

are only a few studies using enzymatic manipulation of DNA-modified AuNPs for 

biosensing.l6
•
7

•
81 Liu and Lu reported a Pb2 

+ biosensor where they first used a DNAzyme 

(a man-made, DNA-based enzyme), known as "8-17'', and its DNA substrate to assemble 

AuNPs into three-dimensional aggregates. l6l The enzyme-substrate pairs served as 

crosslinkers in AuNP aggregates where the substrate strand was cleaved by the 

DNAzyme strand upon addition of Pb2
+, resulting in the dissociation of AuNPs and a 

purple-to-red color change.l6l More recently, Mirkin and co-workers reported that the 

cleavage of DNA crosslinkers in AuNP aggregates by protein enzymes such as DNase I 

(a natural DNA-cleaving protein enzyme) could cause similar dissociation of AuNPsY1 

The purple-to-red color change was therefore used in their study to evaluate enzyme 

activity and inhibition. The common feature associated with these assays is that AuNP 

aggregates are first made using inter-particle DNA crosslinking and these aggregates are 

then broken into dispersed AuNPs upon enzymatic cleavage of DNA crosslinkers. Both 

studies took advantage of the fact that relevant enzymes can manipulate DNA on AuNPs. 

To explore new dimensions of this interesting research area, we provide herein an 

alternative strategy in which AuNPs are associated into aggregates upon enzymatic 

cleavage of nucleic acid on well-dispersed AuNPs. In our strategy, the AuNP aggregation 

is modulated by the colloidal stability changesl9l that is triggered by a specific 

biomolecular recognition event. We reported previously that the dissociation of DNA 

strands (colloidal stabilizers) from AuNP surfaces upon binding of a small organic 

molecule resulted in AuNP aggregation at a desirable salt concentration_l9al We speculate 

that we can adopt the similar aggregation mechanism for enzymatic manipulation of 

DNA-modified AuNPs and the resultant assays should find a number of applications in 

biosensors, diagnostics and drug discovery. Our concept is illustrated in Figure 4.1. 

Before enzymatic cleavage, DNA-modified AuNPs are stable even at relatively high salt 

concentrations (e.g. 40 mM MgCh) due to the electrostatic and steric stabilization 

provided by tethered negatively charged DNA polymersY01 However, the removal of 
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surface-bound, colloidally stabilized DNA strands by enzymatic cleavage will lead to the 

rapid aggregation of AuNPs at the same salt concentration. The red-to-purple color 

51 
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Figure 4.1. Schematic illustration ofAuNP aggregation and color change triggered 
by the enzymatic cleavage of DNA on AuNPs. Before enzymatic cleavage, DNA
modified AuNPs are stable at a relatively high salt concentration due to the 
electrostatic and steric stabilization. The removal of DNA (colloidal stabilizer) on 
the AuNP surface by enzymatic cleavage destabilizes the AuNP and results in a 
rapid aggregation. (A) Cleavage of a DNA duplex by DNase I. (BJ Pb2+-mediated 
cleavage ofan RNA-containing DNA substrate by the 8-1 7 DNA enzyme. 

change associated with this event can therefore be used to sense the activity of the 

cleaving enzyme. 

Two different enzymatic systems were used in our proof-of-concept experiments 

where DNA molecules on AuNPs are cleaved by DNase I or 8-17. These systems were 

chosen as models for the following reasons. (1) They are of great biological and/or 
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practical importance. For instance, endonucleases (such as DNase I) play key roles in 

111biological process such as replication, repair and recombination of nucleic acids. [7•

There is a general need to develop facile biosensors for sensing endonuclease activity and 

inhibition, which could help the diagnosis of endonuclease-associated diseases or 

facilitate the discovery of drugs that inhibit these enzymes. [7•
111Meanwhile, Pb2 

+ sensing 

assays are very useful in fields such as waste treatment and environmental monitoring. [61 

(2) As mentioned above, both systems have been used in previous AuNP-based assays 

71where AuNP aggregates were first constructed and then broken into dispersed AuNPs.[6
•

By applying the same enzyme reactions, direct comparison between our strategy and the 

ones previously reported can be made. 

4.3 Results and Discussion 

The AuNPs (-13 nm in diameter) used in this study were prepared using the 

previously reported citrate reduction protoco1r121 (see Experimental Section). For DNase I 

assay, SI-modified AuNPs were prepared via Au-S chemistry according to the reported 

procedurer121 (the sequence of SI is shown in Figure 4.IA). SI-modified AuNPs were 

then briefly treated with 6-mercaptohexan-I-ol (MCH) (-4 µM, 30 min), which initiated 

a ligand exchange reaction to remove non-specifically adsorbed and some of the 

chemically bound DNA molecules from nanoparticle surfaces in order to improve the 

accessibility ofDNA on AuNPs by the enzymes used in this study.r9
a.

13J 

To determine the DNA concentration on each AuNP before and after the MCH 

exchange reaction, radiolabeled SI (see Figure 4.IA for its sequence) was incorporated in 

the DNA coupling step (see Experimental Section). After DNA coupling and MCH 

exchange reaction, the AuNPs were isolated using centrifugation. By comparing the 

radioactivity on the AuNP pellets and in the supernatant, we found that there were - I 00 

SI molecules on each AuNPs after the coupling reaction. The subsequent MCH exchange 

reaction removed-30 % of the tethered SI from each AuNP, and thus, -71 SI molecules 

remained on each AuNP after MCH treatment. 
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A DNase I B 
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Figure 4.2. DNase I assay. (A) Photographs of Au/Sl-2 solution in the absence 
(left) and presence (right) of DNase I in DNase I buffer (40 mM MgC!i, 0.5 mM 
CaCl2, 10 mM Tris-HC!, pH 7.5). DNase I reaction was performed at room 
temp erature for I min. (B) Representative UV/visible spectra ofAu/SJ-2 in DNase I 
buffer recorded at 0 min (starting curve, black curve) and I min (background, red 
curve) in the absence ofDNase I. Note that these two curves are largely overlapped, 
suggesting that no significant color change (aggregatio n) occurred in I min at the 
studied salt concentration in the absence of DNase I. The addition of DNase I (4 
unitslmL) caused a significant red-shift of surface plasmon band in UV/vis ible 
spectra (DNase I, Blue curve). On the other hand, the presence ofDNase I inhibitor 
(DAPI, 7.5 µM), highly inhibited the DNase I activity (DNase I + inhibitor, purple 
curve). Blue and purple curves were recorded at I min after the addition ofDNase I. 
(C) 10 % denaturing PAGE analysis of radioactive SJ (lane I), cleaved product of 
radioactive SI in duplex with S2 by DNase I in solution-phase (lane 2) and on 
AuNPs (lane 3), respectively. Note that the intensity of bands was not used for 
quantification purpose. Rather, lane I and 2 served as markers to assess the size of 
cleaved product from AuNPs in lane 3. (D) A600/A520 calculated from UV/visible 
spectra recorded at I min was plotted as a function of DNase I concentration. (E) 
A600/A520 calculated from UV/visible spectra recorded at 4 min was plotted as a 
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function ofDAPI concentration. The DNase I concentration used for inhibitor study 
was 4 units/ml. The effective inhibitor detection range under investigated 
conditions was from - 1-10 µM It is interesting to note that, at high concentration 
(e.g. 100 µM), DAPI itself could cause AuNP aggregation presumably through an 
inter-particle crosslinking mechanism by its amidine ending groups. Spectra in (B), 
(D) and (E) were recorded at 37 ° C. 

The complementary DNA S2 was then allowed to hybridize with Sl to form DNA 

duplexes (the substrate for DNase I) on AuNPs (referred to as Au/Sl-2). Au/Sl-2 were 

then dispersed in Ix DNase I reaction buffer (10 mM Tris-HCl, pH 7.5, 2.5 mM MgCh 

and 0.5 mM CaCh). The stability of Au/Sl-2 towards salt-induced aggregation was then 

studied by gradually adding 1 M MgCh stock solution to the Au/S 1-2 solution. Based on 

whether a red-to-purple color change or a significant UV/visible spectra shift (see Figure 

S4.l in Supporting Information) was observed in 10 min, Au/Sl-2 was determined to be 

stable at 9t0 mM MgCh while higher concentrations of MgCh (e.g. 50 mM MgCh) 

resulted in significant color change or UV/visible spectral shift in 10 min after the 

addition of MgCh. 

Our hypothesis is that the removal of DNA strands from the surface of 

nanoparticles, which serve as electrostatic and steric stabilizers at relatively high salt 

concentrations (e.g. 40 mM MgCh), results in destabilization and aggregation of AuNPs, 

a process driven by van der Waals attractionY01 As anticipated, the addition of DNase 

1[141 (4 units/mL) to Au/Sl-2 solution (250 µL; Au/Sl-2: -2.25 nM; MgCh: 40 mM; 

CaCh: 0.5 mM; Tris-HCl: 10 mM, pH 7.5) generated a rapid red-to-purple color change 

in 1 min (Figure 4.2A), corresponding to a red shift and broadening of surface plasmon 

band of AuNP in the UV-visible spectrum (Figure 4.2B). 

To verify the hypothesis that AuNP aggregation was induced by the dissociation 

of DNA from AuNP surfaces upon treatment ofDNase I, radiolabeled SI was again used 

in the preparation of Au/Sl-2. After treatment ofDNase I, AuNPs were spun down using 

centrifugation (22,000 g, 16 min). By measuring the radioactivity in the supernatant and 

on the AuNP pellet, we found that-82 % of DNA on AuNPs had been cleaved by DNase 

I. To further confirm the radioactivity in the supernatant was due to cleaved DNA 
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fragments, instead of the dissociation of intact S 1 from AuNP (given that the Au-S bond 

is kinetically labile[SdJ), the supernatant was analyzed by 10 % denaturing polyacrylamide 

gel electrophoresis (PAGE). As shown in Figure 4.2C, the DNA in the supernatant (lane 

3) was comprised of cleaved fragments, as compared with the product obtained from 

treatment of the free DNA duplex with DNase I (lane 2). 

Kinetic studies on the color change in the presence of various amounts of DNase I 

were studied by UV/visible spectroscopy. It was found that the rate of color change was 

directly related to the amount of DNase I used in the assay: faster color changes were 

observed when more DNase I was used. To quantify the concentration of DNase I, the 

ratios of the absorbance at 600 and 520 nm (A600/ A520) at 1 min after the addition of 

DNase I were plotted as a function ofDNase I concentration (Figure 4.2D). The detection 

range of DNase I in the current assay was shown to range from -0.5 unit/mL to -40 

unit/mL. One important feature of this assay is that the color change (or response time) is 

very rapid, particularly when compared with previous assay based on the dissociation of 

AuNP aggregates into dispersed AuNPs triggered by the same enzymatic reaction. l7l For 

instance, at the same DNase I concentration (i.e. 10 unit/mL), previous assays required 

-30 min whereas our system took merely 1-2 min to reach a maximum color change. We 

attribute this to the previously established theory[2
e·61 that biomolecules on well-dispersed 

nanoparticles are more accessible to molecular recognition elements than those embedded 

inside of nanoparticle aggregates. 

Importantly, this assay can be used for evaluating the efficiency of enzyme 

inhibitors, and therefore could be potentially used for drug screening. l7l The addition of 

4' ,6' -diamidino-2-phenylindole (DAPI) (7 .5 µM), a known DNase I inhibitorl7
•
151 that 

binds and protects DNA duplex from enzymatic cleavage, to the Au/Sl-2 solution 

significantly inhibited DNase I activity, resulting in reduced changes (Figure 4.2B). 

Based on the level of change in A600/ A520, the degree to which DNase I was inhibited 

can also be directly related to the amount of inhibitor used in the assay (Figure 4.2E). 

In order to show the generality of our system to detect not only the activities of 

enzymes but other analytes, we employed the Pb2 
+-dependent 8-17 DNAzyme. This 
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Figure 4.3. (A) Photographs of Au/S3-El solution in the presence of 100 µM Pb2 
+ 

or other control divalent metal ions. The reaction was performed in "8-1 7" DNA 
enzyme buffer (40 mM BaC!i, 300 mM NaCl, 50 mM Tris-HCl, pH = 8.8) at room 
temperature for 10 min. (BJ Representative UV/ Visible spectra of Au/S3-El in "8
17" DNA enzyme buffer and the spectra were recorded at 0 min (starting curve, 
black curve) and 10 min (background, red curve). Blue curve (Pb2+) is the 
UV/visible spectrum ofAu/S3-El in "8-1 7" DNA enzyme buffer with 100 µM Pb2

+. 

The spectrum was recorded at 10 min after the addition of Pb2
+. (CJ 10 % 

denaturing PAGE analysis of S3 (lane 1), cleaved product of S3 by "8-1 7" DNA 
enzyme in solution-phase (lane 2) and AuNPs (lane 3), respectively. (D) A600/A520 
calculated from UV/visible spectra recorded at JO min at room temperature (25 °C) 
was plotted as a function of Pb2

+ concentration. (E) A600/A 520 calculated from 
UV/visible spectra recorded at 5 min at 35 °C was plotted as a function of Pb2 

+ 

concentration. 

DNA enzyme is capable of cleaving a DNA substrate with a single RNA linkage (rA) in 

the presence of Pb2+ (Figure. 4.1B)Y6
a,l?J Originally discovered by Joyce and coworkers 

as a Mg2+-dependent catalytic DNA,l' 6
bJ the 8-17 DNAzyme was found later by the Lu 
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group to be able to use Pb2 
+ ion as a more efficient divalent metal ion cofactor. It has 

been extensively used in fluorescence-based assays[16aJ as well as AuNP-based 

colorimetric assays for Pb2 
+ detectionY71 In the present work, an RNA-containing DNA 

substrate, S3 (see Figure 4.lB for its sequence), was first coupled to AuNP, followed by 

MCH exchange (see Experimental Section). A similar radioactivity study as described in 

DNase I section above revealed that there were about 180 and 100 S3 molecules on each 

AuNP before and after the MCH exchange reaction, respectively. Finally, DNA enzyme 

strand (El; see Figure 4.lB) was hybridized with S3 on AuNPs and the product is 

referred to as Au/S3-El. 

The stability of Au/S3-El towards salt-induced aggregation was first examined. 

Since high concentrations of Mg2 
+ (e.g. 40 mM) can also catalyze the cleavage reaction 

of the 8-17 DNA enzymeP6c,lSJ we chose to use Ba2
+ to tune the AuNP stability because 

it has no effect on the activity of this DNAzyme (unpublished work). When Au/S3-El 

was titrated with increasing amounts of Ba2
+, it maintained colloidal stability at ~O mM 

Ba2 
+ at pH 8.8 (50 mM Tris-HCl, along with 300 mM NaCl) for at least 10 min after the 

addition of BaCh. Higher Ba2 
+ concentrations (e.g. 50 mM BaCh) resulted in significant 

red-to-purple color change or UV/visible spectral shift. The Pb2
+ sensing assay was 

therefore conducted in the presence of40 mM Ba2
+, 300 mM NaCl at pH 8.8. 

The addition of Pb2 
+ (100 µM) indeed generated a rapid red-to-purple color 

change in 10 min at room temperature (Figure 4.3A). The corresponding red shift of the 

initial surface plasmon band at 520 nm was also observed on UV/visible spectrum 

(Figure 4.3B). It is important to note that in the presence of 40 mM Ba2
+, the effect of 

small amounts of Pb2 
+ (e.g. 100 µM) on Au/S3-El stability in term of screening surface 

changes is negligible. Indeed, in control tests where 100 µM ofMg2
+, Mn2

+, Ca2
+ or Cd2

+ 

(all of which had similar charge screening ability with Pb2l was used, no color change 

(Figure 4.3A) or significant spectral shift (data not shown) was observed. This 

demonstrates the specificity of our assay and indicates that the color change observed in 

the presence of Pb2
+ was induced by the loss of cleaved DNA fragments from AuNPs. To 

verify this claim, radiolabeled S3 was conjugated on AuNPs and subsequently cleaved by 
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8-17. By measunng the radioactivity in the supernatant and on the pellet after 

centrifugation, it was discovered there was -55% of S3 was cleaved. PAGE analysis 

further confirmed the DNA found in the supernatant was the expected cleavage product 

of the 8-17 DNA enzyme (Figure 4.3C). In previous studies, l61 AuNPs were first 

crosslinked by 8-17 DNA and its substrate to form AuNP aggregates. These crosslinkers 

were subsequently cleaved by 8-17 upon addition of Pb2
+, resulting in the dispersion of 

the AuNPs. It was found that the cleaved fragments could not easily dissociate from 

AuNP aggregates presumably due to steric hindrance of the aggregates. l61 Therefore, 

these assays had to be performed at lower salt concentrations (30-100 mM NaCl) to 

facilitate the dissociation of DNA duplex fragments insides AuNP aggregates. Moreover, 

small pieces of DNA (called invasive DNAi6aJ or asymmetric DNA enzyrnesl6
bl were 

often required to replace the cleaved DNA fragments from aggregates and accelerate the 

dissociation process. By contrast, the cleavage and dissociation of chimeric RNNDNA 

substrate in the present work was conducted on well-dispersed AuNPs that have much 

less steric hindrance than AuNP aggregates. As a result, even at high ionic strength (i.e. 

