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Abstract 8 

DNA-directed seeded growth of gold nanoparticles has been used for the development of 9 

aptamer-based biosensors with the assumption that target analytes can modulate the 10 

adsorption of aptamers to the gold seeds and thus the growth reaction. To understand the 11 

reaction, we first examined the effect of single- and double-stranded DNA and found that 12 

they had a similar promotion effect of anisotropic growth, suggesting that DNA cannot be 13 

detected using this method. By studying the interaction between HAuCl4 and DNA, both 14 

weak reversible binding and strong irreversible binding were identified, with the latter 15 

became dominating with longer incubation time. Single- and double-stranded DNA had 16 

similar weak binding to HAuCl4, and this weak binding was more important for the growth 17 

reaction. We then tested the three aptamers, where only cortisol appeared to modulate its 18 

aptamer adsorption and the growth reaction reflected aptamer binding. Hg2+ showed no 19 

advantage for its aptamer, and quinine induced aggregation of AuNPs and it cannot be 20 

detected by this reaction either. Therefore, each aptamer target needs to be individually 21 

studied to test if this method is applicable. We also noted that DNA and aptamers have 22 

opposite outcomes for the target-dependent growth reactions.  23 
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Introduction 1 

DNA oligonucleotides can strongly adsorb to gold surfaces, and such adsorption can change 2 

the properties of gold nanoparticles (AuNPs) for biosensing applications.1-3 For example, the 3 

increased colloidal stability of AuNPs was used for the detection of DNA hybridization, since 4 

the adsorption of double-stranded DNA (dsDNA) was slower than single-stranded DNA 5 

(ssDNA).4, 5 Aggregated AuNPs have a different color, stronger Raman enhancement 6 

properties and better photothermal effects, allowing colorimetric, SERS and 7 

temperature-based detection.6-8 In addition, DNA can modulate the peroxidase-like catalytic 8 

activity of AuNPs,9, 10 and AuNP can quench the fluorescence of fluorescently labeled 9 

DNA.11, 12 In all these cases, it is critical to modulate DNA adsorption using its 10 

complementary DNA (cDNA) or aptamer targets.13, 14 11 

 DNA-directed seeded growth of AuNPs is an interesting reaction, and various DNA 12 

sequences have been used to regulate the growth.15-18 In a typical experiment, a low 13 

concentration of gold nanoseeds (AuNSs) are incubated with a DNA oligonucleotide. Then 14 

HAuCl4 is added in the presence of a reducing agent such as NH2OH.19-21 It was perceived 15 

that forming dsDNA and aptamer binding complexes would affect the growth process.22-24 16 

Fang et al. attached thiolated DNA to AuNSs and observed color transitioned from red to 17 

blue with more cDNA added.22 However, no DNA detection was reported using nonthiolated 18 

DNA. Aptamer based detection was reported, where aptamer targets were believed to inhibit 19 

aptamer adsorption to AuNSs and the seeded growth.25, 26 However, none of these works 20 

considered potential interactions between target molecules and gold surfaces.27-29 Different 21 

aptamer targets may interact differently with AuNPs, which in turn affects aptamer 22 

adsorption.14, 30, 31 23 

 In this work, we aimed to understand the fundamental surface interactions during the 24 

seeded growth reaction. We first used nonthiolated DNA to direct seeded AuNP growth for 25 

cDNA detection. We then studied the interaction between HAuCl4 and DNA, and identified 26 

both reversible weak and irreversible strong interactions, with the former dominating the 27 

seeded growth. Finally, we studied the detection of a few aptamer targets, including a metal 28 

ion (Hg2+) and two small molecules (cortisol and quinine). Our results indicated that the 29 
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growth of AuNPs cannot be used for the detection of cDNA, whereas the outcome of aptamer 1 

targets varied. Unlike other AuNP-based detection methods based on colloidal stability, 2 

fluorescence quenching and catalysis, where DNA and aptamer probes were expected to have 3 

similar responses, in the seeded growth system, DNA and aptamer targets behaved oppositely.  4 

Materials and Methods 5 

Chemicals 6 

All of the DNA samples used in this work were purchased from Integrated DNA 7 

Technologies (Coralville, IA) and their sequences are listed in Table 1. Potassium cyanide 8 

