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Synopsis 29 

Bacterial 16S rRNA concentration was detected colorimetrically using gold nanoparticles 30 

conjugated with DNA probe specific to target bacteria without PCR. 31 

  32 
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ABSTRACT 33 

The identification of the bacteria contributing to the water purification processes in these systems 34 

is crucial for the development and optimization of wastewater treatment systems by engineers. 35 

We developed a simple assay for the colorimetric quantification of bacterial 16S rRNA of 36 

functional bacteria extracted from wastewater samples without reverse transcription of RNA or 37 

quantitative polymerase chain reaction (qPCR). The heat treatment of the test sample 38 

significantly reduced the reaction time (<3 min) and improved the assay sensitivity. Following 39 

assay optimization, a calibration curve for 16S rRNA of ammonia-oxidizing bacteria (AOB) of 40 

the β subdivision of the class Proteobacteria was created using 16S rRNA extracted from 41 

activated sludge samples. The curve was linear above 1.9×106 copies/mL of 16S rRNA of AOB, 42 

which was two orders of magnitude lower than that in our previous studies. Finally, we 43 

determined the abundance of 16S rRNA of AOB in activated sludge samples using the 44 

calibration curve and compared the results obtained by reverse transcription-qPCR. There was 45 

some correlation in the RNA concentrations of AOB determined by both methods. Thus, we have 46 

successfully developed an innovative tool to quantify the 16S rRNA concentration of AOB in 47 

wastewater treatment processes. 48 

49 



 4

Graphical Abstract 50 

 51 
 52 
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1. Introduction 54 

Microorganisms in wastewater treatment plants (WWTPs) are essential for water 55 

purification to protect public and environmental health 1 while pathogenic ones pose serious 56 

threats to human health 2. Rapid and accurate detection of specific target microorganisms 57 

provides many opportunities for wastewater treatment. Currently, microorganisms are analyzed 58 

using culture-dependent and culture-independent methods. Recent advances in molecular 59 

techniques have demonstrated the inadequacy of culture-dependent methodologies in unveiling 60 

the great level of diversity present in wastewater treatment systems 3,4. Polymerase chain reaction 61 

(PCR) allows very small quantities of specific DNA sequences to be amplified with DNA 62 

polymerase, even when the target is mixed with large amounts of non-target DNA in 63 

environmental samples 5. Unique DNA sequences are present in all microorganisms and can be 64 

used as biomarkers for their detection. Although PCR is a very powerful tool for analyzing 65 

microbial community structures and enumerating the number of specific microorganisms with 66 

extremely high sensitivity, it requires expensive enzymes (DNA polymerase) and equipment (a 67 

thermal cycler). Further, a PCR test can take several hours after a DNA extraction step and 68 

contaminants in a sample may inhibit the reaction 6. Therefore, a low cost and rapid method for 69 

the analysis of bacterial genes in wastewater samples is required. 70 

 71 

Another popular strategy for detecting nucleic acids is colorimetric detection. These 72 

techniques depend on the selective and specific hybridization of target strands of DNA resulting 73 

from specific Watson–Crick pairing, where a complementary DNA (probe DNA) is employed to 74 

detect whether a target is present in a sample 7,8. AuNPs have been extensively utilized for 75 

detection of the hybridization of probe DNA to a target because AuNPs within a 5–50 nm 76 
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diameter range possess excellent dispersity and biocompatibility and have useful optical 77 

properties derived from their surface plasmon resonance (SPR) properties 9–11. Therefore, a key 78 

step toward the establishment of an AuNP-based assay is to create an AuNP nanoprobe (Au-79 

nanoprobe). An Au-nanoprobe is generated by functionalizing AuNPs with a thiolated probe 80 

DNA  12. Hybridization of the Au-nanoprobes with a target results in the formation of the Au-81 

nanoprobe/target complex. In this case, the Au-nanoprobes are covered with a negatively charged 82 

target and protected against salt-induced aggregation 13. Therefore, they remain dispersed in the 83 

solution even at a high NaCl concentration and exhibit a red color derived from the localized 84 

SPR of the AuNPs. In contrast, in the absence of a target, Au-nanoprobes are not covered with 85 

the target and are subjected to NaCl-induced aggregation. The aggregated An-nanoprobes exhibit 86 

a red-to-blue color change based on the SPR of the AuNPs. Thus, hybridization of the Au-87 

nanoprobes with the target is detectable by colorimetric analysis 14. 88 

 89 

In recent years, numerous AuNP-based optical biosensors have been developed for gene 90 

sequence analysis 14. Amini et al. detected the Pseudomonas aeruginosa exotoxin A gene using 91 