40 mM BaClz, 300 mM NaCl), a large portion of the substrate (-55%) can be cleaved and 

dissociate from the AuNP surface. 

The A600/A520 ratio of Au/S3-El at 10-min reaction time was plotted as a 

function of Pb2 
+ concentration (Figure 4.3D). Under our experimental conditions, the 

effective Pb2 
+ detection range at room temperature is -20 µM to 200 µM. Increasing 

reaction temperature to 35 °C increased the rate of color change and shifted the detection 

limit to a lower range (-10 µM) (Figure 4.3E). This is presumably because, at a higher 

temperature, the DNA enzyme cleaves the substrate more effectively[ITuJ and the 

dissociation of cleaved fragments from AuNP surface is faster. 

With the aim of developing rapid sensing assays, the assaying time used in our 

work was set to 1 min for DNase I sensing assays and 10 min for Pb2 
+ sensing assays. 

Within the assaying time allocated for each assay, the untreated AuNPs did not undergo 

noticeable aggregation or color change at the chosen salt concentration. However, if 

longer assaying times (e.g. 1 h) were used, the untreated AuNPs could undergo slow 
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aggregation and the solution gradually changed color from red to purple (see Figure S4.2 

for the experimental data). Therefore, if the assays are performed for longer times, the 

background signal will increase. On the other hand, longer assay times can improve the 

detection sensitivity. For instance, in the Pb2+ assay, 2 µM of Pb2+ can be detected within 

a 1-h assay time (data not shown). 

4.4 Conclusions 

In summary, we have demonstrated the use of enzymatic cleavage of DNA on 

well-dispersed AuNPs for designing simple colorimetric biosensors. The method relies 

on reducing AuNP stability by the removal of colloid stabilizers through enzymatic 

cleavage at a pre-tuned salt concentration. The basic principle is that once inter-particle 

repulsion forces from electrostatic and steric stabilization are significantly reduced, van 

der Waals attraction dominates, which results in rapid AuNP aggregations.l9.io1 

Compared with previous studies where AuNP aggregates were converted into 

dispersed AuNPs by enzymatic cleavage of DNA crosslinkers, [6•
71 the present assay is 

technically simpler. Specifically, it eliminates the extra steps required to prepare AuNP 

aggregates and avoids the difficulties associated with handling AuNP aggregates due to 

their instability and sensitivity to experimental conditions such as temperature, pH, ionic 

strength and gravity.l6
•
71 Most importantly, since the enzymatic reactions were conducted 

on well-dispersed AuNPs, the accessibility of DNA by enzymes appeared to be better in 

comparison to AuNP aggregates where the DNA stranded are embedded inside. It is 

important to note, though, that the enzymatic cleavage efficiency on well-dispersed 

AuNPs is still not comparable to solution-phase reaction. For instance, the efficiency of 

cleavage of DNA duplex on AuNPs by DNase I under the studied conditions was about 

82% whereas the cleavage efficiency in solution phase at the same conditions was nearly 

100% (data not shown). Similarly, the cleavage efficiency using the Pb2+-mediated DNA 

enzyme on AuNPs and in solution phase was about 55% and 95%, respectively (data not 

shown). This may partially explain why previous Pb2+ sensing assays,l171 where cleavage 

reactions were conducted in solution phase first and the cleaved fragments were then 
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used for AuNP assemblies, could achieve better sensitivity (-0.4 µM) than the present 

assay. Finally, a conceivable disadvantage of the present assay is that enzyme reaction 

may not be performed at its optimized conditions (e.g. optimal salt concentration) since a 

specific salt concentration is required to modulate the AuNP stability and aggregation. 

Therefore, one may need to either choose a salt that has no effect on the enzymatic 

activity (such as Ba2 
+ in the 8-17 DNAzyme assay) or seek a compromise between 

enzyme performance and AuNP stability at a specific salt concentration. 

The proof-of-concept experiments in the current study exploited DNA or chimeric 

RNNDNA substrates of relevant enzymes to assess endonuclease activity or detect Pb2 
+ 

ion. We reason that similar strategies can be adopted for the detection of other analytes 

such as small molecules, particularly when allosteric DNA enzymes (or aptazymes)l19l are 

incorporated. Meanwhile, the use of other substrates such as peptides, amino acids, 

nucleotides can further expand the detection scope of this assay to other targets such as 

proteases and their inhibitors. [ZOJ 

4.5 Experimental Section 

Materials: Trisodium citrate, HAuC4, 6-mercaptohexan-1-ol (MCH), 

Pb(OAc)2, 4',6'-diamidino-2-phenylindole (DAPI) and ethyl acetate were purchased from 

Sigma and used as received. [y-32P] ATP was obtained from Amersham Biosciences. 

Thiol-modified and unmodified DNA were obtained from Integrated DNA Technologies 

(IDT) and purified by standard 10% denaturing (8M urea) polyacrylamide gel 

electrophoresis (PAGE). DNase I and T4 polynucleotide kinase (PNK) were purchased 

from MBI F ermentas. 

Preparation of 13 nm AuNPl121
: Trisodium citrate (25 mL, 38.8 mM) was 

added to a boiling solution of HAuC4 (250 mL, 1 mM). Within several minutes, the color 

of the solution changed from pale yellow to deep red. The mixture was allowed to heat 

under reflux for 30 min to ensure complete reduction and was slowly cooled to room 

temperature. The nanoparticles were filtered through a 450-nm filter and its concentration 
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was estimated by UV/visible spectroscopy to be about 13 nM, based on an extinction 

coefficient of2.7x108 M-1 cm-1 at/..,= 520 nm for 13 nm particlesY2aJ 

DNA radiolabeling and radioactivity measurements: Radiolabeled DNA 

molecules were prepared via a phosphorylation reaction using the manufacturer-supplied 

protocol. Briefly, a typical phosphorylation reaction (50 µL) contained DNA (5 µL, 100 

µM), lx reaction buffer (50 mM Tris-HCl (pH 7.6), 10 mM MgCh, 5 mM DTT, 0.1 mM 

spermidine and 0.1 mM EDTA), [y-32P] ATP (1 µL) (10 µCi), and PNK (1 µL, 10 units). 

The radiolabeled DNA was purified using standard 10% denaturing PAGE and quantified 

by standard spectrophotometer using absorbance at 260 nm. Radioactivity was measured 

using a Geiger counter (GSM 500, Wm. B. Johnson & Associates Inc.) for estimating 

DNA concentrations before and after MCH treatment on each AuNP or using 

Phospholmager and ImageQuant software (Molecular Dynamics) for quantifying DNA 

cleavage efficiency on AuNPs. 

Conjugation of thiol-modified DNA on AuNPi121
: DNA modified AuNPs were 

prepared by mixing the AuNP solution (600 µL, -13 nM) with thiol-modified 

oligonucleotides (280 µL, 6.6 µM; Sl for DNase I: 5'-TAG GAA TAG TTA TAA GGC 

GAA GAC AGG TGC TTA GTC AAA AAA AAA A-thiol-3'; or S3 for "8-17" DNA 

enzyme: 5'-GAC TCA CTA Tribo-AG GAA CAC ATT-thiol-3'. To quantify the DNA 

concentration on each AuNPs after coupling, radiolabeled DNA was incorporated 

according to reported procedures[121
• The solution was initially incubated at room 

temperature for 12 h. Subsequently, Tris-HCl (10 µL, 1 M, pH 7.4) and aqueous NaCl 

(90 µL, lM) were added to the mixture and incubated for another 28 h. Additional Tris

HCl (5 µL, lM, pH 7.4) and aqueous NaCl (50 µL, 5 M) were added and the mixture was 

further incubated for 18 h at room temperature. The final solution was separated in a 

centrifuge at 22,000 g for 16 min. The precipitated DNA-modified AuNPs (Au/Sl or 

Au/S3) were washed with 600 µL of the DNase I buffer (10 mM Tris-HCl, pH= 7.5, 2.5 

mM MgCh and 0.5 mM CaCh) or the DNA enzyme buffer (50 mM Tris-HCl, pH = 8.8, 

300 mM NaCl) through centrifugation. Finally, the DNA-modified AuNPs were 

redispersed in the same buffer (1.2 mL). 
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MCH treatment: The DNA-modified AuNPs (Au/S 1 or Au/S2) solution 

(radiolabeled DNA-modified AuNPs were used to access the DNA concentration on each 

AuNPs after MCH exchange reaction) prepared above was first diluted with an equal 

volume of the DNase I buffer or the DNA enzyme buffer. MCH was then added to the 

mixture to reach a final concentration of -4 µM. The MCH treatment was performed at 

room temperature for 30 min and the reaction was quenched by adding an equal volume 

of ethyl acetate in order to remove excess MCH from the aqueous solution. Finally, the 

AuNPs were spun down using centrifugation and redispersed in 600 µL of same buffer. 

Preparation ofAu/Sl-2 and Au/S3-El: The hybridization of S2 (5'-GAC T AA 

GCA CCT GTC TTC GCC TTA TAA CTA ITC CTA-3') or El (5'-TGT GTT CTC 

CGA GCC GGT CGA AAT AGT GAG T-3') to Au/Sl or Au/83, respectively, was 

conducted as follows: S2 (or El) (4.5 µL, 200 µM) was added to Au/Sl (or Au/83) 

solution (600 µL, -3 nM). The solution was heated at 90 °C for 15 sand slowly cooled at 

room temperature for 30 min. 

DNase I sensing assay: The stability of Au/Sl-2 towards salt-induced 

aggregation was first examined. MgCh (1 M) stock solution was gradually added (to 

increase MgCh concentration by 10 mM each time) to the Au/Sl-2 solution (10 mM 

Tris-HCl, pH = 7.5, 2.5 mM MgC}z and 0.5 mM CaC}z) until a red-to-purple color 

change or a significant UV /visible spectra shift (see Supporting Information, Figure S4. l) 

was observed in -10 min. Consequently, Au/Sl-2 was determined to be stable at :S40 mM 

MgCh and higher MgCh concentrations (e.g. 50 mM MgC}z) resulted in significant color 

change or UV/visible spectra shift in 10 min (see Supporting Information, Figure S4.l). 

A typical DNase I assay solution contained Au/Sl-2 (-2.25 nM), MgC}z (40 mM), CaC}z 

(0.5 mM), Tris-HCl (10 mM, pH= 7.5) and various amounts of DNase I. Immediately 

after the addition of DNase I, the mixtures were incubated at 37 °C for 1 min and 

absorption spectra were recorded using a Cary 300 UV/visible spectrophotometer. For 

DNase I inhibitor studies, the same assay was repeated using a fixed concentration of 

DNase I (4 units/mL) against various amounts ofDAPI. 

81 




Ph.D. thesis- Weian Zhao Department of Chemistry - McMaster University 

Pb2 
+ sensing assay: The stability of Au/S3-El towards salt-induced 

aggregation was first examined similar to the procedure described above but BaCh (1 M) 

instead of MgCh was used to tune the AuNP stability. As a result, Au/S3-El was 

determined to be stable at :S40 mM BaCh for at least 10 min after the addition of BaCh. 

Note that a second MCH exchange reaction could be performed to further decrease the 

AuNP stability. A typical Pb2
+ sensing assay solution contained Au/S3-El (~2.25 nM), 

BaCh (40 mM), NaCl (300 mM), Tris-HCl (50 mM, pH= 8.8) and various amounts of 

Pb2
+. After the addition of Pb2

+ to the mixture, absorption spectra were recorded 

continuously for 10 min at room temperature or 35 °C using a Cary 300 UV/visible 

spectrophotometer. 

Determination of cleavage efficiencies: To determine the cleavage efficiency 

and the size of cleaved DNA fragments, Sl and S3 were radiolabeled. The radiolabeled 

oligonucleotides were then conjugated onto AuNPs as described above to generate 

Au/Sl-2 (or Au/S3-El). The DNA-modified nanoparticles were cleaved in their 

respective assays (mediated by DNase I or Pb2l and were spun down using 

centrifugation. The supernatant was analyzed by 10% denaturing PAGE and quantified 

using Molecular Dynamics Phospholmager and ImageQuant software. 
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4.8 Supplementary Information 

Determination ofsalt concentration used in the assays 

Determination of a salt concentration at which untreated AuNPs are barely 

stabilized at the investigated assaying time (-10 min) is crucial to achieve the optimal 

sensing performance. The salt concentration was determined based on the red-to-purple 

color change (observed by naked eye) or significant UV/visible spectral shift upon adding 

salt solutions to the AuNP solution. In the DNase I sensing assay, for example, MgCh (1 

M) stock solution was gradually added to the Au/Sl-2 solution (such that MgCh 

concentration in the fmal solution increased by 10 mM each time) until a red-to-purple 

color change or a significant UV/visible spectral shift (Figure S4.l) was observed in a 

short period of time (-10 min). Consequently, Au/Sl-2 was determined to be stable at 

~40 mM MgCh and higher MgCh concentrations (e.g., 50 mM MgCh) resulted in 

significant color change or UV/visible spectral shift in 10 min (Fig. S4.1). Similarly, in 

the Pb2
+ sensing assay, 40 mM BaCh was determined to be optimal in order to achieve 

the best sensor performance. 
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Figure S4.J. The amount of Au/Sl-2 solution color change (A600/A520, calculated from 
UV /visible spectra) at 10 min after the addition ofvarious amounts of MgCh. 

Aggregation profile ofuntreated AuNPs for longer assay time 

The AuNP aggregation at certain salt concentrations is a dynamic process. With 

the aim of developing rapid sensing assays, the assaying time used in the present paper 

was set to 1 min for DNase I sensing assay (or 10 min for Pb2 
+ sensing assay) during 

which the untreated AuNPs did not undergo significant aggregation or color change at the 

chosen salt concentration (e.g. 40 mM MgCh). However, if a longer time (e.g. 1 h) was 

applied, even the untreated AuNPs (for example, Au/Sl-2) underwent a slow aggregation 

process and the solution gradually changed color from red to purple (Figure S4.2). 

Moreover, the aggregation rate is dependent on the salt concentration: a higher salt 

concentration (e.g., 50 mM MgCh) results in a faster aggregation process. The AuNPs 

may eventually precipitate out from the solution at higher salt concentrations (e.g., 50 

mM MgCh) ifleft for a long enough time (e.g., overnight). 
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Figure S4.2. Aggregation behavior of Au/Sl-2 (judged from the A600/A520 ratio) at 40 
mM MgCh as a function of time, which shows the aggregation is a dynamic and 
continuous process. 
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Chapter 5: Simple and rapid colorimetric biosensors based on 

DNA aptamer and non-crosslinking gold nanoparticle 

aggregation 

The following chapter was published in ChemBioChem under the citation: 

Weian Zhao, William Chiuman, Michael A. Brook, Yingfu Li. Simple and rapid 

colorimetric biosensors based on DNA aptamer and non-crosslinking gold nanoparticle 

aggregation. ChemBioChem, 2007, 8, 727-731. 