(KCN), hydroxylamine hydrochloride (NH2OHꞏHCl), gold(III) chloride trihydrate 9 

(HAuCl4ꞏ3H2O), mercury acetate (Hg(OAc)2), magnesium chloride (MgCl2), fluorescein 10 

sodium salt, cortisol, quinine hemisulfate monohydrate, deoxycholic acid, and 17β-estradiol 11 

were from Sigma-Aldrich. Trisodium citrate dihydrate, sodium chloride (NaCl), sodium 12 

phosphate monobasic monohydrate, and sodium phosphate dibasic heptahydrate were from 13 

Mandel Scientific (Guelph, ON, Canada). SYBR Green I (SGI) was purchased from Lonza 14 

(Rockland, ME). AuNSs (13 nm) were synthesized using the citrate reduction method.32 15 

Milli-Q water was used to prepare buffers and solutions. 16 

Growth of AuNPs for DNA detection 17 

4 μL 13 nm AuNSs (12 nM), 154 μL H2O, 20 μL 1 mM MgCl2, and 2 μL 10 μM 24-mer  18 

random sequenced DNA (24-mer DNA) were incubated overnight. Then, 20 μL c-24-mer or 19 

24-mer DNA with a final concentration of (0 to 100 nM) was added and the samples were 20 

heated at 95°C for 1 min and cooled to room temperature gradually over 1 h. 5 μL 400 mM 21 

NH2OH and 20 μL 1.9 mM HAuCl4 were then sequentially added and reacted for 15 min at 22 

room temperature to initiate the seeded growth. Photographs were taken using a digital 23 

camera and UV-vis spectra were measured with a microplate reader (Tecan Spark). To 24 

confirm successful formation of dsDNA, to 50 μL 100 nM annealed DNA, 1 μL SGI (50×), 25 

10 μL PB buffer (pH 7.6, 50 mM), and 40 μL H2O were mixed. The fluorescence emission 26 

spectra were measured with the microplate reader (Ex: 490 nm; Em: 520 nm-600 nm). 27 

 28 
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Table 1. The DNA Sequences Used in This Work 1 

Names Sequences and modifications (5′–3′) 

A30 AAAAAAAAAAAAAAA AAAAAAAAAAAAAAA 

T30 TTTTTTTTTTTTTTT TTTTTTTTTTTTTTT 

C30 CCCCCCCCCCCCCCC CCCCCCCCCCCCCCC 

Cortisol aptamer 

(CSS.1) 

GACGACGCCCGCATGTTCCATGGATAGTCTTGACTAGTCGTC 

Mutated cortisol 

aptamer (CSS.1-mt) 

GACGACACCCGCATGTTCCATGGGTAGTCTTGACTAGTCGTC 

Quinine aptamer 

(MN4) 

GGCGACAAGGAAAATCCTTCAACGAAGTGGGTCGCC 

c-MN4 GGCGACCCACTTCGTTGAAGGATTTTCCTTGTCGCC 

FAM-MN4 GGCGACAAGGAAAATCCTTCAACGAAGTGGGTCGCC-FAM 

FAM-24-mer DNA FAM- ACGCATCTGTGAAGAGAACCTGGG 

24-mer DNA ACGCATCTGTGAAGAGAACCTGGG 

c-24-mer DNA CCCSGGTTCTCTTCACAGATGCGT 

 2 

Interaction of HAuCl4 with ssDNA and dsDNA 3 

To investigate the order of reagent addition, HAuCl4 was added in four conditions. (1) 150 4 

μL 0.5 nM AuNSs were mixed with 1.5 μL 100 μM DNA (A30/T30/C30) for 15 min, 5 

followed by adding 7.5 μL 400 mM NH2OH and 0.53 μL 50 mM HAuCl4 sequentially; (2) 6 

150 μL 0.5 nM AuNSs were mixed with 1.5 μL 100 μM DNA (A30/T30/C30) for 15 min, 7 

followed by adding 0.53 μL 50 mM HAuCl4 and 7.5 μL 400 mM NH2OH sequentially; (3) 8 

150 μL 0.5 nM AuNSs were mixed with 1.5 μL 100 μM DNA (A30/T30/C30) for 15 min, 9 

and then 0.53 μL 50 mM HAuCl4 was added and incubated for 15 min, followed by adding 10 