AuNPs and an endonuclease enzyme 10. A linear relationship was found between the ratio of 92 

absorbance at 600 nm to 525 nm and the target DNA concentration over the range of 10–50 93 

ng/mL of the target DNA with a correlation coefficient of 0.98. The optimization of the assay 94 

limit of detection and limit of quantitation were reduced to be 9.9 and 34 ng/mL, respectively. 95 

Baetsen-Young et al. analyzed unamplified DNA extracted from Pseudoperonospora cubensis, 96 

the causal agent of cucurbit downy mildew 15. They successfully detected 2.94 fM DNA and 18 97 

spores/μL of P. cubensis using crude extracts of a pathogen matrix. These previous studies have 98 

applied AuNP-based optical biosensors for clinical diagnostics and the determination of a pure 99 
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culture of a model microorganism. However, few studies have focused on the analysis of 100 

microorganisms in environmental samples 9. We previously designed an assay for the detection 101 

of bacterial 16S rRNA using Au-nanoprobes, with 30-min detection time, without reverse 102 

transcription (RT) of RNA or qPCR 13. The principle of our method is described as follows 13: 103 

The format comprises using Au-nanoprobes, hybridization of targets with Au-nanoprobes, and 104 

aggregation of these. The Au-nanoprobe solutions exhibit red color and an absorbance peak of 105 

approximately 520 nm in the ultraviolet (UV)–visible spectrum. In the presence of the target, it 106 

hybridizes with the Au-nanoprobes. The Au-nanoprobes that are covered with a negatively 107 

charged target are protected against salt-induced aggregation and remain dispersed in the 108 

solution even at a high NaCl concentration. The color of the dispersed Au-nanoprobes remains 109 

red. On the other hand, in the absence of a target, Au-nanoprobes are no longer covered with a 110 

negatively charged target and protected from aggregation and, therefore, are subjected to NaCl-111 

induced aggregation. The aggregation of AuNPs leads to a color change of AuNPs from red to 112 

blue. This process can be analyzed by UV–visible spectroscopy. Therefore, quantitative analysis 113 

of the target DNA concentration is possible by measuring the ratio of the absorbance that 114 

corresponds to the red and blue colors based on the UV–visible spectra analysis before and after 115 

the addition of NaCl. However, the limit of detection of the assay was quite high (108 copies/μL), 116 

and bacteria contributing to wastewater treatment (e.g., nitrification, denitrification, or 117 

phosphorous removal) could not be analyzed 16. To the best of our knowledge, no study has 118 

determined the functional bacterial groups in a wastewater treatment process using a colorimetric 119 

assay with Au-nanoprobes. 120 

 121 
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In this study, we developed a simple assay for the direct colorimetric quantification of 122 

16S rRNA of ammonia-oxidizing bacteria (AOB) of the β subdivision of the class Proteobacteria 123 

extracted from activated sludge (AS) samples. To detect AOB in a complex matrix, we first 124 

optimized the assay conditions, such as reaction temperature, NaCl concentration, length of a 125 

spacer molecule, and probe DNA density. After optimizing the assay protocol, we determined the 126 

abundance of 16S rRNA of AOB by the assay, and the results were compared with those 127 

determined by a qPCR method. To the best of our knowledge, this study is the first attempt to 128 

quantify the 16S rRNA of functional bacteria present in wastewater treatment processes using 129 

Au-nanoprobes. Our results have shown the feasibility of a simple colorimetric ‘spot and read’ 130 

test in contrast to amplification-based detection methods. 131 

 132 

2. Materials and Methods 133 

2.1. Chemicals and materials 134 

Single-stranded oligonucleotides to be used as probe DNA were synthesized by Eurofins 135 

Genomics K.K. (Tokyo, Japan). Probe DNA sequences targeting the 16S rRNA of total bacteria 136 

and AOB are listed in Table 1. We designed Au-nanoprobes that are target-specific probe DNA 137 

conjugated to AuNPs. Two types of Au-nanoprobes for total bacteria were synthesized. Of the 138 

two, the probe DNA sequence for one, named 805R, was the same as the reverse PCR primer 139 

(805R, 5′-GACTACHVGGGTATCTAATCC-3′), whereas the other, named c341F, was reverse 140 

complementary to the forward PCR primer (341F, 5′- CCTACGGGNGGCWGCAG-3′) 17. In 141 

addition, two types of Au-nanoprobes were synthesized for AOB. The probe DNA sequence for 142 

one, named RT1r, was the same as the reverse PCR primer (RT1r, 5′-143 

CGTCCTCTCAGACCARCTACTG-3′), and the other, named cCTO 189f, was reverse 144 
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complementary to the forward PCR primer combo, CTO 189f A/B/C, which is a combination of 145 