I was responsible for all data collection and analysis. William Chiuman provided 

helpful suggestions on aptamer design and function. I wrote the first draft of the 

manuscript and Dr. Brook and Dr. Li provided editorial input to generate the final draft of 

the paper. 
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5.1 Introduction 

Recently, gold nanoparticles (AuNPs) have. emerged as novel colorimetric 

reporters for the detection of various substances including DNAP1 metal ions,l21 and 

proteinsY1The advantages of using AuNPs include: 1) their simplicity, 2) the fact that no 

complicated and expensive analytical instruments are needed, and 3) the extremely high 

extinction coefficients (2'.: 1000 times larger than those of organic dyes) and the strongly 

distance-, shape-, and size-dependent optical properties of AuNPs, which allow AuNP

based colorimetric detection to have comparable sensitivity and selectivity to 

conventional fluorescent detection. [Z, 31 

AuNP's use as a colorimetric reporter relies on its umque surface plasmon 

resonance (SPR): the dispersed AuNP solution is red whereas the aggregated AuNP 

solution appears purple (or blue), a phenomenon that can be well explained by the Mie 

theory.[4l Based on this principle, two general types of colorimetric assays (referred to as 

type I and type II in this report) have been developed.P-3l In type I assays, the color of the 

AuNP solution changes from red (dispersed particles) to purple (aggregates), in type II 

assays, the color changes from purple (aggregates) to red (dispersed particles). Mirkin 

and co-workers pioneered the type I assay in which AuNP was used for the detection of 

DNA.[IaJ In their study, AuNPs that were modified with two different oligonucleotides 

aggregated upon the addition of the complementary DNA target, which acted as a 

crosslinker to result in a color change from red to purpleYal Liu and Lu reported a type II 

assay for the detection of lead ions in which the aggregated AuNPs, crosslinked by 

cleavable DNA enzymes, were dissociated into dispersed AuNPs in the presence of 

Pb2+YJ More recently, Liu and Lu have extended this concept for the detection of small 

organic compounds (such as ATP) by using AuNPs crosslinked by DNA aptamers.[SJ 

Aptamers are single-stranded (ss) DNA or RNA molecules created by in vitro selection 

for binding to a chosen target with high affinity and specificity.[6l In the aptamer-based 

assay designed by Liu and Lu, oligonucleotide-modified AuNPs were first crosslinked by 

a DNA aptamer sequence to form aggregates. Upon the addition of a desirable target, the 

aptamer underwent a structural switch[7l that caused the dissociation of the AuNP 
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aggregates; this was accompanied by the purple-to-red color change.rsi The marriage of 

AuNP and aptamers in these studies allows the AuNP-based assay to be generic, m 

principle, for any analyte for which an appropriate aptamer is available.rs] 

A 

+ 

Unhybridized AuNPs are not stable 
under the same salt condition 

+ Target molecule 

Hybridized AuNPs are stable 
under a chosen salt condition 

.f'/"-. Aptamer 

Au NP modified with an oligonucleotide 
that can hybridize with the aptamer 

8 • CACTGACCTGGGGGAGTATTGCGGAGGAAGGT-31 


-S-GTGACTGGACCC 

3' 

Structure-switching DNA aptamer 
that binds adenosine 

Figure 5.1. (A) The working principle of the structure-switching aptamer based, salt
induced AuNP sensor. See the main text for the explanation. (BJ The sequences of the 
DNA molecules used for the construction of the structure-switching aptamer sensor for 
adenosine detection. 

We present here a simple and rapid colorimetric assay that exploits structure

switching DNA aptamers[?J and the phenomenon of salt-induced, noncrosslinking AuNP 

aggregation. Conceptually, as shown in Figure 5. lA, a structure-switching DNA aptamer 

is first hybridized with a short complementary oligonucleotide attached to AuNPs at a 

chosen salt concentration in which hybridized AuNPs are stable and well dispersed in 

solution, which is red. Upon binding of the target, the aptamer strands undergo the 

structure-switching event that leads to their dissociation from AuNPs. The unhybridized 
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AuNPs are unstable at the same salt concentration and aggregate immediately; this causes 

a rapid, red-to-purple color change. It is important to note that our sensor design was 

inspired by previous work exploring salt-induced aggregation of AuNPs modified or 

adsorbed with DNA. In one study, Maeda and co-workers demonstrated that ssDNA

modified AuNPs have different stability against salt-induced aggregation in the presence 

of complementary DNA.[SJ In another study, Rothberg and coworkers found that ssDNA 

and double-stranded (ds) DNA have different binding affinities for AuNP surfaces. Based 

on the different AuNP stabilities in the presence of ssDNA or dsDNA, they developed a 

type I assay in which the AuNP aggregation was induced by a high salt concentration. [9al 

More recently, Wang et al. showed that unmodified AuNPs adsorbed with DNA 

oligonucleotides that have the tendency to form guanine-quartet structures (a unique 

higher-order DNA structure that is known to be stabilized by potassium ions) could 

function as a colorimetric sensor for K+.[9
bl They found that AuNPs adsorbed with such 

DNA oligonucleotides were stable in the absence of K+. It was assumed that, under these 

conditions, the DNA oligonucleotide was unstructured and strongly adsorbed onto the 

surface of AuNPs, thereby preventing AuNP aggregation. The addition of K+ caused the 

red-to-purple color change indicative of AuNP aggregation, which was attributed to the 

formation of guanine-quartet structure and reduced adsorption of the structured DNA 

molecule. Although the authors suggested that their approach could be extended to other 

non-metal-ion targets by using aptamers isolated by in vitro selection, no such examples 

have been provided. Therefore, the generality of their approach remains to be 

demonstrated. 

To illustrate our approach, outlined in Figure 5.lA, we adopted a previously 

isolated, well-studied adenosine-binding DNA aptamer[lOJ as the model sensor. This 

aptamer has recently been utilized by our group in the design of fluorescent sensors based 

on a structure-switching strategy: the DNA aptamer is configured into a duplex with a 

short complementary oligonucleotide, the presence of adenosine (the target) then causes 

the aptamer to switch its structure from the DNA duplex to the aptamer/target complex, 
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because the aptamer preferentially binds to its target molecule.l11The same design and 

sequences (Figure 5. lB) were used for this work. 

5.2 Results and discussion 

The first step in our design required conjugation of a short oligonucleotide to 

AuNPs so that the DNA aptamer could be subsequently attached to the AuNP surface 

through hybridization (Figure 5.1 B). The oligonucleotide-modified AuNPs (referred as 

AuNP-OD) were prepared by Au-S chemistry[l,l IJ (the details are provided in the 

Experimental Section). To determine the number of oligonucleotides on each AuNP (13 

nm in diameter), a radiolabeled oligonucleotide was used. By measuring the radioactivity 

Ac 1 
0·- 0.8 
~ 
u 0.6 
c 0.4 
~ 

>< 0.2 w 
0 

BC 1 
0 0.8·-~ 0.6u 
c 0.4 
~ 0.2><w 0 

450 500 550 600 650 700 

450 500 550 600 650 700 

Wavelength (nm) 

Wavelength (nm) 

Figure 5.2. UV-Vis spectra of (A) AuNP-OD-APT and (BJ AuNP-OD solutions before 
(red line) and after (blue line) adding MgCl2 (a final concentration of 35 mM) to the 
solution that contained 300 mM NaCl, 20 mM Tris-HCl, pH 7.4. The tubes on the right 
are photographs of AuNP-OD-APT (A) and AuNP-OD (BJ at 30 mM MgCh 300 mM 
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NaCl and 20 mM Tris-HCl, pH 7.4. The spectra and photos were taken 1 min after the 
addition ofMgC/i. 

in the supernatant and on the AuNP pellet after centrifugation, the average number of 

attached oligonucleotides on each AuNP was estimated to be ~150. The stability of these 

AuNP-ODs was then examined. Throughout the study, the buffer concentration, pH 

(Tris-HCl, 20 mm, pH 7.4), and NaCl concentration (300 mM) were kept constant, while 

the MgCh concentration was varied in order to assess its effect on the stability of DNA

modified AuNPs. We found that the AuNP-ODs were highly stable, even at >500 mM 

MgC}z. This is consistent with the previous studyllb] and is due to the fact that the highly 

negatively charged phosphate groups in DNA molecules can stabilize the AuNP against 

aggregation by electrostatic repulsion.lib] However, such a highly stabilized AuNP-OD is 

not desirable for our sensor design, because the structure-switching aptamers cannot 

function well under such a high divalent metal concentrationY01 

To tune the stability of AuNP-ODs, we briefly treated them (room temperature, 2 

h) with 6-mercaptohexan-1-ol (MCH; 5 µM). This ligand-exchange process can remove 

both the nonspecifically adsorbed DNA and some of the thiol-tethered DNA so that the 

concentration of DNA on each AuNP can be reduced.lib, 121 Indeed, radioactivity studies 

showed that after MCH treatment the average number of oligonucleotides on each AuNP 

was reduced to ~100. One would expect, therefore, that after MCH exchange the AuNP

OD should have a lower stability against salt-induced aggregation. Indeed, we found that 

after MCH treatment AuNP-ODs can only be stabilized at salt concentrations less than 3 

mM MgCh, 300 mM NaCl, and 20 mM Tris-HCl (pH 7.4). Higher MgCh concentrations 

quickly (1 min) led to a solution color change from red to purple. 

It is noteworthy that MCH treatment of AuNP-ODs can significantly increase the 

hybridization efficiency between attached oligonucleotides on AuNPs and aptamers.llb, 121 

This is because the dilution of oligonucleotide concentration on the AuNP surface and 

their conformational change after MCH treatment make them more accessible for 

hybridization.lib, 121 Indeed, through the use of a radiolabeled aptamer, we found that the 

hybridization efficiency between attached oligonucleotide and aptamer for the MCH
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treated AuNPs was as high as about 90%, whereas the hybridization efficiency for 

untreated AuNPs was only about 40 %. 

More importantly, AuNP-OD hybridized with the aptamer (AuNP-OD-APT) was 

found to be significantly more stable than AuNP-OD. AuNP-OD-APT solution was 

stable at MgClz concentrations as high as 35 mM; that is, there is no color change or peak 

shift in the UV-visible spectra (Figure 5.2A) for 1 min, a time period designated for 

subsequent sensing experiments. These results indicate that AuNP-OD and AuNP-OD

APT solutions have vastly different stabilities at 35 mM MgClz, 300 mM NaCl, and 20 

mM Tris-HCl (pH 7.4) and set the stage for us to examine the ligand induction of this 

sensing solution. 

It should be noted, however, that the color of AuNP-OD-APT gradually changed 

from red to purple after a few hours' incubation under the above salt conditions, and that 

AuNP-OD-APT precipitated in a few days. 

As expected, upon addition of the aptamer target (adenosine, 1 mM), the AuNP

OD-APT solution immediately changed from red to purple (Figure 5.3A, tube 2); 

correspondingly, a red shift of the SPR band in the UV-visible spectrum was observed 

(Figure 5.3B). In contrast, the control experiments, in which inosine, guanosine, and 

cytosine (all at 1 mM) were used, did not show any color change, as expected (Figure 

5.3A, tubes 3-5). 

In order to confirm the dissociation of the aptamer from the AuNP surface in the 

presence of adenosine, an AuNP-OD-APT was prepared with radiolabeled aptamer. After 

10 min of incubation with 1 mM adenosine at room temperature, the AuNP solution was 

separated in a centrifuge at 22 OOOg for 15 min. By measuring the radioactivity in the 

supernatant and on the AuNP pellet, we found that about 75% of the aptamer was 

released from the AuNP surface. This experiment showed that the aptamer on 

nanoparticle surfaces retained the structure switching capability. 

The aggregation of AuNPs in the presence of adenosine was further confirmed by 

transmission electron microscopy (TEM). As shown in Figure 5.3D, irregular AuNP 
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aggregates of a few hundred nanometers to microns in diameter were observed after 

incubation with 1 mM adenosine for 10 min. This serves as complementary evidence, 
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Figure 5.3. (A) Photographs ofAuNP-OD-APT solution in the absence of target (tube 1) 
and in the presence of1 mM adenosine (tube 2), inosine (tube 3), guanosine (tube 4) and 
cytosine (tube 5). Photos were taken 1 min after the addition of concerned nucleosides. 
(B) Representative UV-Vis spectra ofAuNP-OD-APT in the present 1 mM adenosine at 
different detection time. (C) and (D) are the representative TEM images ofAuNP-OD
APTsolution before and after adding adenosine, respectively. 
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together with UV-visible spectroscopy, that the color change ts indeed due to the 

aggregation of AuNPs. 

Kinetic studies on the color change in the presence of various amounts of 

adenosine were recorded by UV-visible spectroscopy. To quantify the color change, the 

ratios of the absorbance at 700 and 525 nm (A 700/ A525) were plotted as a function of 

detection time, as shown in Figure 5.4A. Clearly, faster increases were obtained at higher 

adenosine concentrations. To further quantify the adenosine concentration, A700/A525 at 

1 min after the addition of adenosine was plotted as a function of adenosine concentration 

(Figure 5.4B). The detection limit of the assay under our conditions was about 10 µM, 

which is ~20 times better than that of the type II assay in which purple AuNP aggregates 

dissociated to red, dispersed AuNPs when using the same aptamer construction. [Sa] 

Interestingly, there are two response regimes in Figure 5.4B, which might reflect the fact 

that this aptamer is known to bind two adenosine molecules with different affinitiesY0
b,c] 

It should be noted that while further optimization (e.g., changing the AuNP concentration 

and the number of aptamer molecules on each AuNP) could be conducted to improve the 

sensitivity, the inherent affinity of the aptamer and the switching capability of the 

structure switching aptamer construd7
a] are the key factors that determine the detection 

limit ofour assay. 

It is well known that high salt concentrations can screen the charge on colloids, 

counter-acting the electrostatic stabilization, and leading to aggregatesY31 Elegant assays 
91for the detection of DNA by using AuNP have been developed based on this principle. [8, 

For instance, Maeda and co-workers developed a colorimetric assay to detect DNA by 

taking advantage of the different stability of ssDNA-attached AuNPs before and after the 

hybridization of the complementary DNA.[81Surprisingly, they found that fully matched 

dsDNA-attached AuNPs had a lower stability than ssDNA-attached AuNPs. It was 

proposed that the conformational change from ssDNA to rigid duplex contributed to this 

effect.l81 By contrast, we found that AuNP-OD-APT, which contains a short duplex 

domain (12 base pairs) and single-stranded domain (20 nucleotides; Figure 5.1 B), was 
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much more stable than AuNP-OD, which has a 12-nucleotide ssDNA. We attributed this 

to the extra DNA aptamer strand's carrying more negative charges, so that the AuNP was 
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Figure 5.4. (A) Kinetics of AuNP aggregation in the presence of various amounts of 
adenosine. (B) A7ocYA525 at I min was plotted as a function ofadenosine concentration in 
order to quantify adenosine. The Inset shows the responses at low analyte concentration 
region. 

more stabilized by electrostatic repulsion. This hypothesis was supported by the 

electrophoretic mobility study: the zeta potential of AuNP-OD-APT was -5.12 mV, 

whereas that of AuNP-OD was only -1.21 mV at the same ionic strength (300 mM NaCl, 

20 mM Tris-HCl, pH 7.4). The steric effect might also play a role: the steric stabilization 

effect,l1 31 caused by DNA polymers on AuNPs, could be reduced when the DNA aptamer 
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dissociated from the AuNP surface in the presence of adenosine, leading to AuNP 

aggregation. 

5.3 Conclusion 

In summary, we have demonstrated a simple and rapid colorimetric assay that 

involves the principle of salt-induced, noncrosslinking AuNP aggregation and the use of 

structure-switching DNA aptamers. Besides the inherent advantages of AuNP-based 

assays (e.g. simplicity, no need for special detection instruments, etc.) and DNA aptamers 

(target generalityl51
), this method offers two extra benefits. 1) Salt-induced 

noncrosslinking aggregation is generally faster than the aggregation process induced by 

crosslinking (type I). l81 This is presumably due to the different aggregation mechanisms: 

in a noncrosslinking system, the aggregation is driven by London-van der Waals 

attractive force between the nanoparticles. l81 At relatively high salt concentrations, at 

which the negative charges on nanoparticle surfaces are highly screened and thus the 

electrostatic repulsion is significantly reduced, the attractive forces dominate to result in 

rapid aggregation. By contrast, in a crosslinking system, the aggregation is mainly driven 

by random collisions between nanoparticles with relatively slow Brownian motion. l81 

Indeed, the assay in the present study could be completed in 1 min. 2) The sensitivity of 

this assay is comparable to that of the previous fluorescence-based assays[?, 141 and higher 

than that of the type II assay in which the same aptamer construction was used. l5l It was 

found that the resuspension of aggregates to dispersed particles was rather difficult, 

presumably due to steric hindrance or the poor accessibilities of the biomolecules inside 

the aggregates.l2
b, 

51 To achieve the best detection performance, the assay sometimes 

needs to be conducted at a relatively high temperature that was only ~2-3 °C below the 

melting temperature of aptamer-crosslinked aggregates. l5a.b] By contrast, aptamers 

attached to well-dispersed AuNPs are more accessible to the binding of target molecules; 

this might explain the improved sensitivity ofour assay. 