7.5 μL 400 mM NH2OH; (4) 143.5 μL H2O, 0.53 μL 50 mM HAuCl4 and 1.5 μL 100 μM 11 

DNA (A30/T30/C30) were incubation for 15 min, and then 6.47 μL 12 nM AuNSs were 12 

added and incubated for 15 min, followed by adding 7.5 μL 400 mM NH2OH.  13 

 The interactions of HAuCl4 with ssDNA and dsDNA were investigated by using 14 

FAM-24-mer DNA. 10 μM (final concentration) FAM 24-mer DNA was mixed with 24-mer 15 
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DNA or c-24-mer DNA in buffer (10 mM PB, 50 mM NaCl, pH 7.6) and annealed as 1 

described above. 100 μL 10 mM PB (pH 7.6) and 1 μL 10 μM FAM-24-mer DNA or the 2 

annealed DNA were mixed in a microplate and the fluorescence was monitored for 5 min (Ex 3 

485 nm; Em 530 nm). Then, 1 μL 16.7 mM HAuCl4 was added and the fluorescence was 4 

monitored for 35 min. Finally, 2 μL 1 M KCN was added and the fluorescence was 5 

monitored for another 10 min. 6 

Growth of AuNPs for Hg2+ detection 7 

150 μL 12 nM AuNSs and 50 μL 4 μM T30 or A30 DNA were incubated overnight, after 8 

which 300 μL Hg2+ (final: 0, 5 nM, 25 nM, 50 nM, 250 nM) and 80 μL 2 mM MgCl2 were 9 

added and incubated at 37°C for 20 min, followed by adding 30 μL 100 mM NH2OH and 10 10 

μL 30 mM HAuCl4. Photographs were taken and UV−vis spectra were measured. To verify 11 

the T30-Hg2+ binding, 100 μL PB buffer (pH 7.6, 10 mM), 1 μL 10 μM T30 or A30, 2 μL 12 

Hg2+, 2 μL 20 mM MgCl2 were mixed at 37°C for 30 min, and then 1 μL SGI (50×) was 13 

added and the fluorescence emission spectra were collected. 14 

Growth of AuNPs for cortisol and quinine detection 15 

For cortisol detection, 4 μL 12 nM AuNSs, 155 μL H2O, 20 μL 1 mM MgCl2, and 1 μL 100 16 

μM CSS.1 or CSS.1-mt were incubated overnight. Afterwards, 20 μL cortisol (final 0, 0.5 μM, 17 

1 μM, 2 μM, 5 μM, 10 μM) was mixed with the solution for 40 min. 5 μL 400 mM NH2OH 18 

and 30 μL 1.9 mM HAuCl4 were sequentially added to the solution and reacted for 15 min to 19 

initiate the reduction reaction. For quinine detection, 14.3 μL 12 nM AuNSs, 145.7 μL H2O, 20 

20 μL 1 mM MgCl2, and 0.9 μL 100 μM MN4 or c-MN DNA were incubated overnight. 21 

After that, 20 μL cortisol (final 0, 0.5 μM, 1 μM, 5 μM) was mixed with the solution for 40 22 

min. 5 μL 400 mM NH2OH and 30 μL 1.9 mM HAuCl4 were sequentially added into the 23 

solution and reacted for 15 min to initiate the reduction reaction. Photographs were taken and 24 

UV−vis spectra were measured. 25 

 26 

Results and Discussion 27 

Single and double-stranded DNA have a similar effect on seeded AuNP growth 28 
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Various DNA sequences were previously used for directing the growth of AuNSs into 1 

different morphologies.33, 34 Since the kinetics of DNA adsorption differs significantly 2 

between ssDNA and dsDNA,1, 35, 36 we wondered if they can produce different growth 3 

products. To test this, we incubated a 24-mer random sequenced DNA (24-mer DNA, 100 4 

nM) with 0.26 nM AuNSs overnight and then added various concentrations of its 5 

complementary DNA (c-24-mer DNA). For the control group, the same concentrations of the 6 

24-mer DNA were added, so that only ssDNA was present in the control and its overall DNA 7 

concentration was the same as the experiment group (see Figure 1A for the reaction scheme). 8 

We then added NH2OH and HAuCl4 to both groups to initiate the seeded growth. The 9 

solution color varied from purple to blue when the concentration of c-24mer was increased 10 

(Figure 1B), which was consistent with the previous report using thiolated DNA.22 However, 11 

the same trend was also observed for the control group (Figure 1C). We further plotted their 12 

surface plasmon resonance (SPR) peak wavelengths (Figure 1D), which also quantitatively 13 

confirmed that the sample and control groups behaved the same. The hybridization of the 14 

24-mer and c-24mer was verified by SGI staining (Figure 1E). Thus, the growth was affected 15 

by the total DNA concentration but was insensitive to the formation of dsDNA.  16 
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 1 