CTO 189f A/B (5′-GGAGRAAAGCAGGGGATCG-3′) and CTO 189f C (5′-146 

GGAGGAAAGTAGGGGATCG-3′) in a 2:1 ratio 18. AuNPs (5 nm in diameter) in citrate buffer 147 

solution were purchased from Merck KGaA (Darmstadt, Germany, catalog number 741949). 148 

Tris(2-carboxyethyl)phosphine (TCEP) was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). 149 

Sodium acetate (192−01075), acetic acid (017−00256), and sodium chloride (NaCl; 191−01665) 150 

were purchased from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). All the 151 

solutions were prepared using Milli-Q water (Merck Millipore, Tokyo, Japan). 152 

 153 

Table 1. Sequences of probe DNA used in this study 154 

Probe DNA Sequence 

c341F 5'HS−(CH2)6−CTGCWGCCNCCCGTAGG−3' 

805R 5'HS−(CH2)6−GACTACHVGGGTATCTAATCC−3' 

cCTO 189f 5'HS−(CH2)6−CGATCCCCTRCTTTYCTCC 

RT1r 5'HS−(CH2)6−CGTCCTCTCAGACCARCTACTG 

 155 

2.2. RNA extraction from AS samples and cDNA synthesis 156 

AS and anaerobic sludge samples were collected from an aeration tank in WWTP-A in 157 

Sapporo City and a biogas plant of cattle manure in Hokkaido University, respectively 19. The 158 

size, physicochemical characteristics, and operating conditions of WWTP-A have been described 159 

previously 20. To quantify bacterial 16S rRNA by RT-qPCR, RNA was extracted from 1 mL of 160 

AS using the RNeasy Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s 161 

instructions. This sample was named as the unamplified RNA pool. The concentration of 162 

extracted RNA was determined fluorometrically using the Quant-iT™ Ribo-Green™ RNA Assay 163 

Kit (Thermo Fisher Scientific, Waltham, MA, USA). The residual DNA in the sample was 164 
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successfully digested using amplification grade deoxyribonuclease (DNase) I (Thermo Fisher 165 

Scientific, Waltham, MA, USA). cDNA was synthesized from an aliquot of the unamplified RNA 166 

pool using a PrimeScript™ RT Reagent Kit (Perfect Real Time) (Takara Bio Inc., Shiga, Japan) 167 

according to the manufacturer’s instructions. 168 

 169 

2.3. RT-qPCR 170 

The cDNA was amplified using the primer pair, 341F and 805R, for total bacteria and the 171 

primer pair, CTO 189f A/B/C and RT1r, for AOB. We prepared 20 μL of the reaction mixture in a 172 

96-well PCR plate by mixing 10 μL TB Green Premix Ex Taq II, 4 pmol of each primer, 0.4 μL 173 

ROX reference dye II (Takara Bio Inc., Japan), 7 μL nuclease-free water, and 1 μL cDNA. For 174 

standard DNA, the nucleotide sequence corresponding to the PCR-amplified region of 16S 175 

rDNA was artificially synthesized and cloned into the pTAKN-2 vector by Eurofins Genomics 176 

K.K. (Tokyo, Japan). The plasmid DNA was purified and its concentration was determined 177 

fluorometrically. It was serially diluted from 1.0 × 108 copies/μL to 1.0 × 101 copies/μL using 178 

nuclease-free water for the preparation of standard curves for the RT-qPCR assay. All reactions 179 

were performed in triplicate using an Applied Biosystems 7500 Fast Real-Time PCR System 180 

(Thermo Fisher Scientific, Inc., USA). The reaction conditions were as follows: initial 181 

denaturation at 95 °C for 30 s, followed by 40 cycles of amplification with denaturation at 95 °C 182 

for 5 s, annealing at 56 °C for 30 s, and extension at 68 °C for 30 s for bacteria. For AOB, the 183 

cycling conditions were as follows: initial denaturation at 95 °C for 30 s, followed by 40 cycles 184 

of amplification with denaturation at 95 °C for 30 s, annealing at 57 °C for 1 min, and extension 185 

at 72 °C for 45 s. Amplification data were collected and analyzed using the Applied Biosystems 186 

7500 FAST Real-Time PCR System Sequence Detection Software (version 2.0.6) (Thermo 187 
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Fisher Scientific Inc., California, USA). PCR efficiency (E) was calculated using the formula E = 188 

10−1/ slope −1. 189 

 190 

2.4. Functionalization of AuNPs with probe DNA  191 

AuNPs were individually functionalized with probe DNA as previously described 12,13. 192 

Briefly, 3 μL of 10 μM thiol-modified probe DNA solution and 2.7 μL of 10 mM TCEP were 193 

added to 24.3 μL of 100 mM acetate buffer (pH 5.2) to activate the thiol-modified probe DNA. A 194 