5.4 Experimental Section 
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Materials: Trisodium citrate, HAuC4, MCH, adenosine, guanosine, cytosine, 

inosine, and ethyl acetate were purchased from Sigma and used as received. y-32P ATP 

was obtained from Amersham Biosciences. Thiol-modified DNA was obtained from 

Keck Biotechnology Resource Laboratory at Yale University. Unmodified DNA was 

purchased from the Central Facility at McMaster University. 

Preparation of AuNP-OD: AuNPs 13 nm in diameter were prepared according 

to a previously described protoco1,l111 and their concentration was estimated by UVNis 
1spectroscopy to be about 13 nM, based on an extinction coefficient of 2.7x108 M-1cm- at 

A.=520 nm for 13 nm particles.lib] AuNP-ODs were then prepared by mixing the AuNP 

solution (600 µL, -13 nM) with thiol-modified oligonucleotide (5'-CCCAGGTCAGTG

thiol-3 '; 280 µL, 6.6 µM). The solution was incubated at room temperature for 45 h. Tris

HCl buffer (10 µL, lM, pH 7.4) and aqueous NaCl (90 µL, lM) were added, and the 

mixture was incubated for another 28 h. After that, Tris-HCl buffer (5 µL, lM, pH 7.4) 

and aqueous NaCl ( 50 µL, 5M) were added, and the mixture was further incubated for 18 

hat room temperature. The solution was then separated in a centrifuge at 22000g for 15 

min. The precipitated AuNP-ODs were washed with wash buffer (2 x 1 mL; 20 mM Tris

HCl, pH 7.4, 300 mM NaCl) through centrifugation. Finally, the AuNP-ODs were 

redispersed in wash buffer (600 µL). For the synthesis of radioactive oligonucleotide, y

32P ATP (20 µCi) was incorporated through a previously described phosphorylation 

reaction. [I I1 

MCH treatment: The AuNP-OD solution prepared above was diluted with an 

equal volume of wash buffer before the addition of MCH to a final MCH concentration 

of 5 µM. The MCH treatment was performed at room temperature for 2 h. The reaction 

was quenched by three washes with equal volume of ethyl acetate, which removed excess 

MCH from the aqueous solution. 

Preparation of AuNP-OD-APT: The adenosine-binding aptamer (5'

CACTGACCTGGGGGAGTATTGCGGAGGAAGGT-3'; 19.8 µL, 55.5 µM) was added 

to AuNP-OD solution (1 mL, -6 nM). The hybridization solution was slowly cooled from 
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70 °C to room temperature over 1 h. The solution was then centrifuged and washed once 

with an equal volume of wash buffer and finally resuspended in wash buffer (1 mL). 

Sample measurements: The absorption spectra of AuNP-OD-APT solution (250 

µL, ~3 nM) with various amounts of adenosine were recorded on a Cary300 UVNis 

spectrophotometer at room temperature. TEM samples were prepared by dropping AuNP 

solution ( 4 µL) onto a carbon-coated copper grid. The solution was wicked from the edge 

of the grid with a piece of filter paper after 1 min. TEM images were taken with a JEOL 

1200 EX. The electrophoretic mobilities of the nanoparticles were measured at room 

temperature by using a ZetaPlus (Brookhaven Instruments Corporation, Holtsville, NY). 

The reported values were based on 10 measurements with 15 cycles for each sample. 
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Chapter 6: DNA aptamer folding on gold nanoparticles: from 

colloid chemistry to biosensors 

The following chapter was published in Journal of American Chemical Society 

under the citation: 

Weian Zhao, William Chiuman, Jeffrey C. F. Lam, Simon A. McManus, Wei 

Chen, Yuguo Cui, Robert Pelton, Michael A. Brook,* Yingfu Li.* DNA aptamer folding 

on gold nanoparticle: from colloid chemistry to biosensors. J. Am. Chem. Soc., 2008, 130, 

3610-3618. 

I was responsible for all data collection and analysis with exception that DLS data 

were collected by Wei Chen and Yuguo Cui. William Chiuman provided helpful 

discussions on the design of DNA aptamer systems. Jeffrey C. F. Lam helped in 

purifying DNA oligonucleotides. Simon A. McManus provided helpful suggestion in K+ 

aptamer design and its structure analysis. Dr. Robert Pelton provided helpful discussions 

on the mechanism of colloidal stability and aggregation. I wrote the first draft of the 

manuscript and Dr. Brook and Dr. Li provided editorial input to generate the final draft of 

the paper. 
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6.1 Abstract 

We have investigated the effect of the folding of DNA aptamers on the colloidal 

stability of gold nanoparticles (AuNPs) to which an aptamer is tethered. Based on the 

studies of two different aptamers (adenosine aptamer and K+ aptamer), we discovered a 

unique colloidal stabilization effect associated with aptamer folding: AuNPs to which 

folded aptamer structures are attached are more stable towards salt induced aggregation 

than those tethered to unfolded aptamers. This colloidal stabilization effect is more 

significant when a DNA spacer was incorporated between AuNP and the aptamer or 

when lower aptamer surface graft densities were used. The conformation that aptamers 

adopt on the surface appears to be a key factor that determines the relative stability of 

different AuNPs. Dynamic light scattering (DLS) experiments revealed that the sizes of 

AuNPs modified with folded aptamers were larger than those of AuNPs modified with 

unfolded (but largely collapsed) aptamers in salt solution. From both the electrostatic and 

steric stabilization points of view, the folded aptamers that are more extended from the 

surface have a higher stabilization effect on AuNP than the unfolded aptamers. Based on 

this unique phenomenon, colorimetric biosensors have been developed for the detection 

of adenosine, K+, adenosine deaminase and its inhibitors. Moreover, distinct AuNP 

aggregation and redispersion stages can be readily operated by controlling aptamer 

folding and unfolding states with the addition of adenosine and adenosine deaminase. 

6.2 Introduction 

The effect of polymers, particularly charged polymers (or polyelectrolytes), on 

colloidal stabilization/aggregation has been a subject of extensive study over the last 

century due to their applications in a large variety of areas such as biological fluids, the 

paper-making industry, water treatment, pharmaceuticals, paints and coatings, among 

others. 1 The study of biopolymers such as negatively charged nucleic acids (DNA or 

RNA) on colloidal systems has recently gained considerable attention, owing to their 

biological importance and applications.2 
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The nanobiotechnology revolution over the last decade has made nucleic 

acid/colloid systems one of the most exciting research fields, owing to their potential 

applications for biosensors, nanomedicine and nanoelectronics.2 DNA/gold nanoparticle 

(AuNP) systems are good examples of such systems. Owing to its unique Watson-Crick 

hydrogen-bonding nature, DNA ensures the specificity and precision required by 

biosensors and programmable nanoassemblies.3 AuNPs, with desirable nano-scaled sizes 

and unique physical properties (particularly the colors associated with their surface 

plasmon resonance), are highly suitable signal-transducers for biosensors4 and building 

blocks in nanoassemblies.5 Mirkin and co-workers pioneered the study of DNA

modulated AuNP assembly and biosensors.3
d,

4
a In their studies, DNA-modified AuNPs 

are associated into aggregates in the presence of complementary DNA strands that are 

used as crosslinkers; the aggregation of AuNPs is accompanied by a red-to-purple (or 

blue) color change. More recently, the redispersion of DNA-crosslinked AuNP 

aggregates, associated with the inverse purple-to-red color transition, has also been 

developed by Lu and co-workers for the detection of metal ions and small molecules.6 

In addition to inter-particle crosslinking (or bridging) mechanisms, colloid 

stabilization/aggregation can be adjusted by a number of other factors such as surface 

charge and the use of non-crosslinked surface-grafted polymers.7 These phenomena, 

although extensively studied in colloid chemistry, are largely unexplored for biosensing 

and nanoassembly applications. We8 and others9
•
10 have recently developed biosensing 

assays that take advantage of AuNP aggregation induced by the loss (or screening) of 

surface charges. 

The colloidal stabilization/aggregation phenomena of DNA-modified AuNPs are 

rather complicated. Like other polyelectrolytes, both the charge and polymeric nature of 

DNA molecules must be considered when discussing the stabilization/aggregation of 

DNA-modified colloids. The unique nature of DNA can complicate normal 

considerations because of the potential for inter-particle forces such as hydrogen-bonding 

and hydrophobic forces. More strikingly, molecular recognitions between colloidal 

particle bound ssDNA molecules and their complementary DNA strands (or non-nucleic 
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acid targets such as small molecules) makes it more difficult to predict the colloidal 

stability of these particles. For instance, Maeda and co-workers found the hybridization 

of complementary DNA strands with colloid-tethered DNA molecules resulted in a 

decrease of colloidal stability toward salt-induced aggregation.9 This is somewhat 

surprising because, with respect to electrostatic stabilization, the addition of extra 

negative charges associated with the complementary DNA molecules should lead to more 

highly stabilized colloids. While the precise mechanism was not fully explained, the 

authors attributed this to the entropic loss associated with the formation of a rigid DNA 

duplex. This work clearly suggests that the conformations DNA molecules adopt on a 

colloid surface may have a significant influence on colloidal stability. 

In addition to hybridization with its complementary nucleic acid strand via 

Watson-Crick hydrogen-bonding and base-stacking, some DNA (or RNA) molecules 

known as aptamers11 can also specifically recognize non-nucleic acid targets such as 

small molecules, metal ions and proteins. These aptamers are of great biological 

importance and find increasing success in applications as biosensors, controlling 

nanostructure assemblies, drug delivery and diagnostics. 12 For instance, recent work 

revealed that RNA aptamers, modulated by the binding of a specific metabolite, played 

an important role in gene regulation in vivo. 13 Moreover, DNA aptamers, isolated from 

random ssDNA pools in vitro, have been widely applied as recognition motifs in 

biosensors. 12
a A key feature associated with the recognition of an aptamer with its target 

is a conformational transition (or folding) from loose random coil to a compact tertiary 

structure. This conformational change is not only essential for aptamer function, but can 

be exploited as a very useful tool in the design of optical and electronic biosensors. 14 An 

improved understanding of aptamer conformational transitions upon binding of its target 

on surfaces will greatly facilitate the understanding of bio-recognition mechanisms on 

surfaces, particularly for the development of surface-based biosensing devices (e.g., 

microarray and nanoparticles)12
b,c that can then serve as a guide for improving device 

performance. While its importance is acknowledged, little experimental and theoretical 
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work has been conducted on understanding aptamer conformational behaviors on 

surfaces. 

We are interested in understanding the relationship between aptamer 

conformational transitions on colloid surfaces and colloidal stability. Unlike traditional 

polyelectrolytes, DNA aptamers can fold into compact tertiary structures in the presence 

of their cognate targets. I I Little is known about how these rigid structures behave on 

surfaces and how they affect the colloidal properties (e.g., stability). We speculate that 

the improved understanding of the behavior of these entities will facilitate the 

development of applications in biosensors and nanotechnology. 

AuNP was chosen as a model colloid system mainly because its 

aggregation/redispersion is directly observed by a solution color change owing to surface 

plasmon coupling. Is The color change can be used as a convenient tool to test the 

colloidal stability and monitor the aggregation process. I6 If aptamer conformational 

transitions on AuNP surface, upon binding of its target, lead to changes in AuNP 

colloidal stability, the system can be directly transformed into a colorimetric biosensor 

for this target. 

In the present study, two different systems (i.e., adenosine and potassium 

aptamers) were used to study how aptamer folding on AuNP surface affects colloidal 

stability. A surprising colloidal stabilizing effect associated with the aptamer folding on 

AuNPs was discovered: AuNPs bearing folded aptamer-target complexes were 

surprisingly shown to be more stable toward salt-induced aggregation than aptamer

modified AuNPs without targets. In this paper, we will first discuss this phenomenon and 

propose mechanisms for the observed stability, and then demonstrate its utilities for the 

design of colorimetric biosensors. 

6.3 Results and Discussion 

6.3.1 The colloidal stability upon DNA aptamer folding on AuNPs 

We first investigated the effect on colloidal stability of adenosine aptamer folding 

on AuNP surfaces. Adenosine aptamers were chemically coupled onto AuNPs using Au
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S chemistry17 (see Supporting Information, Experimental Section). Radiolabeled 

aptamers were used to determine the concentration of aptamers on each AuNP.3
e,Sa By 

measuring the radioactivity in the supernatant and on the pellets after the coupling and 

washing steps, it was found that there were ~180 DNA aptamers on each gold 

nanoparticle. Adenosine aptamer-modified AuNPs (Au-Ado) were briefly treated with 6

Table 6.1. Oligonucleotides used in the study. Ado and Tl OAdo refer to adenosine 
aptamers without and with TIO linker, respectively. AdoM is the adenosine aptamer 
mutant. K andKM rpesent K a.J!!amerand"zts mutant, re~ctzvelJ:.:.· l 

Names S~uences 

Ado 5'-HS-ACCTGGGGGAGTATTGCGGAGGAAGGT-3' 
TIO Ado 5'-HS

TTTTTTTTTTACCTGGGGGAGTATTGCGGAGGAAGGT-3' 
AdoM 5'-HS-ACCTGIGGGAGTATTGCGIAGGAAGGT-3' 
K 5'-GGTTGGTGTGGTTGG-SH-3' 
KM 5'-GGTTGGTGTTTTTGG-SH-3' 

mercaptohexan-1-ol (MCH) solution ( 4 µM) for 30 min at room temperature. This ligand 

exchange reaction can remove nonspecifically adsorbed and some of the chemically 

attached DNA from the AuNP surface, which helps to improve subsequent biomolecular 

recognition (e.g., hybridization) efficiency. 18
a-b,sa Based on a similar radioactivity 

measurement, it was found that ~96 aptamers were attached on each AuNPs after MCH 

treatment. 

Before the addition of adenosine, the ssDNA aptamer on AuNPs adopts a loose 

random coil structure, since there is no strong intra-molecular base-pairing, based on an 

analysis using mfold software. 19
a By contrast, the aptamer folds into a well-characterized 

tertiary structure (see Supporting Information, Figure S6.1)19
b,c in the presence of 

adenosine (1 mM) in a buffer containing 4 mM MgCh, 100 mM NaCl, 20 mM Tris-HCl 

(pH= 7.5). We will refer to the AuNPs with folded aptamer/target complex as Au-Ado

Target. At a salt concentration of 4 mM MgCh and 100 mM NaCl, both Au-Ado and Au

Ado-Target are colloidally stable and the solutions appeared red in color. The stability of 

Au-Ado and Au-Ado-Target towards salt-induced aggregation was then determined by 

gradually adding MgCh (1 M) solution (with the NaCl concentration fixed at 100 mM) 
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until a rapid red-to-purple color change was observed over a short period of time (e.g., 1 

min). It was determined that Au-Ado was stable only up to MgCh concentrations of 

approximately :S 5 mM: at or above this concentration a rapid red-to-purple color change 

resulted. By contrast, Au-Ado-Target is much more stable: the particles were colloidally 

stable up to 30 mM MgCb. These differences are illustrated in Fig. 6.1. To provide a 

direct contrast between the colloidal stability of aptamer-modified AuNPs in the presence 

and absence of adenosine, 30 mM MgCh was added to both solutions. As shown in Fig. 