Figure 1. (A) Reaction scheme of AuNSs with pre-adsorbed DNA, adding cDNA or 2 

non-complementary DNA, and finally adding HAuCl4 and NH2OH to initiate AuNP growth. 3 

UV−vis spectra of AuNPs grown in the presence of 100 nM 24-mer DNA with the addition 4 

of different concentrations of (B) cDNA (c24-mer) and (C) the same sequenced DNA 5 

(24-mer). Insets: photographs showing the color of the corresponding AuNP products. (D) 6 

SPR peak wavelength of the AuNP products with increasing concentration of DNA. (E) The 7 

fluorescence spectra of ssDNA (100 nM 24-mer) and dsDNA (50 nM 24-mer + 50 nM 8 

c24-mer). Inset: fluorescence photograph of the correspondent solutions.  9 

 10 

 The above experiments were performed using 100 nM initial DNA concentration. Since 11 

most seeded AuNP growth was performed with 1 µM DNA,37 we also raised the 12 
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concentration of the DNA to 500 nM and then added up to 500 nM of the c-24mer or 24-mer 1 

DNA. In this case, little difference between the sample and control group was observed either, 2 

and all of the samples appeared blue due to the higher DNA concentration (Figure S1).  3 

 Even with just 100 nM DNA, the initial DNA-to-AuNS ratio was 400:1 before adding 4 

extra DNA. Since each 13 nm AuNS is expected to adsorb less than 30 DNA 5 

oligonucleotides at neutral pH,38 the majority of the DNA strands (>90%) were free in 6 

solution. Based on previous research, adsorbed DNA cannot be easily desorbed from AuNPs 7 

by its cDNA.39, 40 Thus, we only need to consider DNA hybridization in solution. We also 8 

switched the order by mixing the DNA with its cDNA first, and then added the AuNSs for the 9 

growth reaction (Figure S2A). This way, the difference between ssDNA and dsDNA might 10 

be even larger. However, a similar color change and SRP peak shift were still observed for 11 

the two groups (Figure S2B-D). All these experiments indicated that AuNP growth was only 12 

affected by the total concentration of DNA, and ssDNA and dsDNA behaved similarly. As a 13 

result, this method cannot be used for the detection of cDNA. 14 

Interaction of HAuCl4 and DNA 15 

Given the difference in the adsorption kinetics of ssDNA and dsDNA to AuNPs,36 one would 16 

expect their difference in the seeded growth reaction. However, we did not observe it, and 17 

this can be rationalized as follows. Due to the low concentration of the AuNSs, the majority 18 

of the DNA (>90% if 100 nM DNA used and >99% if 1 µM DNA used) were free in solution. 19 

So, even if 90% of the DNA was hybridized, the remaining 10% ssDNA were still sufficient 20 

to saturate the AuNS surface. For comparison, the DNA-to-AuNP ratio was much smaller for 21 

typical label-free colorimetric detection (e.g. ~5 nM AuNPs and 20-100 nM probe DNA30, 36), 22 

in which case, the formation of dsDNA is more easily probed.  23 

 In addition, an overlooked reagent in this system might be HAuCl4. In all of the previous 24 

work studying DNA-directed seeded growth of AuNPs, only the adsorption of DNA to 25 

AuNSs was considered,41, 42 while little attention was paid to the potential interactions 26 

between HAuCl4 and DNA. Au3+ ions can strongly coordinate to various nucleobases and 27 

thus affect the property of DNA.43-45 Herein, we studied the interaction of HAuCl4 with DNA 28 

by comparing four ways of mixing and incubation. (1) AuNSs were first mixed with a DNA 29 
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(A30, T30 or C30) and then NH2OH and HAuCl4 were added sequentially. (2) AuNSs were 1 

mixed with a DNA and then HAuCl4 and NH2OH were added sequentially. (3) AuNSs were 2 

mixed with a DNA, HAuCl4 was then added and incubated for 15 min, and finally NH2OH 3 

was added. (4) A DNA and HAuCl4 were incubated for 15 min, AuNSs were then added and 4 

incubated for 15 min, and finally NH2OH was added. 5 

 For the three DNA sequences, the largest difference between these four mixing methods 6 

was observed with A30 (Figure 2A) followed by C30 (Figure 2C), whereas little difference 7 

was observed with T30 regardless (Figure 2B). This can be attributed to the weaker 8 

interactions between T30 and AuNSs/HAuCl4. The color of the samples was also reflected in 9 

their UV-vis spectra. Therefore, we concluded that a time-dependent interaction between 10 