20 µL aliquot of the mixture and 3 μL of 0.1 M HCl solution were added to 300 μL of the 195 

original AuNP solution. The mixture was then incubated overnight at 20 °C 21. Thereafter, the 196 

Au-nanoprobe solution was vortexed vigorously for 5 s before use. 197 

 198 

2.5. Assay format and procedure 199 

Scheme S1 in the Supplementary Material shows the sensing mechanism of the proposed 200 

method for the detection of 16S rRNA. The format comprises hybridization of target RNA with 201 

Au-nanoprobes and their aggregation by NaCl. The Au-nanoprobe solution exhibits a red color 202 

and an absorbance peak at approximately 530 nm in the ultraviolet-visible (UV-vis) spectrum. 203 

The target RNA hybridizes with the probe DNA on the Au-nanoprobes to create negatively 204 

charged complexes which are protected against salt-induced aggregation and remain dispersed in 205 

the solution even at high NaCl concentrations. Therefore, the dispersed Au-nanoprobes remain 206 

red. On the other hand, in the absence of a target, Au-nanoprobes are no longer covered with a 207 

negatively charged target RNA, and are therefore subjected to NaCl-induced aggregation. The 208 

aggregation of AuNPs leads to a color change from red to blue. This process can be analyzed by 209 

UV-vis spectroscopy. Therefore, quantitative analysis of the target RNA concentration is 210 
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possible by measuring the ratio of the absorbance intensities (designated as Rs) that correspond 211 

to the red (approximately 530 nm) and blue (approximately 600 nm) colors based on UV-vis 212 

spectra analysis. This process can be visualized in solution, even with the naked eye, as a red-to-213 

blue color change.  214 

For the detection of bacteria, 1 µL of unamplified RNA pool and 30 μL of 5 M NaCl 215 

stock solution were added in the same order to a 20-μL mixture of the Au-nanoprobes (c341F 216 

and 805R; at a 1:1 ratio). To detect AOB, an unamplified RNA pool and NaCl stock solution 217 

were added to a 20-μL mixture of cCTO 189f and RT1r. The test solution was then heated at 218 

95 °C for 30 s using a thermal cycler. The test sample was allowed to stand for 1 min to cool at 219 

20 °C, and the absorbance spectrum of 50 μL of the test solution was measured in an ultraviolet 220 

transmission-type disposable cuvette (UVC−Z8.5, VIOLAMO, AS ONE Corporation, Osaka, 221 

Japan). We investigated the optimal values for several assay parameters. The ranges of the values 222 

of the investigated parameters are summarized in Table 2. 223 

 224 

Table 2. The ranges of the values of parameters investigated in this study 225 

Parameter range 

Incubation temperature 95 °C for 30 sec or 20 °C for 30 min 

Lengths of a poly thymine (Tn) spacer 0, 25, 50, 75 and 100 bp 

Mole ratios of probe DNA to AuNP  0, 0.51, 0.73, 1.10 and 1.40 

NaCl concentration in stock solutions 0, 0.5, 2.0, 3.5 and 5.0 M 

 226 

3. Results and discussion 227 

3.1. Effect of heat treatment on assay performance 228 

Figure 1 shows the typical absorbance spectra of the test solutions using Au-nanoprobes 229 

conjugated with c341F and 805R, with and without heat treatment. A typical absorbance 230 
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spectrum of an Au-nanoprobe solution for bacteria in the presence of target RNA (a positive 231 

sample abbreviated as POS) just after the addition of 5 M NaCl stock solution without heat 232 

treatment (POS-0 min in Figure 1A) showed a maximum absorbance at 529 nm with a 0.43 peak 233 

intensity. After incubation of the POS for 30 min at 20 °C (POS-30 min in Figure 1A), the peak 234 

intensity decreased to 0.36. In contrast, the maximum absorbance of the POS just after heat 235 

treatment (POS in Figure 1B) was observed at 524 nm with a 0.40 peak intensity. In comparison 236 

with the tests without heat treatment, the peak intensity of the POS with heat treatment remained 237 

unchanged for the subsequent 30 min. This might be because the rate of nucleic acid 238 

hybridization reactions increased, their efficiency was accelerated by thermal denaturation of the 239 

target RNA molecules at 95 °C, and Au-nanoprobes were stabilized. This result indicates that 240 

heat treatment stabilized the absorbance spectra. A typical absorbance spectrum of an Au-241 

nanoprobe solution in the absence of target 16S rRNA (a negative sample abbreviated as NEG) at 242 

30 min after the addition of 5 M of NaCl stock solution without heat treatment (NEG-30 min in 243 

Figure 1A) showed a 0.28 peak intensity at 534 nm. A typical absorbance spectrum of the NEG 244 

with heat treatment showed a 0.30 peak intensity at 568 nm just after heat treatment (NEG in 245 