A 

Adenosine aptamer

modified AuNPs 


B c 1.0 


1 2 3 4 ~ 0.8 


tc 0.6 ... 
~ 0.4 

0.2 >--------~ 
~o ~o ~o 

Wavelength (nm) 

Figure 6.1. (A) Schematic illustration of the different stability ofAuNPs with folded and 
unfolded adenosine binding DNA aptamer. (BJ Photographs for (1) Au-Ado + adenosine, 
(2) Au-Ado, (3) Au-Ado + inosine, and (4) Au-AdoM + adenosine. 30 mM MgCl2 was 
used in these solutions and the photographs were taken 10 minutes after the addition of 
MgCl2 to AuNP solutions. (CJ UV-visible spectra of Au-Ado before (black curve) and 
after (blue curve) the addition of30 mM MgCh Red curve is the UV-visible spectrum for 
Au-Ado-Target with 30 mM MgCh Spectra were taken 10 minutes after the addition of 
MgCl2. 

6. lB, Au-Ado-Target did not show any significant color change (vial 1) within 10 min. 

By contrast, Au-Ado turned purple at the same conditions (vial 2): the characteristic red

shift was accompanied by broadening of the surface plasmon band in UV-visible 
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spectrum (Fig. 6.1 C, blue curve). TEM experiments have further confirmed the color 

change was indeed induced by the aggregation ofAuNPs (data not shown). 

Although we could not provide the direct evidence for aptamer folding on AuNP 

surfaces at this stage, it is implicated: when control experiments using AuNPs modified 

with mutant aptamer (AdoM in Table 6.1) or using inosine as target, there was no 

colloidal stabilization effect (Fig. 6. lB, vial 3, 4). This confirmed that the colloidal 

stabilization effect was indeed due to specific aptamer folding upon binding its target (i.e., 

adenosine). 

6.3.2 The effect ofDNA spacer and aptamer graft density 

To fully understand this phenomenon, we examined how the incorporation of a 

DNA spacer between AuNP and aptamer affects the additional colloidal stabilization 

provided by the aptamer folding on AuNPs. An adenosine aptamer with a TlO spacer 

(TlOAdo, Table 6.1) was grafted onto AuNPs using the same Au-S chemistry to give a 

product referred to as Au-TlOAdo. A similar MCH exchange reaction was then 

conducted and the radioactivity study showed that there were -160 and - 94 aptamers on 

each AuNP before and after MCH treatment, respectively. Similar to Au-Ado, Au

TlOAdo complexed with adenosine (referred to as Au-TlOAdo-Target) was more stable 

than Au-TlOAdo towards salt-induced aggregation. Specifically, the stability of Au

TlOAdo and Au-TlOAdo-Target are:::; 10 mM MgCh and:::; 60 mM MgCh, respectively. 

In order to determine how the TlO spacer affects the colloidal stabilization effect 

resulted from aptamer folding, the aggregation kinetics of Au-Ado and Au-TlOAdo with 

and without adenosine were investigated. As shown in Fig. 6.2, the AuNP aggregation 

process was interpreted using the increase of the ratio of extinction at 600 nm and 520 nm 

(A600/ A520) as a function of time. These experiments were conducted at salt 

concentrations such that Au-Ado-Target or Au-TlOAdo-Target was barely stabilized. 

Thus, the MgCh concentrations used for Au-Ado/Au-Ado-Target and Au-TlOAdo/Au

TlOAdo-Target were 30 mM and 60 mM, respectively. At their respective salt 

concentrations, both Au-Ado-Target and Au-TlOAdo-Target showed little aggregation as 

indicated by insignificant A600/A520 increases (Fig. 6.2A, B). By contrast, Au-Ado and 
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Au-TlOAdo both underwent rapid aggregation, and Au-TlOAdo had a faster aggregation 

rate than Au-Ado (Fig. 6.2A, B). This indicates that the stability difference between Au

Tl OAdo-Target and Au-TlOAdo is larger than that of Au-Ado-Target and Au-Ado, 

which suggests the TIO spacer enhances the colloidal stabilization effect resulted from 

aptamer folding on AuNPs. 

We reasoned the efficacy of the effect of aptamer folding on colloidal stability 

could be affected by the available space on the AuNP surface and therefore examined 

A 1.1 
C) 

30 mM MgC'2N 

-an 
ca: 
C) 
C) 

ca: '° 
0.3 

0 2 4 6 8 10 12 

Time (min) 

B 1.1 60 mM MgC'2 
C) 
N 

-an 
ca: 
C) 
C) 

ca: '° 

0.3 

0 2 4 6 8 10 12 

Time (min) 
c 1.1 

C) 
N 
an 
ca: 300 mM MgCl 2 -C) 
C) 

'° ca: 
0.3 

0 2 4 6 8 10 12 

Time (min) 

Figure 6.2. Effects of DNA spacer and aptamer graft density on the colloidal 
stabilization ofAuNP attached with folded aptamers. The samples in (A), (B) and (C) are 
MCH-treated Au-Ado, MCH-treated Au-TJOAdo and non-MCH-treated Au-TJOAdo, 
respectively. Red and blue curves are in the presence and absence ofadenosine (1 mM), 
respectively. In (A) and (B), a rapid aggregation over the first two minutes was observed, 
followed by a slower aggregation phase. This may be due to the fact that the aggregation 
is characterized by the color change. Once the AuNPs start to aggregate, the surface 
plasmon peak shifts from 520 nm to the longer wavelength (e.g. , 600 nm), which leads to 
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the decrease ofA520 and increase ofA600 nm. Therefore, A600/A520 showed a sharp 
increase at the initial aggregation stage. However, as aggregation continues, the surface 
plasmon peak may further shift to even longer wavelength (e.g., 700 nm). As a result, the 
increase of A600 (and therefore A600/A520) may not be as aggressive as that at the 
initial aggregation stage. 16 

how aptamer graft density influences colloidal stabilization. To tune aptamer graft 

density, aptamer-modified AuNPs were treated with MCH, a ligand exchange reaction 

where some thiol-modified aptamer strands are displaced by MCH molecules. 18
a,b 

Negatively charged DNA polymers are mainly responsible for the colloidal stability of 

DNA-modified AuNPs via both electrostatic and steric effects (see Section 6.3.3 for 

details). Thus, MCH treatment affects AuNP colloidal stability by reducing the number of 

DNA molecules on each AuNP: these uncharged small molecules themselves have little 

(if any) effect on colloidal stability, however, the loss of stabilizing DNA molecules from 

the surface can facilitate aggregation ofDNA-modified AuNPs.8 
a, isc-f 

The highest aptamer graft densities were observed with AuNPs before the MCH 

exchange reaction. Stability studies showed that these non-MCH-treated AuNPs were 

much more stabilized towards salt-induced aggregation than the MCH treated AuNPs. 

For instance, the stability of AuNP-TlOAdo before MCH treatment is larger than 300 

mM MgCh, evidenced by the fact that no color change or A600/ A520 increase (Fig. 6.2C) 

was observed at salt concentrations up to 300 mM MgCh. Non-MCH-treated Au-TlOAdo 

showed similar aggregation kinetics with and without adenosine (1 mM) in all 

investigated salt concentrations (300 mM MgCh in Fig. 6.2C as an example), suggesting 

that the addition of adenosine did not significantly increase the colloidal stability of Au

T lOAdo with high aptamer graft density (-160 aptamers/AuNP). By contrast, as 

demonstrated in Fig. 6.2B, Au-TlOAdo with lower graft density (-94 aptamers/ AuNP) 

obtained by MCH treatment showed significant colloidal stability difference before and 

after the addition of adenosine. 

In summary, AuNPs modified with aptamers with a DNA spacer or with a lower 

surface graft density showed higher stability contrast in the presence and absence of 

adenosine. This may be because the incorporation of spacers20 or the decrease of aptamer 
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graft density8
a,lSa,b provides more available space for bio-recognition and therefore 

improve the aptamer folding or binding efficiency to adenosine. As demonstrated in 

Section 6.3.1, AuNPs with folded aptamer-target complex appeared to be more stable 

than AuNPs with unfolded aptamers. Therefore, parameters (e.g., spacers and aptamer 

graft density) that can help the aptamer folding will enhance the AuNP colloidal 

stabilization. 

6. 3. 3 Proposed mechanisms 

The effect of polyelectrolytes on colloidal stabilization/aggregation is, although 

extensively studied, highly complicated.1 Colloids with charged biopolymers such as 

proteins and nucleic acids are more complex systems than most due to the unique inter

and intra-biomolecular interactions such as hydrogen-bonding and hydrophobic 

interaction. 

It was initially a surprise that AuNPs with folded aptamer structures were more 

stable than those with unfolded structures towards salt-induced aggregation. Maeda and 

co-workers found AuNPs with rigid double-stranded ( ds) DNA duplexes were less stable 

than AuNPs with flexible single-stranded (ss) DNA, presumably due to the entropic loss 

upon formation of the rigid DNA duplexes.9 Guided by this finding, we expected to 

observe a similar phenomenon with AuNPs bearing rigid folded aptamer structures. As 

noted, this expectation was completely opposite to our experimental results. 

Whether colloids are stabilized or undergo aggregation depends on the net 

potential of inter-particle attraction and repulsion forces.7 In the present work, the inter

particle attraction force is van der Waals force, which is responsible for the AuNP 

aggregation.7
'
21 The two major repulsion forces that contribute to AuNP stabilization are 

electrostatic and steric repulsion forces. 1•
7

,2
1 

Electrostatic repulsion results from the negatively charged phosphate groups 

along DNA backbone. These negative charges, together with the counterions in the 

medium, form a repulsive electric double layer that stabilizes colloids against van der 

Waals attraction. 7 The thickness of the electric double layer is a measure of how far the 

repulsive potential extends from the colloid surface. A characteristic feature of the 

111 




Ph.D. thesis- Weian Zhao Department of Chemistry - McMaster University 

electrostatic repulsion force is that it is highly sensitive to the bulk ionic strength: the 

electrostatic repulsion force diminishes significantly at high salt concentration where 

electric double layer is highly suppressed.7 This explains why AuNPs modified with 

aptamers (folded or unfolded) are stable at low salt concentrations but undergo 

aggregation at high salt concentrations. With respect to the AuNPs with folded and 

unfolded aptamers, one conceivable difference between these two systems might be the 

charge distribution. Like other polyelectrolyte-grafted colloids, the surface charges in the 

current system are extended along the DNA backbone from the surface. 1'
21 Therefore, the 

conformation of DNA (such as folded and unfolded structures) on AuNP surface, which 

directly contributes to the surface charge distribution, could be a key factor determining 

their relative colloidal stability. 

Steric stabilization (or polymeric stabilization)1
'
21 is another key contribution to 

the repulsion forces in the current system. Macromolecules grafted on colloid surfaces 

impart a polymeric barrier that prevents colloids from coming close enough such that van 

der Waals attractive forces can dominate. 1
'
21 Steric stabilization is highly dependent on 

the thickness of polymer layer and surface graft density. 1'
21 In general, thicker polymer 

layers and higher graft densities lead to more effective steric stabilization effect. This is 

exactly the case for the non-MCH-treated aptamer-modified AuNPs: they are stabilized 

in solutions up to 300 mM MgCh. Although it would be expected that electrostatic 

repulsion is significantly reduced under these conditions,7 their stability appeared not to 

be sensitive to salt concentration. The stability of the MCH-treated aptamer-modified 

AuNPs are much lower, whether with folded or unfolded aptamers (~ 60 mM MgCh), 

presumably due to the decreased surface density of DNA on AuNPs produced by MCH 

exchange reactions.18
a,b In principle, AuNPs bearing folded and unfolded aptamers share 

the same aptamer chain length and graft density. Nevertheless, they may adopt different 

conformations: the folded aptamer has a well-defmed compact structure whereas the 

unfolded aptamer chain may be more randomly configured. These conformational factors, 

which highly impact on the stabilization/aggregation of steric-stabilized colloids, 1'
21 may 
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also contribute to the different stability observed for AuNPs with folded and unfolded 

aptamers. 

To examme the effect of AuNP surface-bound aptamer conformations on 

colloidal stability, dynamic light scattering (DLS) studies, a technique commonly used 

for characterizing colloidal properties such as size, shape, polydispersity and thickness of 

Table 6.2. Particle sizes obtained from DLS measurement. The concentrations ofMgC/2 
and adenosine are 4 mMand 1 mM, respectively. 

Particles 

Diameter 

(nm) 

Bare 

AuNP 

19.6±0.1 

Non-MCH-treated 

Au-TlOAdo 

H20 MgCl2 

29.4±1.l 28.5±0.3 

MCH-treated 

Au-TlOAdo 

H20 MgCl2 MgCl2+ 

adenosine 

29.3±0.6 24.9±0.8 27.3±0.9 

MCH-treated 

Au-Ado 

H20 MgCl2 MgClz+ 

adenosine 

27.3±1.l 24.2±0.3 25.6±0.5 

surface coatings,22 were conducted. The results are summarized in Table 6.2. Bare AuNP 

(before the modification of aptamer) have a diameter of 19.6 run. The size of bare AuNP 

measured by DLS is larger than that obtained from TEM study (13.5 run), which is 

mainly due to the fact that DLS measures the hydrodynamic radius while TEM provides a 

more precise measurement of the hard AuNP core.23 After modification with aptamer

TlOAdo (aptamer-Ado behaved similarly with TlOAdo in DLS studies and therefore will 

not be discussed herein in detail) and MCH treatment, Au-TlOAdo is 29.3 run in diameter 

in ddH20, which corresponds to a thickness of DNA layer of 4.8 run. By contrast, Au

TlOAdo has a diameter of 24.9 nm in salt solution (4 mM MgCh, 20 mM Tris-HCl, pH 

7 .5), with a DNA coating thickness of 2.6 nm. The reduced thickness of the DNA layer of 

Au-TlOAdo in the salt solution can be explained as follows: in ddH20, negative charges 

distributed along DNA backbones create a significant electrostatic repulsive force 

between DNA chains.21 This repulsion facilitates DNA chain extension, which results in 

thicker DNA layer.21 In contrast, the addition of salt largely suppresses the electric 

double layer and reduces the electrostatic repulsion between DNA chains.21 DNA 

molecules therefore tend to collapse back towards AuNP surface, leading to smaller 
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particle size and DNA layer thickness.21 This size shrinkage appears to be significant 

only for the MCH-treated Au-TlOAdo. For non-MCH-treated ones, the particle diameters 

are 29.4 nm and 28.5 nm in ddH20 and salt solution, respectively. This is presumably due 

to that there is not sufficient room for the DNA layer to collapse in the case of non-MCH

treated Au-TlOAdo with high surface graft density. Importantly, the AuNP with folded 

A BHiO .•. HiO 
I t 

4.9nm 4.Snm 

Au Au 

Au 

Non-MCH-treated MCH-treated 

Figure 6.3. Schematic illustration of aptamer conformational behaviours on (A) non
MCH-treated Au-TlOAdo in H20 and 4 mM MgCl2, (BJ MCH-treated Au-TJOAdo in H20 
and 4 mMMgCl2 (with and without adenosine). 

aptamers, obtained by mixing MCH-treated Au-TlOAdo and adenosine (1 mM) in 4 mM 

MgCh, 20 mM Tris-HCl, pH 7.5, has a diameter of 27.3 nm. The height of folded 

aptamer structure was therefore determined to be 3.8 nm, which is in good agreement 

with the theoretical value obtained from the previous NMR study. 19 
b These results 

indicate that the height (or thickness) of folded aptamer structure is larger than that of 

unfolded (but largely collapsed) aptamers in a given salt solution. To assess the size of 

individual particles, the salt concentration ( 4 mM MgCb, 20 mM Tris-HCl) used for DLS 

experiments was relatively low (but sufficient for the aptamer folding) and AuNPs with 

folded and unfolded aptamers are both stabilized. Higher salt concentration may initiate 
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the aggregation process for AuNP attached with unfolded aptamers, which makes the 

DLS measurement of individual particle size difficult. However, due to the nature of 

unfolded aptamer structures, it is reasonable to predict that the size of AuNPs with 

unfolded aptamers (no target bound) may undergo further shrinkage at higher salt 

concentrations. By contrast, the size of AuNP with folded aptamer structures would not 

be significantly affected by higher salt concentrations (e.g., 30 mM MgCh) due to their 

rigid and compact structures. DLS experiments support this theory: the size of Au-Ado 

(or Au-AdoTlO) with folded aptamer in the presence of adenosine at 30 mM MgCh (or 

60 mM MgCh) is 25.3 ± 0.3 nm (or 27.6 ± 0.6 nm), which is comparable to their sizes at 

lower MgCh concentrations (i.e., 4 mM) (Table 6.2). 