HAuCl4 and A30 or C30 existed, and a longer incubation time inhibited the seeded growth 11 

more. It is likely that after an extended incubation, A30 and C30 strongly bound Au3+ ions 12 

via their nucleobases to make these bound Au3+ ions unavailable for the growth.  13 

 14 

Figure 2. UV−vis spectra of (A) A30, (B) T30, and (C) C30 directed seeded AuNP growth 15 

with HAuCl4 added in different orders: (1) AuNSs + DNA, and then NH2OH and HAuCl4 16 

added sequentially; (2) AuNSs + DNA and then HAuCl4 and NH2OH added sequentially; (3) 17 
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AuNSs + DNA + HAuCl4, incubation for 15 min, finally NH2OH was added; (4) DNA and 1 

HAuCl4 mixed for 15 min, AuNS then added and waited for 15 min, finally NH2OH added. 2 

Insets: photographs of the corresponding AuNPs. (D) Corresponding SPR peak wavelengths 3 

of the grown AuNPs in the presence of A30, T30 and C30. 4 

 5 

 To further understand the interaction DNA and HAuCl4 on AuNP growth, we incubated 6 

A30 with HAuCl4 for different times and then added the AuNSs and NH2OH. The solution 7 

color varied from blue to pink accompanied with blue-shifted SPR peaks as the incubation 8 

time increased to 30 min (Figure 3A, 3B), confirming that HAuCl4 reacted with A30 in a 9 

time-dependent manner with a fitted first order rate constant of 0.11 min-1. In most 10 

DNA-mediated AuNP growth experiments, HAuCl4 was added the last and the kinetics of the 11 

growth reaction was completed in just 10 sec (Figure 3C). In those conditions, the strong 12 

interactions between HAuCl4 and DNA can be negligible. Without DNA, AuNSs can also 13 

quickly catalyze the reduction of HAuCl4 to enlarge the AuNSs (Figure 3D), although the 14 

growth was isotropic and the solution remained red. In contrast, for the DNA in solution, the 15 

reducing reaction was slower (Figure 3E). 16 

 17 
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 1 

Figure 3. (A) UV−vis spectra of A30-directed AuNPs grown with different incubation times 2 

of A30 with HAuCl4. Insets: photographs of the corresponding AuNPs. (B) The SPR peak 3 

wavelengths of the AuNPs in (A). (C) UV−vis spectra of A30-directed AuNPs at different 4 

growth times. Inset: The corresponding SPR peak wavelengths of the AuNPs. (D) UV−vis 5 

spectra of AuNPs grown without DNA at different growth times. Inset: The corresponding 6 

SPR peak wavelengths of the AuNPs. (E) UV−vis spectra of A30 directed-AuNP grown 7 

without AuNSs at different growth times. Inset: the corresponding absorbance intensity at 8 

520 nm of the grown AuNPs. (F) Kinetics of fluorescence change of 100 nM FAM-24mer 9 

DNA, and its mixture with 100 nM 24-mer DNA, or with c24-mer DNA to form dsDNA 10 

upon adding 167 μM HAuCl4. The response of free fluorescein dye was also monitored. 20 11 

mM KCN was added at 40 min. (G) The relative fluorescent recovery of the samples in (F) 12 

after adding KCN to the samples with different HAuCl4 incubation times. (H) A gel 13 

micrograph of 1 µM FAM-A30 incubated with 1 mM of HAuCl4 in 10 mM PB for different 14 

times. (I) The corresponding relative fluorescence intensity in (H), where F0 presents the 15 

initial fluorescence without HAuCl4 16 

 17 
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Reversible and irreversible Au3+/DNA interactions 1 

To further understand the nature of HAuCl4 and DNA interactions, we then used a 2 

FAM-labeled DNA to monitor the kinetics of fluorescence change (Figure 3F). In addition, 3 

we also added its cDNA to probe the effect of dsDNA. Au3+ binding to DNA can induce 4 

fluorescence quenching. The fluorescence decreased very quickly for all the DNA-containing 5 

samples when HAuCl4 was added (within 1 min). In contrast, the fluorescence dropped 6 

slowly for the free fluorescein dye, indicating that the faster drop in the fluorescence was due 7 

to HAuCl4 binding to DNA instead of direct HAuCl4 interacting with the fluorophore.  8 