Figure 1B). The difference between the peak intensities of the POS and NEG corresponds to the 246 

slope of the calibration curve, that is, the assay sensitivity. The difference in the peak intensities 247 

of the POS and NEG with and without heat treatment were 0.10 (0.40 – 0.30) and 0.08 (0.36 – 248 

0.28), respectively. Thus, it was concluded that heat treatment increased assay sensitivity. 249 

 250 
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 251 

Figure 1. Typical absorbance spectra of the test solutions using Au-nanoprobes conjugated with 252 

c341F and 805R (A) without and (B) with heat treatment. The typical absorbance spectra of the 253 

Au-nanoprobe solution for bacteria in the presence of target 16S rRNA (a positive sample 254 

abbreviated as POS) just after the addition of 5 M of NaCl stock solution (POS-0 min) and after 255 

incubation of the POS for 30 min at 20 °C (POS-30 min), and the Au-nanoprobe solution in the 256 

absence of target 16S rRNA (a negative sample abbreviated as NEG) at 30 min after the addition 257 

of 5 M of NaCl stock solution (NEG-30 min) were showed in Figure 1A. The typical absorbance 258 

spectra of POS subjected to heat treatment and the corresponding NEG were showed in Figure 259 

1B. 260 

 261 

3.2. Effect of NaCl on assay performance 262 

Figure 2 shows the absorbance spectra of the AuNP solution, a mixture of Au-nanoprobes 263 

conjugated with c341F and 805R, and test solutions of POS and NEG without and with NaCl and 264 

heat treatment. The absorbance spectrum of the AuNPs showed a peak at 522 nm with a 1.05 265 

peak intensity (Figure 2A). The absorbance spectrum of the Au-nanoprobes was almost identical 266 
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to that of the AuNPs, indicating that conjugation of the probe DNA to the AuNPs did not 267 

significantly affect the absorbance spectrum. The slight decrease in the absorbance peak intensity 268 

of the Au-nanoprobes was due to dilution of the Au-nanoprobes with the buffer solution used for 269 

Au-nanoprobe preparation. The absorbance peak intensities of the POS and NEG without NaCl 270 

(POS-W and NEG-W, respectively) (Figure 2A) decreased to approximately 0.38 due to dilution 271 

of the Au-nanoprobes with the samples (an unamplified RNA pool for POS-W or nuclease-free 272 

water for NEG-W) and the buffer solution added instead of NaCl solution, but no absorbance 273 

peak shift from those of the Au-nanoprobes was observed. Since the differences in the 274 

absorbance peak intensities and their wavelengths between POS-W and NEG-W correspond to 275 

the assay sensitivity, the sensitivity of the assay without NaCl seemed to be quite low. 276 

 277 

The absorbance peak intensities of the POS and NEG in the presence of NaCl (Figure 2B) 278 

also decreased. In this case, there was a difference between the absorbance peak intensities of the 279 

POS (0.40) and NEG (0.30), and their peak wavelengths were shifted to 544 nm and 582 nm, 280 

respectively, from those of the Au-nanoprobes (522 nm). The longer wavelength shift of the 281 

absorbance peak of AuNPs is attributed to the aggregation of AuNPs, and the SPR shifts to lower 282 

energies by the neutralization of the negative charge of AuNPs with positive Na ions 8. The 283 

shorter absorbance peak shift for the POS-NaCl compared to the NEG-NaCl from the Au-284 

nanoprobes might be due to the inhibition of aggregation by negatively charged RNA that 285 

hybridized to the Au-nanoprobes. These results indicated that NaCl addition was necessary for 286 

the assay and that the absorbance peak intensities of the POS and NEG can be used to determine 287 

the target RNA concentrations.  288 

 289 
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 290 

Figure 2. The absorbance spectra of test solutions (A) without and (B) with NaCl with heat 291 

treatment. The absorbance spectra of AuNPs solution (AuNP), the solution of Au-nanoprobes 292 

conjugated with c341F and 805R (Probe), the POS and NEG without NaCl (POS-W and NEG-293 

W, respectively) were shown in Figure 2A. The absorbance spectra of AuNPs alone (AuNP), the 294 

Au-nanoprobe solution (Probe), the POS and NEG with NaCl (POS-NaCl and NEG-NaCl, 295 

respectively) were shown in Figure 2B. 296 

 297 

3.3. Effect of the length of a spacer molecule between an AuNP and a probe DNA on assay 298 

performance 299 

Figure S1 presented in Supplementary Material shows the absorbance spectra of the POS 300 

and NEG measured using the Au-nanoprobes conjugated with c341F and 805R with different 301 

lengths of poly(thymine) (Tn) spacers. The absorbance peak intensities of the POS were 302 

approximately 0.4 at 540 nm using the Au-nanoprobes containing T0 to T75 of the Tn spacers. 303 