The heights (or thickness) of aptamer structures in different AuNP samples are 

illustrated in Fig. 6.3. From the electrostatic stabilization point of view, the repulsive 

force is dependent on the thickness of electric double layer.7 For AuNP with folded 

aptamers, the negative charges (and thus formed electric double layer) may be more 

extended from the surface than those of AuNP with unfolded aptamers at higher salt 

concentrations owing to their different heights on surface (Fig. 6.3B). This could be a 

reason why AuNPs with folded aptamer structures are more stable towards salt-induced 

aggregation. 

With respect to the steric stabilization, it is known that thicker coated polymer 

layers and higher surface graft densities yield more effective repulsive forces. 1•
21 This is 

certainly the case for non-MCH-treated Au-TlOAdo that can be stabilized even in 

solutions up to 300 mM MgCh, where electrostatic repulsion is significantly diminished. 

The size measurements obtained from DLS support this theory. Only a small decrease in 

thickness was found for non-MCH-treated Au-TlOAdo in the salt solution (Fig. 6.3A), 

which is presumably due to the limited space available for aptamer to collapse. Therefore, 

AuNPs are always coated by a relatively thick, dense DNA layer regardless of bulk salt 

concentration. This DNA layer serves as an effective polymeric stabilizer to prevent 

AuNP aggregation. This steric stabilization should play a dominating role at high salt 

concentration where electrostatic repulsion is negligible. For MCH-treated AuNPs (with 
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folded or unfolded aptamers), their stability dropped significantly, as a result of the 

decrease of aptamer graft density and thickness (Fig. 6.3B). MCH-treated AuNPs with 

unfolded aptamers showed a lower graft thickness in salt solution than AuNPs with 

folded aptamers (Fig. 6.3B). Therefore, compared to the AuNPs with folded aptamers, 

the AuNPs with unfolded (but largely collapsed) aptamers can more readily come close 

to an interparticle distance such that van der Waals forces will give a net attractive 

potential. This might be another reason why AuNP with folded aptamer is more stable 

than that with unfolded aptamers. 

In summary, the conformations that adopted by aptamers on the AuNP surface 

seem to be a key factor in determining their relative colloidal stability. Although the 

suggested mechanisms can explain the obtained experimental results, we acknowledge 

that we are still far from having a precise understanding for this unique phenomenon 

because of its complex nature. 

We have only considered so far the effect of Mg2
+ on aptamer conformational 

change through screening the charges associated with phosphate groups on DNA 

backbone. Meanwhile, the Mg2 
+ may target other binding sites associated with 

nucleobases, which may or may not affect the secondary (or tertiary) structures of 

unbound and bound aptamers. For unbound aptamers in the absence of adenosine, the 

prediction of aptamer structure at different Mg2 
+ concentration (0 - 60 mM) using mfold 

software19
a did not show any specific secondary structures. This suggests that, without a 

target, the aptamer adopts a rather randomly distributed form, and the addition of MgCh 

does not contribute to any specific aptamer secondary structure formation other than 

collapsing the aptamer by screening charges associated with aptamer. A certain amount 

of Mg2 
+ (e.g., 4 mM) is required for the folding of the aptamer in the presence of 

adenosine. Once folded into a rigid, compact structure, the further addition of Mg2 
+, 

under studied conditions (Mg2
+ concentration: 4 - 60 mM), seems to have little (if any) 

effect on the secondary (or tertiary) structure of folded aptamer/target complex. This 

assessment is supported by the present work where we showed above that Mg2 
+ 

concentration has little effect on the size of AuNPs with folded aptamers, as well as by a 
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previous study12 
j in which the adenosine aptamer functions similarly at Mg2 

+ 

concentrations ranging from 4 - 60 mM. Nevertheless, there is no quantitative data or 

precise model available on how Mg2 
+ interacts with the adenosine aptamer before and 

after folding with adenosine, or how that affects aptamer secondary (or tertiary) 

structures. These questions represent our future research interests. 

Since the amount of counterions (e.g., Mg2l and H20 molecules associated with 

aptamers before and after folding with adenosine might be different,24 the electrophoretic 

properties of aptamers in folded and unfolded states could be another factor that affects 

the colloidal stability. Unfortunately, our preliminary results obtained from Zeta potential 

measurements and agarose gel electrophoresis25 could not differentiate the AuNPs with 

folded and unfolded aptamers (data not shown). Quantitative calculations24 of the amount 

of charges associated with aptamers before and after folding will be conducted in the 

future work. Furthermore, we could not provide the quantitative data for the entropic 

factors associated with target-induced specific aptamer folding and salt-induced 

nonspecific aptamer collapse. In general, the formation of rigid polymer structures or the 

loss of polymer flexibility on colloid surface results in an entropic penalty that can 

destabilize the colloids.9 In the present work, it seems likely that even if there is more 

entropic loss in the aptamer folding process than that associated with aptamer collapse 

induced by salt, this entropic penalty can be overcome by the electrostatic and steric 

contributions mentioned above. 

The interparticle attraction forces that cause AuNP aggregation have so far been 

attributed to van der Waals attraction. However, due to the particular nature of DNA, one 

may argue that other interparticle bridging forces (e.g., hydrogen-bonding, hydrophobic 

force) may also exist. We think these forces are less likely the key factors that dominate 

the AuNP aggregation in this study for the following reasons. First, for the AuNP 

aggregation induced by the complementary DNA bridging, at least 12 base pairs are 

required to provide a sufficient hybridization. 4a There is no such designed base-pairing in 

the present study. More importantly, the AuNP aggregation induced by interparticle DNA 

bridging is known as a relatively slow process:4
a it generally requires hours to observe a 
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red-to-purple color change and an annealing process controlled by temperature is 

normally applied. In the present work, an instant color change associated with AuNP 

aggregation was observed at room temperature right after the addition of salt. This rapid 

aggregation is a characteristic feature of van der Waals attraction induced colloidal 

aggregation.7 Furthermore, we studied the aggregation process at an elevated temperature 

o.s 

0 
N ..,., 
c( 
...... 
0 

0 


'°c( 

0.25+-~~...--~~..--~--.~~---.~~---. 

0 2 4 6 8 10 

Time {min) 

Figure 6.4. Temperature effect on aggregation kinetics ofAu-TIOAdo with and without 
adenosine. 

(Fig. 6.4). If the aggregation was indeed induced by interparticle DNA base-pairing, it 

would be expected that the aggregation process would be diminished as the interparticle 

bonds (e.g., hydrogen-bonds) are broken at higher temperatures. In contrast, we found 

that the AuNP aggregation is more rapid at elevated temperatures, a typical phenomenon 

found in van der Waals force controlled aggregation: higher temperature causes a faster 

colloid collision rate and therefore more rapid aggregation.7 This suggests the AuNP 

aggregation in the present study is less likely due to interparticle bridging forces. 

6.3.4 Biosensorsfor adenosine, adenosine deaminase (ADA) and ADA inhibitor 

One of the advantages of using AuNP as a model colloid is that aggregation (or 

redispersion) processes are associated with a visible red-to-purple (or purple-to-red) color 

change, which allows the system to be directly transformed into colorimetric biosensors. 

As shown in Fig. 6.5, A600/A520 at 10 minutes after the addition of adenosine was 
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plotted as a function of adenosine concentration. Since aptamer folding in the presence of 

adenosine stabilizes AuNPs (decreases the aggregation rate), the addition of adenosine 

inhibited the color change (or red shift in the UV-vis spectra). Importantly, the degree of 

the inhibition of color change is directly related to the amount of adenosine used, and a 

standard target concentration titration curve was established (Fig. 6.5). The detection 
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Figure 6.5. The inhibition ofred-to-purple color change (A600/A520) as a function ofthe 
concentration ofadenosine. 

range of adenosine in the current assay is ~20 µM-2000 µM. Furthermore, the 

dissociation constant (~), which is 263 µM, was obtained based on the binding curves in 

Fig. 6.5 (see Figure S6.2 in Supporting Information for the ~ calculation). This ~ value, 

which reflects the aptamer affinity on AuNP surface, is larger than that (~6 µM 19c) 

obtained from free aptamers in solution. This is presumably because aptamers on surfaces 

are less accessible to their targets than those in solution. 

As demonstrated previously, the stabilization effect associated with aptamer 

folding is specific to adenosine, but not to other control molecules such as inosine. This 

provided a simple colorimetric assay for the detection of adenosine deaminase (ADA), an 

enzyme that converts adenosine to inosine (Fig. 6.6A) and is of great biological and 

clinical importance.26 In the ADA detection assay, AuNPs with folded aptamer/adenosine 

complex were used as starting materials. They are stabilized at a relatively high salt 
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concentration and these well-dispersed AuNPs exhibit a red color. The addition of ADA 

(1 unit/ml) that converts adenosine into inosine destabilized AuNPs and resulted in a red

to-purple color change and a red shift on UV-vis spectra (Fig. 6.6B, C). The degree of 

color change is directly related to the ADA concentration used in the assay (Fig. 6.6D). 

The detection range of ADA under investigated conditions ranges from 0.4 to 4 units/ml. 
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Figure 6.6. (A) Adenosine can be converted into inosine by ADA. (B) The aggregation of 
Au-TJOAdo-Target can be induced by ADA that converts adenosine to inosine. (C) UV
visible spectra of Au-TIOAdo-Target (black curve), Au-TIOAdo-Target +ADA (purple 
curve) and Au-TIOAdo-Target +ADA+ inhibitor (red curve). The spectra were taken 10 
min after mixing all the ingredients in each sample. (D) A600/A520 at I 0 min after the 
addition ofADA is plotted as a function ofthe ADA concentration. 

Meanwhile, the addition of erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) ( 400 

µM), a known inhibitor of ADA,26
a significantly inhibited the color change (Fig. 6.6C, 

red curve). This colorimetric assay can therefore find potential applications in the 

diagnostic of ADA related diseases and drug discovery. 

6.3.5 Aggregation reversibility 

One fascinating feature of the current system is that the aggregation process of 

aptamer-modified AuNPs at high salt can be halted by the addition of adenosine, and 
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aggregation can even be partially reversed using adenosine. This process, depicted in Fig. 

6.7A, was monitored by A600 in UV-visible spectrum (Fig. 6.7B). The addition ofMgCb 

(60 mM) to aptamer-modified AuNPs (3 nM) led to aggregation and a gradual increase of 

A600. Adenosine (1 mM) was added during the aggregation process, and it resulted in a 

partial (60-70 %) redispersion of aggregated AuNPs as indicated by the drop in A600. 
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Figure 6. 7. (AJ The addition of adenosine during the aggregation process of aptamer
modified AuNPs can halt the aggregation and partially redisperse some of the 
aggregates. This process was monitored by the change of A600 in UV-Visible 
spectroscopy in (BJ. (CJ Schematic illustration of the operation of multiple 
aggregation/redispersion cycles: ADA converts adenosine to inosine, which causes the 
aggregation of Au-TJOAdo-Target at high salt concentration (60 mM MgCl2J. The 
addition ofadenosine redisperses the formed aggregates. Because ADA is always present 
in the system, the newly added adenosine will be gradually converted into inosine again, 
resulting in AuNP aggregation. This aggregation/redispersion process is monitored by 
A600 in UV-visible spectra (DJ. 

The reversibility was further illustrated by introducing multiple 

aggregation/redispersion cycles that were achieved by incorporating ADA in the system. 

As illustrated in Fig. 6.7C, AuNPs with folded aptamer/adenosine complex (Au-TlOAdo

Target; 3 nM) were initially stabilized at 60 mM MgCb. The addition of ADA ( 4 units/ml) 

that converted adenosine to inosine led to AuNP aggregation. The addition of adenosine 

( 1 mM) to the system partially redispersed the aggregates to stabilized AuNPs again. 

Since ADA was always present in the system, adenosine was being continuously 
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consumed, which eventually resulted in AuNP aggregation. This process was monitored 

at A600 (Fig 6.7D). Note that, under the current investigated conditions, this 

aggregation/redispersion process can only operate for a few cycles and it took longer time 

for ADA to consume adenosine to reach the same aggregation level than it required in the 

previous cycle. There are probably two reasons for this: the denaturation of ADA by 

AuNPs during the process or the inhibition effect from accumulated inosine product. We 

think the former one is the major reason in this case because our previous work:26
a where 

the same enzyme reaction was conducted in the absence of AuNPs showed that the 

aptamer/adenosine association/disassociation process can be operated by ADA many 

more cycles. 
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Figure 6.8. (A) Schematic illustration ofthe different stability for AuNPs with folded and 
unfolded K binding aptamer. (B) To quantify K , A600/A520 at 10 min after the addition 
ofK is plotted as a function of the K concentration. 20 mM MgCl2 was used in these 
assays. 
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6.3.6 Generality 

To test the generality of the colloidal stabilization effect observed for AuNP with 

folded aptamers, we investigated another DNA aptamer that specifically binds to K+ and 

folds into a well-characterized tertiary structure known as G-quartet.27 Similarly with the 

adenosine aptamer/ AuNP system described above, AuNPs with the K+ folded aptamer 

were more stable than those with its unfolded structure at high salt concentration (Fig. 

6.8). Using a similar strategy as described in the adenosine sensing assay, a quantification 

curve where A600/ A520 at 10 minutes after the addition of K+ is plotted as a function of 

K+ concentration was obtained (Fig. 6.8B). The Ko for K+ aptamer on AuNP was then 

estimated to be ~15 mM (see Figure S6.3 in Supporting Information). Note that the 

control experiments where Na+, Lt, or aptamer mutant sequence (KM, Table 6.1) was 

used did not show significant stabilization effect (data not shown), indicating that the 

stabilization effect is indeed due to the specific K+ aptamer folding. 

6.4 Conclusion 

This work serves as a first step towards understanding the nature of DNA aptamer 

folding on AuNP surfaces and its influence on colloid properties. The discoveries in this 

exploration would not only complement traditional polymer/colloid theories, but could 

also directly lead to a number of applications in nanobiotechnology including biosensors 

and nanoassemblies. In addition to the two different aptamer investigated in the present 

work, DNA and RNA can have other functions (e.g., catalytic capability) and can adopt a 

number of other structures such as hairpin and i-motif. 12
a The study of the behaviors of 

these functions and structures on surfaces should provide more insight to the complex 

nature of nucleic acid/colloid systems, which could lead to broader applications. 

Meanwhile, given the difficulties associated with the prediction of nucleic acid secondary 

and tertiary structures, the facile colorimetric AuNP-based assays may be applied for the 

study of nucleic acid folding and interpretation of their structural information. 28 
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6.7 Supporting Information 

Experimental Section 

Materials. Trisodium citrate, hydrogen tetrachloroaurate(III) (HAuC4), 6

mercaptohexan-1-ol (MCH), adenosine, adenosine 5'-triphosphate (ATP), potassium 

chloride (KCl), sodium chloride (NaCl), lithium chloride (LiCl), inosine, erythro-9-(2

hydroxy-3-nonyl)adenine (EHNA), ethyl acetate and adenosine deaminase (ADA) were 

purchased from Sigma and used as received. [y-32P]-ATP was obtained from Amersham 

Biosciences. DNA molecules were obtained from Integrated DNA Technologies (IDT). 