 At 40 min, we added KCN to bind to Au3+. When KCN was added, some fluorescence 9 

was recovered, suggesting that a fraction of Au3+ ions were removed from the DNAs. The 10 

unrecovered part can be attributed to very strong and irreversible binding of Au3+ to DNA. 11 

Some nitrogen atoms in adenine such as N1 and N7 are known to be strong ligand for soft 12 

metals such as gold, silver and platinum.43-45 The longer the DNA/HAuCl4 incubation time, 13 

the lower the fluorescence recovery after adding KCN (Figure S3, Figure 3G). When the 14 

HAuCl4/DNA incubation time was 2 min, 80-90% of fluorescence recovery was observed. 15 

Since 2 min is a typical time of adding HAuCl4 and NH2OH, HAuCl4 binding to DNA was 16 

still mostly in the weak and reversible state. We reason that the main role of the DNA in 17 

solution was to carry HAuCl4 to the AuNSs. The similarity of ssDNA and dsDNA in 18 

interacting with HAuCl4 may explain their similar effects in directing the growth of AuNPs.  19 

 The kinetics in Figure 3B and Figure 3F were comparable, and both measured the effect 20 

of long-time incubation of DNA with HAuCl4. To confirm irreversible HAuCl4/DNA 21 

interactions, we incubated FAM-A30 DNA with HAuCl4 for various times and 22 

concentrations, and then analyzed the products using gel electrophoresis (Figure 3H and 3I, 23 

Figure S4). The intensity of the FAM-A30 band gradually decreased indicating that the 24 

irreversible HAuCl4/FAM-A30 product was highly stable and it survived the denaturing gel 25 

electrophoresis.   26 

 Based on the above results, we described the DNA-directed seeded growth in Figure 4. A 27 

key role of DNA is to recruit Au3+ ions to the surface of AuNSs. Without DNA, a lot of small 28 
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AuNPs were observed in the background of the enlarged AuNPs (Figure 4C), indicating Au3+ 1 

ions in solution can also be reduced outside the AuNSs. When DNA was present, the 2 

background was clean (Figure 4A and 4B), which may be attributed to the DNA binding to 3 

HAuCl4 inhibiting nucleation. In this regard, the kinetics and capacity of ssDNA and dsDNA 4 

binding to HAuCl4 were similar and it may explain why they showed little difference in the 5 

growth reaction. The sequence of DNA determines the morphology outcomes, which is 6 

related to their selective adsorption to certain golds facets.41, 46, 47 The AuNSs also catalyzed 7 

the reduction of Au3+ (this has been commonly used for the growth of silver48), and thus the 8 

Au3+ ions near the AuNS surface were more easily reduced and deposited. While free ssDNA 9 

and dsDNA had a large difference in adsorption kinetics on AuNPs, under the seeded growth 10 

condition (e.g., a great excess of DNA and similar binding to HAuCl4), the difference was 11 

smaller.  12 

 13 

Figure 4. Reaction scheme of (A) ssDNA, (B) dsDNA, and (C) no DNA directed AuNP 14 

growth. Note that the DNA is in great excess. Even for a dsDNA sample, likely some free 15 

ssDNA strands still exist to adsorb to the AuNSs. (D) UV−vis spectra of ssDNA, dsDNA and 16 

no DNA-coated AuNPs after the seeded growth. Insets: photographs of the corresponding 17 

AuNPs. 18 

 19 
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Hg2+ detection effect using Aptamer-AuNP 1 

The above work compared ssDNA and dsDNA directed seeded growth, and indicated that the 2 

growth cannot be used for label-free detection of cDNA. We then studied a few aptamer 3 

targets and started with Hg2+ (Figure 5A). Hg2+/AuNP interactions are well known,12, 49 4 

which may play a role. We chose T30 DNA as a probe for Hg2+ taking advantage of the 5 

T-Hg2+-T interaction. The optimal concentration of T30 was determined to be 1 μM, since 6 

further increase of the DNA concentration did not induce more peak shift (Figure S5). We 7 

respectively incubated T30 and A30 with AuNSs overnight and then added different 8 

concentrations of Hg2+ followed by the growth procedures. As shown in Figure 5B, for the 9 

T30 sample, the solution color changed only slightly from dark red to light red and the 10 

A630/A530 ratio decreased only around 0.1 as the concentration of Hg2+ increased (Figure 5D). 11 