This result indicated that spacer length did not affect hybridization of the target RNA with the 304 
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Au-nanoprobes. The absorbance peak intensities of the NEG samples gradually increased, and 305 

their absorbance bands were shifted to shorter wavelength as the Tn spacer length increased from 306 

T0 to T75. This was because the longer spacer inhibited aggregation of the free Au-nanoprobes 307 

more significantly. 308 

 309 

Figure S2 presented in Supplementary Material shows the effect of Tn spacer length on 310 

Rs at 630 nm to 530 nm of the POS and NEG samples which were calculated from the results 311 

shown in Figure S1. The Rs of the POS and NEG samples decreased from 0.59 to 0.42 and from 312 

1.01 to 0.51, respectively, implying that the longer Tn spacers inhibited aggregation of the Au-313 

nanoprobes regardless of the presence (POS) or absence (NEG) of the target RNA. This is 314 

because the longer Tn spacers cover a wider area of the Au-nanoprobe surface due to a higher 315 

deflection angle of the DNA probes 22, which makes the surface charge of the Au-nanoprobes 316 

more negative. There was no considerable decrease in the Rs for the POS samples compared 317 

with the NEG samples. It indicated that the Tn spacer length did not affect the Au-nanoprobe-318 

target hybridization efficiency and the target RNA used in this study was long enough to inhibit 319 

Au-nanoprobes aggregation. Aggregation of the Au-nanoprobes was inhibited more by 320 

hybridization of the target RNA (POS) than in NEG samples, especially when using the Au-321 

nanoprobes with the shorter Tn spacers. Therefore, the difference between the Rs values of the 322 

POS and NEG samples decreased with the increase in the length of Tn spacers. These results 323 

indicate that the Tn spacer length was one of the important parameters for the assay.  324 

 325 

Figure S3 presented in the Supplementary Material shows the absorbance spectra of the 326 

NEG and POS samples as a function of the target RNA concentrations measured using the Au-327 
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nanoprobes conjugated with c341F and 805R, which contain T0, T25, and T50 spacers. There were 328 

considerable differences between the absorbance peak intensities of the POS and NEG samples. 329 

As the target RNA concentrations decreased, the absorbance peak intensities decreased, and the 330 

absorbance bands were shifted to longer wavelengths. 331 

 332 

Based on these results, the relationship between the target RNA concentrations 333 

determined by RT-qPCR and the Rs at 630 nm to 530 nm was evaluated (Figure S4, 334 

Supplementary Material). The Rs at 5.4×107 copies/mL of the target RNA was similar 335 

(approximately 0.45) regardless of the Tn spacer length of the Au-nanoprobes. The Rs values for 336 

the Au-nanoprobes with T0, T25, and T50 spacers increased with a decrease in the target RNA 337 

concentration. The increase in Rs was greater when using Au-nanoprobes with shorter Tn spacers 338 

because the longer spacers on the Au-nanoprobes more significantly inhibited aggregation of the 339 

Au-nanoprobes freely dissolved in the sample than that of the Au-nanoprobes with the shorter 340 

spacers. Although the slope of the curve was steeper (i.e., assay sensitivity was higher) for the 341 

Au-nanoprobes with shorter Tn spacers than that of the Au-nanoprobes with the longer spacers, 342 

the Rs values for the Au-nanoprobes with a T50 spacer were more stable, especially at lower 343 

concentrations of the target RNA than those with shorter Tn spacers. Thus, we used the Au-344 

nanoprobes with a T50 spacer.  345 

 346 

3.4. Effect of the probe DNA/AuNP ratio on assay performance 347 

Figure S5 in the Supplementary Material shows the Rs at 630 nm to 530 nm for the POS 348 

and NEG samples, determined using the Au-nanoprobes conjugated with c341F and 805R, as a 349 

function of the probe DNA/AuNP ratio by mole. This ratio affects the probe DNA density on the 350 
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surface of the Au-nanoprobe. Even when using the bare Au-nanoprobe without the probe DNA 351 

(i.e., 0 of the probe DNA/AuNP ratio), the Rs of the POS sample was lower than that of the NEG 352 

sample because the target RNA could adsorb onto the AuNP surface and inhibit AuNP 353 

aggregation. Using the Au-nanoprobes at a 0.51 probe DNA/AuNP ratio, the Rs of both POS and 354 