Preparation ofaptamer-modified AuNPs. AuNPs (~13.5 nm in diameter based on 

transmission electron microscopy (TEM) measurement) were prepared according to 

previously described protocols. 1 The concentration was estimated using UV/vis 

M-1 1spectroscopy to be ~13 nM, based on an extinction coefficient of 2.7x 108 cm- at 

A.=520 nm. Ia Aptamer-modified AuNPs were then prepared using the standard surface 

modification protocol based on Au-S chemistry. 1 Briefly, an AuNP solution (600 µL, ~13 

nM) was mixed with thiol-modified oligonucleotides (280 µL, 6.6 µM) (see Table 6.1 for 

the sequences of adenosine, K+ aptamers and their mutants). The solution was incubated 

at room temperature for 12 h. Tris-HCl buffer (10 µL, 1 M, pH 7.5) and aqueous NaCl 

(90 µL, lM) were added, and the mixture was incubated for another 12 h. After that, Tris

HCl buffer (5 µL, 1 M, pH 7.5) and aqueous NaCl (50 µL, SM) were added, and the 
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mixture was further incubated for 18 h at room temperature. The solution was then 

separated by a centrifuge at 22000 g for 15 min. The precipitated aptamer-modified 

AuNPs were washed with double-deionized (dd) H20 (600 µL) and isolated using 

centrifugation. Finally, adenosine aptamer-modified AuNPs (referred to as Au-Ado and 

Au-TlOAdo for the aptamer without and with TIO linker, respectively) and K+ aptamer

modified AuNPs (referred to as Au-K) were redispersed in 600 µL adenosine buffer 

(Tris-HCl (20 mM), pH = 7.5, NaCl (100 mM)) and ddH20, respectively. For the 

synthesis of radioactive oligonucleotide, [ y-32P] ATP (20 µCi) was incorporated using the 

manufacturer-supplied protocol. 

MCH treatment. The aptamer-modified AuNPs were treated with MCH as 

described elsewhere.2 Briefly, Au-Ado (or Au-TlOAdo) solution prepared above was 

diluted with an equal volume of adenosine buffer, MCH was then added to give a final 

MCH concentration of~ 4 µM. The MCH treatment was performed at room temperature 

for 30 min. The reaction was quenched by three washes with equal volumes of ethyl 

acetate, which removed excess MCH from the aqueous solution. A similar procedure was 

used for Au-K with an exception that ddH20 was used instead of adenosine buffer. The 

aptamer-modified AuNPs were spun down using centrifugation at 22 000 g for 15 min. 

The final Au-Ado (or Au-TlOAdo) and Au-K were redispersed in 600 µL adenosine 

buffer and ddH20, respectively. 

Au-Ado (or Au-TJOAdo) stability with and without adenosine. Adenosine aptamer 

folding on Au-Ado (or Au-TlOAdo) was conducted in a solution that contained Au-Ado 

(or Au-TlOAdo) (~ 3 nM), adenosine (1 mM), Tris-HCl (20 mM), pH = 7.5, 4 mM 

MgCh and NaCl (100 mM). At this salt concentration (4 mM MgCh andlOO mM NaCl), 

both Au-Ado (or Au-TlOAdo) and Au-Ado with folded aptamer/adenosine complex 

(referred to as Au-Ado-Target) (or Au-TlOAdo-Target) were stable and the solutions 

appeared red. To determine their stability, MgCh (1 M) solution was gradually added 

into AuNP solutions until a red-to-purple color change was observed over a short period 

of time(~ 1 min). 
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Au-K stability with and without K. K+ aptamer folding on Au-K was performed 

in an aqueous solution containing Au-K (- 3 nM) and KCl (10 mM). Using a strategy 

that is similar to the adenosine system, the stability of Au-Kand Au-K with the folded 

aptamer/K+ complex (referred to as Au-K-Target) was studied by gradually adding 

MgCh (1 M) until a red-to-purple color change was observed over a short period of time 

(- 1 min). 

Adenosine and K sensing assays. In the case of adenosine, assay solutions (250 

µL) contained various amounts of adenosine, Au-TlOAdo (- 3 nM), Tris-HCl (20 mM), 

pH= 7.5, NaCl (100 mM) and MgCh (60 mM). Specifically, a mixture (180 µL) of Au

TlOAdo (- 4.14 nM), Tris-HCl (28 mM) and NaCl (138 mM) was first prepared. A 

solution (70 µL) of MgCh (214 mM) and various amounts of adenosine were then added, 

after which UV-visible spectra were recorded continuously on a Cary300 UV/vis 

spectrophotometer for 10 min at room temperature (21 °C) or 35 °C. 

A similar assay was performed for the detection of K+. Briefly, assay solutions 

(250 µL) contained various amounts of K+, Au-K (- 3 nM), and MgCh (20 mM). UV

visible spectra were recorded continuously on a Cary300 UV/vis spectrophotometer for 

10 min at room temperature immediately after the addition of KCl and MgCh. 

Adenosine deaminase (ADA) sensing assay. Au-TlOAdo (- 3 nM) was mixed 

with adenosine (1 mM) solution in a buffer containing Tris-HCl (20 mM), pH = 7.5, 

MgCh (60 mM) and NaCl (100 mM). Various amounts of ADA were then added, after 

which UV-visible spectra were recorded on Cary300 UV/vis spectrophotometer at room 

temperature. To study the inhibition, the ADA inhibitor, EHNA (400 µM), was 

incorporated in above Au-TlOAdo solution before the addition of ADA. 

Characterizations. TEM samples were prepared by dropping AuNP solutions ( 4 

µL) onto a carbon-coated copper grid. The solution was wicked from the edge of the grid 

with a piece of filter paper after 1 min. TEM images were taken with a JEOL 1200 EX. 

UV-visible spectra were recorded on a Cary300 UV/vis spectrophotometer. Dynamic 

light scattering (DLS) measurements were performed at 25 °C and a scattering angle of 

90° using a Brookhaven (Holtsville, NY) 256 channel BI-APD 8590 correlator and a 35 
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mW 632.8 nm laser. The particle size (diameter) was calculated by cumulative intensity 

distribution using the program CONTIN. Each reported particle size was the average of 

10 measurements. 
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Supporting Figures 

/ apta111er 

Figure S6. 1. Three-dimensional model for folded DNA aptamer/adenosine 
monophosphate (AA1P) complex. This structure, obtained based on a previous NMR 
study, 3 is adopted from the RCSB protein data bank. Aptamer backbone together with 
nucleobases are shown in green. In AA1P model structure, C, N, 0, P and Hare shown in 
grey, blue, red, orange and white, respectively. One aptamer/AA1P complex contains two 
adjacently bound AA1P molecules. Detailed structural information can be found in 
reference 3. 
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Figure S6.2. Determination ofthe dissociation constant (Kd) for adenosine-binding DNA 
aptamer. The A52llA600 (abbreviated as A) vs. adenosine concentration data were fit into 
a modified one phase exponential association equation, A =Amin + (Amax - Am;,J x (1
e-kfadenosineJ), where the best-fit Amin = 1.026 with the Amax constraint of ?.1.8, with R2 = 

0.95. Kd was approximated from the mid-point of the equation, -ln(0.5/k), where k (an 
arbitrary constant) has a value of 0.002632. By this method, a Kd of 263 µM was 
obtained. 
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Figure 6.3. Determination ofKdfor potassium ion-binding DNA aptamer. The As20IA600 
vs. potassium concentration data were fit into a modified one phase exponential 
association equation, A =Amin+ (Amax -Ami,J x (1-e-kfpotassiumJ), where the best-fit Amin = 
0.83 with the Amax constraint = 3, with R2 = 0.98. Kd was approximated from the mid
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point ofthe equation, -ln(O. 5/k), where k has a value of0. 04 7. By this method, a Kd of15 
mMwas obtained. 
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Chapter 7: DNA polymerization on gold nanoparticles through 

rolling circle amplification: towards novel scaffolds for three

dimensional periodic nanoassemblies 

The following chapter was published m Angewandte Chemie International 

Edition under the citation: 

Weian Zhao, Yan Gao, Srinivas A. Kandadai, Michael A. Brook, Yingfu Li. DNA 

polymerization on gold nanoparticles through rolling circle amplification: towards novel 

scaffolds for three-dimensional periodic nanoassemblies. Angew. Chem. Int. Ed., 2006, 

45, 2409-2413. 

I was responsible for all data collection and analysis with the exception that Dr. 

Yan Gao conducted the AFM experiments. Dr. Srinivas A. Kandadai trained me with 

DNA-based techniques and also helped in the collection of PAGE data. I wrote the first 

draft of the manuscript and Dr. Brook and Dr. Li provided editorial input to generate the 

fmal draft of the paper. 
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7.1 Introduction 

Recent years have witnessed an explosion of interest in the use of DNA

nanoparticle bioconjugates for programmed nanostructures, 1 D or 2D nanoparticle arrays, 

nanoelectronics, and biosensing and biodiagnosticsY-91 DNA was chosen as a polymeric 

material in these studies owing mainly to the specificity of DNA base-pairing, the 

predictability of inter- or intramolecular interactions, its physicochemical stability, and 

mechanical rigidity. In addition, DNA can be manipulated and modified by a wide range 

of enzymes, including DNA polymerase, ligase, and restriction endonucleases. The 

powerful, convenient, and specific enzymatic manipulations make DNA a highly 

desirable building block for the construction of various nanostructures. In the current 

study, we set out to investigate whether we can perform rolling circle amplification (RCA) 

between a DNA oligonucleotide tethered to gold nanoparticles (AuNPs) as the primer and 

a single-stranded circular DNA as a template, catalyzed by a special DNA polymerase 

known as <j>29 DNA polymerase ( <j>29DNAP). 

RCA is a powerful but simple biochemical method that can be used to generate 

long single-stranded DNA (ssDNA) with a repeating sequence unitY0
-

111 In a typical 

RCA process, a DNA polymerase, such as <j>29DNAP, which has a strong ability to 

displace newly synthesized DNA strands, makes continuous nucleotide additions to a 

growing DNA chain over a short circular single-stranded DNA as the template under 

isothermal conditions. As a result, long, linear tandemly repetitive single strands of DNA 

are produced. As the synthesized long DNA molecules contain many repeating sequence 

motifs, RCA coupled with ensuing hybridization with fluorescent DNA probes has been 

used as an on-chip signal-amplification tool for sensitive biosensing.£12
-
161Recently, it has 

been shown that long DNA molecules from RCA can be used as scaffolds for assembling 

nanoparticles to form ID nanoparticle arrays.£11
-
181 However, to our knowledge, 

performing the RCA reaction on gold nanoparticles and using the resultant special DNA

AuNP assemblies to form 3D nanoparticle array have not been demonstrated. 
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Figure 7.1. A) Schematic illustration ofRCA on gold nanoparticles (AuNPs). BJ DNA-Au 
conjugates p roduced by RCA as a scaffold for the formation of3D nanostructures. 

7.2 Results and discussion 

Figure 7 .1 schematically illustrates the RCA process on gold nanoparticles and its 

scaffolding for 3D periodical nanoassemblies. Gold nanoparticles of 15 nm diameter 

were first prepared by the classical citrate reduction route. Thiol modified DNA primers 

(41 nucleotides) were then functionalized onto the nanoparticles following Mirkin' s 

approach_[5JThe concentration of DNA primers on the gold nanoparticles, referred to 

B 
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hereafter as primer-Au, was determined using UVNis spectroscopy by measuring the 

amount of DNA in solution before and after coupling; each primer-Au contained 

approximately 230 DNA primer strands. A 63-nucleotide-long circular DNA template 

was then annealed with the DNA-functionalized gold nanoparticles. The hybridization 

efficiency, as examined by measuring the radioactivity on the gold nanoparticles and in 

solution after annealing with a radiolabeled circular DNA template, was estimated to be 

approximately 30 %, which is consistent with a previous study.[191 A control experiment 

in which a non-complementary radiolabeled circular DNA template was annealed with 

primer-Au showed negligible non-specific binding. 

To achieve the best RCA performance, we optimized the experimental conditions. 

Our foremost concern was the stability of primer-Au in the presence of dithiothreitol 

(DTT). Primer-Au nanoparticles underwent irreversible aggregation in the presence of 4 

mM DTT (a condition recommended by the manufacturer of cj>29DNAP) at 30 °C in 30 

min. As <j>29DNAP was supplied in a stock solution containing 1 mM DTT that was 

critical to the storage of the enzyme, we next performed the RCA reaction using diluted 

conditions (50 µM OTT and 5 units of <j>29DNAP in 10 µL reaction solution). At this 

concentration of DTT, primer-Au was found to be stable (no detectable color change and 

no aggregation). Note that further dilution of the <j>29DNAP stock solution produced an 

ineffective enzyme concentration for RCA. The second point of concern was the effect of 

the concentration of primer-Au conjugates on the performance of <j>29DNAP. To 

investigate this issue, we conducted the RCA reaction in solution in the presence of T20

Au (gold nanoparticles functionalized with DNA oligonucleotides containing 20 thymine 

bases) and found that these nanoparticles, particularly at high concentration (typically 

over 3 nM), significantly inhibited the activity of <j>29DNAP (data not shown) presumably 

because some enzymes were nonspecifically adsorbed and denatured by the gold 

nanoparticles. On the basis of these results, we subsequently carried out the RCA reaction 

at relatively low concentrations of primer-Au (ca. 0.67 nM) and over a relatively short 

period (30 min), considering the high efficiency of DNA polymerase. The reaction 

temperature was fixed at 30 °C, as recommended by the manufacturer. 
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The resultant DNA was displaced from the surface of the gold nanoparticles by 

incubation with 250 mM mercaptoethanol at 37 °C overnight. The band obtained at the 

top of a 10% PAGE gel (Figure 7 .2, lane 1) indicated that a large amount of high

molecular-weight DNA product was formed by RCA on the gold nanoparticles. As a 

critical test of the rolling circle amplification, a restriction endonuclease digestion 

experiment was performed. Each repetitive DNA unit contained a TCGA site that can be 

digested by the endonuclease Taq I. In the presence of Taq I, the long DNA molecules 

were indeed converted into much shorter DNA fragments (monomer, dimer, trimer, etc.) 

after 2 h digestion (lane 2 of Figure 7.2). It was difficult to determine precisely the length 

of the DNA produced by RCA; however, we estimated (based on the counting of DNA 

fragments as the marker in lane 2 of Figure 7.2) that the DNA molecules produced on the 

gold nanoparticles were significantly larger than 1000 nt (nt =nucleotide). 

1 2 3 

.,. 

• 
TetramerI 
Trimer 

• Dimer 

.. Monomer 

Figure 7.2. 10% denaturing polyacrylamide gel electrophoresis (PAGE) for the product 
obtained by RCA and synthesized from radiolabeled dNTPs (lane 1), the product 
obtained after digestion by Taq I (lane 2), and a 63-nt-long linear DNA oligonucleotide 
(lane 3). 
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The long-DNA-Au conjugates were also directly investigated by atomic force 

microscopy (AFM). A DNA brush conformation, in which long DNA (typically hundreds 

of nanometers to microns in length) grafted from gold nanoparticles by RCA, was clearly 

observed (Figure 7.3, A and B). The long ssDNA, unlike rigid double-stranded DNA 

(dsDNA), cannot be fully stretched; that is, some of the ssDNA may stick together and 

condense into globular structures. Indeed, in some cases, two ssDNA (Figure 7.3B, blue 

Figure 7.3. Tapping mode AFM images (amplitude mode) for long-DNA-Au conjugates 
obtained through RCA with gold nanoparticles. Scale: A) 1000 x 1000 nm2

; B) 800 x 

800 nm2
. In (B), the blue arrows indicate ssDNA strands, and the yellow arrow indicates 

dsDNA-like structures. 

arrow) appeared to merge into dsDNA-like structures (Figure 7.3B, yellow arrow). It was 

a surprise that there were only tens or less of ssDNA grafted from each gold nanoparticle, 

considering that there were about 230 primers on each nanoparticle. Such a low graft 

density may be attributed to the fact that 1) the hybridization efficiency of the circular 

DNA template and primer-Au was poor (ca. 30%), 2) the DTT present (even at a low 

concentration) could displace the primer from the surface by thiol exchange, or 3) the 

DNA polymerase could be inhibited by the Au surface due to enzyme denaturation and 

steric effects. Note also that the size of these gold nanoparticles as measured by AFM 

was larger than those of both unfunctionalized "bare" gold nanoparticles and primer-Au 

(AFM data not shown), which is a typical phenomenon when one uses AFM to 

characterize a rigid nanoparticle core with polymer brushes collapsed on the surfaceY0J 
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We next tested the capabilities of the DNA-Au nanoparticle conjugates, referred 

to as long-DNA-Au, to act as 3D scaffolds for further nanoassernblies by incubating 

long-DNA-Au with 5-nm gold nanoparticles that were modified with a 25-nt antisense 

oligonucleotide overnight. The resultant long-DNA-Au/5-nm-AuNP complexes were 

isolated by centrifugation at a relatively low speed (5000 rpm for 10 min) and analyzed 

by transmission electron microscopy (TEM). 
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Figure 7.4. A) TEM images ofnanoassembled superstructures prepared from 5-nm gold 
nanoparticles modified with antisense DNA and long-DNA-Au scaffolds. Scale bar: JOO 
nm. The red box was zoomed in to obtain the image shown in part (B). C) Height-mode 
AFM image ofnanoassembled superstructures constructed.from long-DNA-Au and 5-nm 
gold nanoparticles. The brighter and bigger dots correspond to the 15-nm gold 
nanoparticles. Scale: 2000 x 2000 nm2

. D) Confocal microscopy images oflong-DNA-Au 
decorated with complementary DNA-capped Alexa 647. Scale bar: 5 µm. 
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A typical nanoassembled superstructure (Figure 7.4 A) showed that 5-nm gold 

nanoparticles appeared only in the area (typically a few hundred nanometers in diameter) 

surrounding the 15-nm gold nanoparticles, indicating that these complexes were formed 

specifically by Watson-Crick base pairing. The average number of assembled 5-nm gold 

nanoparticles on each long-DNA-Au conjugate was approximately 26, as obtained 

statistically from 157 individual nanoassembled architectures. Remarkably, the distance 

between 5-nm gold nanoparticles along the long DNA (to clarify, attempts were made to 

trace DNA; see Figure 7.4B, red line) in most cases was in good agreement with the 

theoretical distance (ca. 21 nm), given that the distance between 5-nm gold nanoparticles 

is identical to the length of the 63-nucleotide-long DNA template and the separation 

between base pairs in a typical B-form dsDNA helix is 0.34 nm. These data strongly 

suggest that the nanoassembly events occurred in a well-defined, periodic manner along 

these long DNA. This conclusion was further confirmed by AFM studies in which the 

successful periodical assembly of 5-nm gold nanoparticles along these long DNA 

surrounding the 15-nm gold nanoparticles was clearly observed (Figure 7.4C). Control 

experiments in which 5-nm gold nanoparticles that were not functionalized with antisense 

DNA were incubated with long-DNA-Au, did not show any well-defined superstructures 

(data not shown). Indeed, neither long-DNA-Au nanoparticles nor 5-nm gold 

nanoparticles could be spun down by using the same centrifugation speed ( 5000 rpm for 

10 min). 