Under TEM, the T30 treated AuNPs appeared to be enlarged spherical nanoparticles (Figure 12 

S6). This decreasing trend was consistent with the previous literature report, where T15 was 13 

used.12  14 

 We also used A30 DNA as a control sample, where the solution color changed from blue 15 

to purple (Figure 5C). The more obvious color change was due to the use of poly-A sequence. 16 

The A630/A530 ratio also decreased, and the decrease was even larger than that of the T30 17 

samples, indicating both the A30 and T30 samples had similar responses to Hg2+. In fact, the 18 

limit of detection with A30 (1.2 nM) was even lower than that with T30 (12.8 nM). The 19 

binding of Hg2+ by T30 was confirmed by the fluorescence enhancement of SGI (Figure 5E, 20 

Figure S7).50 Therefore, based on the decreasing trend of the A630/A530 ratio, one cannot 21 

conclude that Hg2+ binding to T30 DNA was responsible for its color change. Hg2+ 22 

adsorption to AuNPs can increase the colloidal stability of AuNPs,12 and the reason for 23 

Hg2+-dependent color change could be related to Hg2+ adsorption to AuNPs or Hg2+ binding 24 

to the DNA in solution.  25 
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 1 

Figure 5. (A) Reaction scheme of growth of AuNPs with T30 or A30 DNA without or with 2 

Hg2+. UV–vis absorption spectra of AuNPs grown with (B) T30 and (C) A30 in the presence 3 

of Hg2+. Insets: photograph showing the corresponding color of the AuNP products. (D) The 4 

extinction ratio of the AuNP samples in (B, C). The final DNA concentration was 1 μM. (E) 5 

The fluorescence emission spectrum of T30 DNA with different Hg2+ concentrations stained 6 

with SGI. Inset: the photograph of the correspondent solutions.  7 

 8 
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Cortisol detection 1 

Since Hg2+ can interact with both AuNPs and DNA, it is difficult to obtain mechanistic 2 

insights. Small molecules such as cortisol and quinine were then studied. A cortisol aptamer 3 

(CSS.1) reported by the Stojanovic group was used (Figure 6A),51 and we previously reported 4 

that cortisol does not have strong interactions with AuNPs.52 The optimal concentration of 5 

aptamer was determined to be 500 nM (Figure S8), where the slope started to plateau and the 6 

solution color turned blue. In addition, a nonbinding mutant (CSS.1-mt) was also used. Both 7 

DNA strands were incubated with the AuNSs overnight, and then different concentrations of 8 

cortisol were mixed followed by the growth procedures. As shown in Figure 6B-E, for the 9 

CSS.1 sample, an increase in target concentration caused a color change from blue to purple 10 

and blue-shifted SPR peak. The final morphology of the AuNPs was flower-like (Figure S9). 11 

For the CSS.1-mt sample, the same trend was observed, but the amount of the peak shift was 12 

smaller. Based on Figure 6D, we calculated the limit of detection to be 0.5 µM and 1.3 µM 13 

for the CSS.1 aptamer and the mutant, respectively. Since the difference in the aptamer and 14 

the mutant was quite small, this is not a good detection method. We then tested the selectivity 15 

of this sensor by using 17β-estradiol and deoxycholic acid (Figure 6E and S10), which had a 16 

less influence on the growth compared with cortisol. Therefore, cortisol binding to its 17 

aptamer can be reflected by this reaction.  18 

 19 
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Figure 6. The secondary structure of the cortisol aptamer (CSS.1) and the structure of 1 

cortisol. The two mutated bases in CSS.1-mt are shown in red. UV−vis spectra of AuNPs 2 

grown with (B) CSS.1 and (C) the mutated aptamer (CSS.1-mt) with different concentrations 3 

of cortisol. Inset: photographs of the samples. The final aptamer concentration was 500 nM. 4 

(D) SPR peak wavelength of the AuNPs grown with increasing concentrations of cortisol. (E) 5 

SPR peak wavelengths of the AuNPs grown with increasing concentrations of cortisol, 6 

17β-estradiol or deoxycholic acid. 7 

 8 

Quinine detection 9 

Finally, we also tested the detection of quinine using its aptamer called MN4 (Figure 7A). 10 

The optimal aptamer concentration was determined to be 500 nM (Figure S11). For both 11 

MN4 and the control sequence (we used its cDNA named c-MN4 in this case), a color change 12 

from red to blue and a redshift in the SPR peak were observed as the concentration of quinine 13 

was increased from 0 to 1 μM. With further increase of quinine to 5 μM, the SPR peak then 14 

blue-shifted (Figure 7C-E). The morphologies of the growth products were both nanoflowers 15 