NEG samples were similar to those of the bare Au-nanoprobe, indicating the probe DNA density 355 

on the Au-nanoprobe at this ratio neither had the capacity to inhibit Au-nanoprobe aggregation 356 

nor to hybridize with the target RNA. As the probe DNA density increased from 0.51 to 1.47 357 

probe DNA/AuNP ratios, the Rs for the NEG samples decreased from 1.01 to 0.49 due to 358 

inhibition of salt-induced aggregation. In contrast, the Rs of the POS samples slightly decreased 359 

from 0.51 to 1.47 probe DNA/AuNP ratios, probably because the higher probe DNA density 360 

enabled more target RNA to be hybridized resulting in more inhibited aggregation of the Au-361 

nanoprobes due to the more negative charge and physical blocking efficiency of the target RNA. 362 

The difference between the Rs of the POS and NEG samples were 0.31, 0.36, 0.37, 0.20, and 363 

0.05 at 0, 0.51, 0.73, 1.10, and 1.47 probe DNA/AuNP ratios, respectively. The difference 364 

between the Rs of the POS and NEG samples was lower for the Au-nanoprobes with a higher 365 

probe DNA density because of the greater aggregation inhibition capacity of the Au-nanoprobes 366 

in the NEG samples. Since the difference between the Rs of the POS and NEG samples is the 367 

assay sensitivity, 0.73 probe DNA/AuNP ratio was the best for Au-nanoprobe preparation.  368 

 369 

3.5. Effect of NaCl concentration on assay performance 370 

Figure S6 presented in the Supplementary Material shows the absorbance spectra of the 371 

POS and NEG samples, determined using the Au-nanoprobes conjugated with c341F and 805R, 372 

as a function of NaCl concentrations. For the POS samples, the absorbance peaks shifted from 373 
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522 nm to 544 nm with the increase in NaCl concentrations, indicating aggregation of the Au-374 

nanoprobe-RNA target complex. The absorbance peak shift was more significant (520 nm to 582 375 

nm) for the NEG samples with the increase in NaCl concentrations, indicating more significant 376 

aggregation of the Au-nanoprobes. The absorbance peak intensities of the POS samples slightly 377 

increased from 0.37 to 0.40. In contrast, the peak intensities of the NEG samples decreased from 378 

0.40 to 0.27 with increase in NaCl concentrations, and the absorbance bands were shifted to 379 

longer wavelengths and became broader.  380 

 381 

Figure S7 in the Supplementary Material shows the effect of NaCl concentration on the 382 

Rs at 630 nm to 530 nm of the POS and NEG samples calculated from the results shown in 383 

Figure S6. The Rs of the POS and NEG samples both increased with increasing NaCl 384 

concentration, but the increase in Rs values was more significant in the NEG samples than in the 385 

POS samples. Therefore, the difference between the Rs values of the POS and NEG samples 386 

gradually increased with increasing NaCl concentration. Since the difference between the 387 

absorbance bands of the POS and NEG samples is assay sensitivity, a 5 M NaCl concentration in 388 

the stock solution was the best for the assay. 389 

 390 

3.6. Quantification of 16S rRNA of AOB in AS samples by a novel colorimetric assay 391 

Following the optimization of the operational parameters, a calibration curve for the 16S 392 

rRNA of bacteria extracted from AS samples was created using the Au-nanoprobes conjugated 393 

with c341F and 805R. The absorbance spectra of the Au-nanoprobes with serial dilutions of the 394 

target RNA in nuclease-free water were analyzed, and the Rs at 630 nm to 530 nm were plotted 395 

against the target RNA concentrations determined by RT-qPCR (Figure 3). When the target 396 
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concentrations were below 5.8×108 copies/mL, Rs were consistently high at approximately 3.2. 397 

As the target concentrations increased, Rs decreased from 3.2 to 0.2 at >7.4×108 copies/mL of 398 

the target RNA concentrations. The slope of the calibration curve was −1.31 (Rs per unit 399 

logarithmic concentration). Rs of the samples without heat treatment ranged from 0.25 to 0.55 400 

with a slope of −0.11 13, indicating that heat treatment significantly improved assay sensitivity 401 

(i.e., the slope of the calibration curve).  402 

 403 

Figure 3. A calibration curve for 16S rRNA of bacteria determined by using the Au-nanoprobes 404 

conjugated with c341F and 805R created under the optimized assay conditions. 405 

 406 

We determined the abundance of 16S rRNA of bacteria using Au-nanoprobes conjugated 407 

with c341F and 805R using the calibration curve shown in Figure 3 and compared the results 408 

with those determined by the RT-qPCR method. We extracted RNA from two AS samples and 409 

anaerobic digestion sludge samples. The 16S rRNA concentrations of bacteria ranged between 410 