The long-DNA-Au conjugates were also investigated as scaffolds that could be 

decorated with dyes (Alexa 647) modified with antisense DNA. After incubation, the 

complex was isolated, purified by centrifugation, and analyzed by confocal microscopy. 

Bright fluorescent dots, with diameters of hundreds of nanometers to microns, were 

clearly observed (Figure 7.4D). In contrast, the control experiment in which Alexa 647 

modified with non-complementary DNA was used did not show any fluorescence (data 

not shown). Given that the RCA process itself is a signal-amplification tool and is widely 

used for microarray-based biodetections,l12
-
161 the adaptation of RCA on nanoparticles can 

potentially open a new avenue for ultrasensitive nanoparticle-based biosensing. This 
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application may be particularly useful when the unique properties of nanoscaled materials 

are incorporated. 

7.3 Conclusion 

In conclusion, we have demonstrated that long single-stranded DNA can be 

grafted directly from gold nanoparticles and the resultant DNA-AuNP assemblies can be 

further used as a unique scaffold that may find a number of applications in 

nanotechnology and biodiagnostics. The envisioned applications include the design of 

well-ordered 3D nanoparticle arrays, nanocomputing devices, nanophotonics and 

electronics, bioimaging tools, and ultrasensitive biosensors. While there are still some 

drawbacks (e.g. high polydispersity of DNA polymers synthesized by RCA, thiol 

exchange by DTT, interparticle crosslinking during nanoassembly when AuNPs are 

attached with multiple DNA strands, etc.) associated with this strategy that need to be 

overcome, the scaffolding on the basis of this long-DNA-Au scaffold has several 

significant advantages: 1) The assembly events are performed in a three-dimensional and 

periodic manner, given that these DNA polymer brushes containing repetitive sequences 

are grafted from a gold nanoparticle core. 2) This assembly is fully controllable, that is, 

the distance between assembled nanospecies can be readily varied by adjusting the length 

of the circular DNA template. 3) The assembly is entirely reversible owing to the nature 

of DNA base pairing. 4) Multiple assemblies, wherein two or more nanospecies are 

constructed simultaneously, can be readily achieved simply by assembling different 

species functionalized with different antisense DNA or by performing different RCA 

process on each single nanoparticle. 

7.4 Experimental Section 

15-nm gold nanoparticles were prepared following the reported approach with 

minor modifications.[s] Trisodium citrate (Sigma; 25 mL, 38.8 mM) was added to a 

boiling solution of HAuC4 (Sigma; 250 mL, 1 mM). Within several minutes, the color of 

the solution changed from pale yellow to deep red. The mixture was allowed to heat 
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under reflux for another 30 min to ensure complete reduction, before it was slowly cooled 

to room temperature, and the nanoparticles were filtered through a 200-nm filter. 

Primer-Au conjugates were prepared according to a published method.£51Briefly, 

5 '-thiol-modified DNA primers ( 5 '-thiol

TTTTTTTTTTTTTTTTTTTTGGCGAAGACAGGTGCTT AGTC, Keck Biotechnology 

Resource Laboratory, Yale University; 5.6 µL, 70 µM) were mixed with H10 (25 µL) and 

then added to the gold nanoparticles (50 µL, 13.4 nM). The solution was aged overnight 

and then added to phosphate buffer (10 mM, pH 7, NaCl, O.lM) and aged for another 12 

h. NaCl (0.3M) and phosphate (10 mM, pH 7) were then added to the mixture and the 

solution was allowed to stand for another 12 h. The resultant solution was centrifuged, 

and the particles were washed once with sodium phosphate buffer (200 µL, 0.3M, pH 7). 

The primer-Au conjugates were then redispersed in water (50 µL). 

The circular DNA template was prepared according to a procedure adapted from a 

published protocol.[21) First, linear DNA (5'

TGTCTTCGCCTTCTTGTTTCCTTTCCTTGAAACTTCTTCCTTTCTTTCTTTCGAC 

TAAGCACC, Central Facility, McMaster University; 16.3 µL, 30.6 µM) was 

phosphorylated by T4 polynucleotide kinase (MBI Fermentas) using the manufacturer

supplied protocol. The enzyme was denatured by heating at 90 °C for 5 min. This 

solution was used directly for DNA ligation in the presence of ligation templates (5 '

GGCGAAGACAGGTGCTTAGTC, Central Facility, McMaster University; 7.6 µL, 78.5 

µMand T4 DNA ligase (MBI Fermentas) at room temperature overnight. The circular 

DNA was purified by 10% PAGE and redispersed in water. 

RCA on the gold nanoparticles was performed as follows: First, the circular DNA 

template was annealed with primer-Au. In a typical experiment, a solution of the primer

Au (4 µL, ca. 13.4 nM) and an excess of the circular template were mixed in RCA buffer 

solution (50 mM Tris-HCl, 10 mM MgCh, lOmM (NH4) 2S04, pH 7.5, 20 µL). This 

mixture was heated at 60 °C for 5 min and then annealed at room temperature for 30 min. 

Two centrifugation/redispersion cycles were applied to get rid of the non-specifically 

bound circular template by RCA buffer solution ( 50 µL), and the final product was 
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redispersed in RCA buffer solution (20 µL). <j>29 DNA polymerase (NEB, 4 µL, 40 units) 

and dNTPs (dATP, dTTP, dCTP, dGTP; MBI Fermentas, 4 µL, 1 mM) were added to the 

above solution, and the final volume was brought to 80 µL with RCA buffer solution. For 

the synthesis of radioactive RCA product, [a-32P]-dGTP (Amersham Biosciences; 2 µL, 

specific activity: 20 µCi) was incorporated. The reaction was performed at 30 °C for 30 

min. The product (long-DNA-Au) was washed twice with RCA buffer (50 µL) and H20 

(50 µL) using centrifugation and redispersed in water (20 µL). For AFM experiments, the 

solution of long-DNA-Au was diluted 10-fold and 30 µL of the resultant solution was 

spin-coated (3500 rpm) onto a freshly cleaved mica surface and investigated by AFM 

(Digital Instruments Nanoscope II). For gel electrophoresis experiments, the resultant 

DNA was displaced from the surface of the gold nanoparticles by treating with a solution 

of mercaptoethanol (Sigma, 250 mM) at 37 °C overnight. Endonuclease digestion was 

performed by Taq I (MBI Fermentas) using conditions recommended by the 

manufacturer, and the resultant DNA fragments were analyzed by 10% denaturing PAGE. 

To form the assembly with 5-nm gold nanoparticles, 5 '-biotinylated 

oligonucleotide ( 5 '-biotin-CCTTGAAACTTCTTCCTTTCTTTCT, Keck Biotechnology 

Resource Laboratory, Yale University; 2.5 µL, 91.8 µM) was incubated with streptavidin

capped 5-nm gold nanoparticles (Canemco Inc & Marivac Inc; 50 µL) in a buffer solution 

(20 mM Tris-HCl, 20 mM EDTA, 300 mM NaCl, pH 7.5, 300 µL) at room temperature 

for 30 min. The resultant antisense-DNA-AuNP complex was washed twice with RCA 

buffer (200 µL) using centrifugation and redispersed in RCA buffer solution (20 µL). 

Long-DNA-Au in RCA buffer solution (20 µL) was then added. The mixture was frozen 

in a bath of dry ice and propan-2-ol and then thawed at room temperature overnight, an 

approach known to facilitate the hybridization of DNA-attached gold nanoparticles.l51 The 

nanoassembled complex was isolated by centrifugation at 5000 rpm for 10 min and 

redispersed in RCA buffer. The TEM sample was prepared by dropping this solution (5 

µL) onto a copper coated grid. After 5 min, the solution was wicked from the edge of the 

grid with a piece of filter paper. TEM images were measured with a JEOL 1200EX 

transmission electron microscope. 

144 




Ph.D. thesis- Weian Zhao Department of Chemistry - McMaster University 

To prepare the fluorophore-functionalized nanoparticles, oligonucleotide 

modified at the 5' position with Alexa 647 (5'-Alexa 647

TGAAACTTCTTCCTTTCTTTCTTTC, Invitrogen; 0.5 µL, 90 µM) and long-DNA-Au 

(10 µL) were added to RCA buffer (10 µL). The mixture was heated at 65 °C for 5 min 

and then annealed at room temperature for 15 min. The resultant complex was washed 

twice with RCA buffer (50 µL), isolated by centrifugation, and analyzed by confocal 

microscopy (SLM 8100 spectrofluorimeter, Spectronic Instruments, Rochester, NY). 
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Chapter 8: Conclusions 

This thesis research has exploited the use of AuNP/DNA conjugates towards 1) 

stimuli-responsive nanoassembly and well-controlled 3D nanoassembly, and 2) facile 

biosensing assays for monitoring DNA functions and relevant biological processes. 

As summarized in Figure 8.1, we are able to guide the assembly of AuNPs by 

species ranging from small charged molecules (nucleotides), to oligonucleotides, and to 

very long DNA molecules. Specifically, we investigated how surface charges, DNA 

polymer length and conformations on AuNP surfaces affect AuNP colloidal stability and 

aggregation. The improved understanding of such factors enables us to control gold 

nanoparticle assembly by tuning interparticle forces including van der Waals, 

electrostatic, steric and electrosteric forces. The incorporation of functional DNA (e.g., 

aptamers and enzymes) that recognize a specific target allows the assembly to be 

responsive to a certain stimulus. Meanwhile, the distinct colors at different AuNP 

assembled stages allow us to readily monitor the DNA functions (i.e., DNA aptamer 

binding and folding, DNA enzyme catalysis) or relevant biological processes (i.e., protein 

enzymatic manipulation of DNA and nucleotides). 

In chapter 2 and 3, the assembly of AuNPs is guided by small charged nucleotides: 

nucleotides bind to AuNP surface via nucleobase-Au interaction, and negatively charged 

phosphates stabilize AuNPs via electrostatic repulsion. Therefore, the colloidal stability 

of the resultant AuNPs attached with a certain type of nucleotide is dependent on 1) the 

binding affinity of nucleobase to AuNP surface, and 2) the number of phosphate groups 

carried by nucleotide. In other words, nucleotides with higher binding affinity to AuNP 

and/or with more phosphate groups provide higher degree of stabilization to AuNPs. 

This investigation allowed us to monitor protein enzymatic reactions where nucleotides 

are modified by alkaline phosphatase (chapter 2) and to control the growth of AuNPs 

using nucleotides as capping ligands (chapter 3). 
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Figure 8.1. Summary ofthis thesis work. See the main text for details. 
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In chapter 4-6, we examined how surface-tethered DNA polymers affect AuNP 

colloidal stability and aggregation, and how that can be applied for monitoring DNA 

functions. We first investigated the DNA polymer length: DNA-modified AuNPs are 

stabilized electrosterically at a relatively high salt concentration; the remove (or 

shortening) the DNA molecules by enzymatic cleavage (chapter 4) or the dissociation of 

DNA aptamers from AuNP surface upon binding to their target (chapter 5) destabilizes 

AuNPs and results in AuNP aggregation. This can be simply attributed to the loss of 

negatively-charged polymeric DNA molecules that initially served as colloidal stabilizers. 

In chapter 6, we studied how DNA polymer conformational changes influence 

AuNP colloidal stability. We discovered that AuNPs to which folded aptamer/target 

complexes are attached are more stable towards salt induced aggregation than those 

tethered to unfolded aptamers. While the precise mechanism remains largely unknown, it 

was proposed that the folded aptamers were more extended on the surface than the 

unfolded (but largely collapsed) aptamers in salt solution. The folded aptamers therefore 

provide higher stabilization effect on AuNPs from both the electrostatic and steric 

stabilization points of view. 

In Chapter 7, long (typically hundreds of nanometers to microns) ssDNA 

molecules containing repeating units are generated by protein enzymatic reaction (DNA 

extension through rolling circle amplification) on AuNP surface. The resultant product 

provides a 3D-like scaffold that can be subsequently used for periodical assembly of 

complementary DNA-attached nanospecies. Moreover, the distance between assembled 

nanospecies can be readily varied by adjusting the length of the circular DNA template. 

Importantly, this controllable assembly strategy may provide a means to study the 

physical properties (i.e., interparticle plasmon coupling) of well-organized structures as 

the position of each individual AuNPs can be well-defined. 

This thesis work has largely expanded the use of the "non-crosslinking 

aggregation" mechanism for the design of AuNP-based colorimetric biosensing assays. 

As illustrated throughout the thesis, the AuNP aggregation in these assays does not 

involve any interparticle biorecognition ("inter-particle crosslinking aggregation"). 
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Rather, the AuNP stability and aggregation are modulated by colloidal parameters such 

as surface charge, the length and conformation of surface-tethered polymers. Meanwhile, 

we also hope that the new discoveries in this thesis work, particularly the effect of 

polymer conformations on the colloidal properties, would complement the traditional 

theories in colloidal and polymer chemistry. 

We also expect the general strategies of control colloidal aggregation/dispersion 

discussed in this thesis can be applied in other AuNP-based sensing platforms, for 

example, plasmonic light scattering1 and surface enhanced Raman scattering2 that exploit 

interparticle interactions. It is hoped that these principles can facilitate research in 

nanoassembly fields, such as for the construction of well-defined nanostructures by 

assembling AuNPs or other types of nano-scaled materials (e.g., quantum dots, nanotubes, 

nanowires, etc.). 

Finally, the colorimetric biosensing assays developed in this thesis work also 

provide an attractive platform to study biomolecular behaviour (e.g., biorecognition and 

conformational changes) on the surface, and also to investigate other common DNA (or 
4RNA) structures (e.g., triplex, G-quadruplex, hairpin, i-motit) and protein structures.3
•

Therefore, these facile biosensing platforms would not only facilitate our understanding 

of the biological functions of these biomolecules, but also provide guidance in the 

development of better surface-based biosensing devices (e.g., microarray and 

nanoparticles ). 
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