(Figure S12). Since the aptamer and the control behaved exactly the same, this method cannot 16 

be used for the detection of quinine. This might be related to the strong adsorption of quinine 17 

to AuNPs leading to its aggregation (Figure 7B).27  18 

 19 

 20 
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Figure 7. (A) The secondary structure of the quinine aptamer (MN4) and the structure of 1 

quinine. UV−vis spectra of the AuNPs (B) without DNA and without the growth reaction, (C) 2 

grown with MN4 and (D) grown with cMN4 with the addition of different concentrations of 3 

quinine. Insets: photographs showing the color of the corresponding AuNPs. The final 4 

aptamer concentration was 500 nM. (E) SPR peak wavelengths of the corresponding AuNPs 5 

grown with increasing concentrations of quinine.  6 

 7 

Different types of aptamer targets 8 

The seeded growth reaction was previously used to detect a few aptamer targets including 9 

Hg2+, ochratoxin A, cocaine and 17-estradiol. We herein tested three additional targets in 10 

this paper. We summarized the  experimental details between the previous studies and our 11 

study in Table S1, and the conditions were quite comparable. We classified target analytes 12 

into a few types. In the case of ochratoxin A and cortisol, their aptamers showed a better 13 

response compared to the non-binding control sequences, and the seeded growth reactions 14 

were likely to be able to reflect the aptamer binding reactions. That being said, the practical 15 

use of this reaction is unlikely due to potential interferences such as extra DNA present in the 16 

system. For analytes like Hg2+ that can adsorb to and stabilize AuNPs, their aptamers had no 17 

obvious advantage compared to non-aptamer sequences. For analytes like quinine leading to 18 

aggregation of AuNPs, and aptamers had no difference compared to the control sequences 19 

either. Overall, this growth reaction is unlikely to be a practically useful detection platform 20 

for aptamer binding.  21 

 22 

Opposite colorimetric results of DNA and aptamer based detection 23 

Normally, one would expect DNA and aptamer targets to have the same sensor phenomena 24 

since cDNA can be considered as a special aptamer target. In this seeded growth case, 25 

however, the trends of color change were different. For cDNA detection, the more cDNA 26 

added, the more blue color, while for aptamer target detection, the more targets, the more red 27 

color. As demonstrated in this work, the main difference is anisotropic growth directed by 28 

DNA versus isotropic growth without DNA (or with poly-T DNA). DNA can promoate 29 

anisotropic growth and thus color change to blue, and the added cDNA can also contribute to 30 
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it. On the other hand, aptamer binding to its target and target adsorption both would inhibit 1 

aptamer adsorption without changing the overall DNA concentration in the system, 2 

explaining the red color outcome. We summarized the difference between DNA and aptamer 3 

probes in Figure 8. 4 

 5 

Figure 8. Reaction schemes of grown DNA-coated AuNPs in the presence or absence of 6 

cDNA or target. 7 

 8 

Conclusions 9 

In this work, we carefully studied the seeded growth reaction and evaluated its application to 10 

detect DNA and aptamer targets. We found that this reaction cannot be used for the detection 11 

of DNA hybridization. The reason is that both ssDNA and dsDNA can promote the growth of 12 

AuNPs similarly due to their similar weak reversible adsorption mode of HAuCl4 under the 13 

growth condition. Therefore, adding cDNA or a random sequenced DNA would produce a 14 

similar promotion effect on the growth reaction. Compared to other DNA/AuNP sensing 15 

systems, the seeded growth system has a much higher DNA/AuNS ratio and thus a high 16 

concentration of free DNA, which also makes it difficult to detect cDNA. Aptamer targets, on 17 

the other hand, can bind to aptamers to inhibit aptamer adsorption and/or adsorb to AuNSs to 18 

inhibit aptamer adsorption, both of which can inhibit the growth reaction. Therefore, DNA 19 

targets and aptamer targets have an opposite effect on the growth reaction. Not all aptamer 20 

targets can be detected due to various reasons such as aggregation of AuNPs as seen in the 21 
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case of quinine, and increased colloidal stability of AuNPs in the case of Hg2+. Overall, using 1 

this method to develop colorimetric biosensors is not recommended, but this can be an 2 

interesting reaction to understand the interactions of aptamer targets and AuNPs.  3 
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