5.4×107 copies/mL and 4.4×1010 copies/mL in the unamplified RNA pools (Figure 4). There was 411 

good correlation (a determination coefficient of 0.92) between the RNA concentrations 412 
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determined by our method and the RNA concentrations determined by RT-qPCR at >108 413 

copies/mL. However, the RNA concentration determined by our method overestimated the RNA 414 

concentrations determined by RT-qPCR at <107 copies/mL. These results demonstrated that our 415 

method was applicable to anaerobic sludge samples as well as aerobic AS samples. 416 

 417 

Figure 4. Relationship between the abundance of 16S rRNA of bacteria extracted from AS 418 

samples (● and ■) and anaerobic digestion sludge samples (▲) determined by our method and 419 

RT-qPCR method. The line is Y = X. 420 
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Finally, abundance of the 16S rRNA of AOB was determined by our method. A 422 

calibration curve for the 16S rRNA of AOB was created using the Au-nanoprobes conjugated 423 

with cCTO 189f and RT1r. The absorbance spectra of the Au-nanoprobes with serial dilutions of 424 

the target RNA in nuclease-free water were analyzed, and the Rs at 630 nm to 530 nm were 425 

plotted against the target RNA concentrations determined by RT-qPCR (Figure 5). When the 426 

target concentrations were below 3.6×106 copies/mL, Rs were consistently high at approximately 427 

1.2. As the target concentrations increased, Rs decreased from 1.14 to 0.48 at >9.3×106 428 

copies/mL of the target RNA concentrations. The slope of the calibration curve was −0.66 (Rs 429 
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per unit logarithmic concentration) which was higher than that for bacteria (Figure 3). Assuming 430 

that the bacterial 16S rRNA sequence is about 1,550 bp long and the average molecular weight 431 

of a single strand RNA base is 340 Da, 107 copies/mL corresponded to 0.009 ng/mL. As 432 

mentioned in Introduction, 10–50 ng/mL of the target were detected in the previous reports 10. 433 

The detection limit of our method was 4 orders of magnitude lower. This is attributed to the 434 

difference of the average molecular weight, e.g., 109 Da for bacterial genome and 105 Da for 435 

bacterial 16S rRNA. 436 

 437 

Figure 5. A calibration curve for 16S rRNA of AOB determined by using the Au-nanoprobes 438 

conjugated with cCTO 189f and RT1r created under the optimized assay conditions. 439 

 440 

We determined the abundance of 16S rRNA of AOB using the calibration curve shown in 441 

Figure 5 and compared the results with those determined by the RT-qPCR method. We extracted 442 

RNA from the AS samples, which were incubated with an inorganic medium containing 443 

ammonium chloride in our laboratory to enrich the AOB concentrations. The 16S rRNA 444 

concentrations of AOB ranged between 9.3×105 copies/mL and 6.8×108 copies/mL in the 445 

unamplified RNA pools (Figure 6). There was some correlation between the RNA concentrations 446 
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determined by our method and the RNA concentrations determined by RT-qPCR in the range of 447 

1.9×106 to 5.2×107 copies/mL. However, in the lower range, the RNA concentrations determined 448 

by our method overestimated the RNA concentrations determined by RT-qPCR, whereas they 449 

underestimated the RNA concentrations determined by RT-qPCR in the upper range. 450 

 451 

Figure 6. Relationship between the abundance of 16S rRNA of AOB determined by our method 452 

and RT-qPCR method. Open and filled symbols indicate the samples of unamplified RNA pool 453 

without and with dilution, respectively. The line is Y = X.  454 

 455 

4. Conclusions 456 

In this study, we developed a novel, simple assay for the quantification of unamplified 457 

16S rRNA of ammonia-oxidizing bacteria in activated sludge samples. Probe DNA is an 458 

oligonucleotide that hybridizes with a complementary sequence specifically present in the target. 459 

When conjugated with AuNPs, it is known as an Au nanoprobe. When the Au-nanoprobes are 460 

mixed with the target and NaCl solution and then heated, the Au-nanoprobes are hybridized with 461 

the target and protected against salt-induced aggregation, resulting in no color change of the test 462 

solution. In the absence of the target, because the Au-nanoprobes are aggregated, the test solution 463 
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exhibits a red-to-blue color change. Analysis of these absorption spectra allows for quantification 464 

of target RNA concentrations. The optimization of the assay protocol conducted in this study in 465 

terms of temperature, NaCl concentration, spacer molecule, and probe DNA density resulted in a 466 

reduction in reaction time from 30 min to <3 min and of the detection limit from 108 copies/mL 467 

to 105 copies/mL of an extraction sample, as compared with our previous study. Therefore, the 468 

assay was completed within 10 min after nucleic acid extraction. Since ammonia-oxidizing 469 

bacteria are the key players in the removal of toxic ammonia in wastewater, the assay enabling 470 

the determination of their concentration contributes to the stability and improvement of ammonia 471 

removal process in a wastewater treatment system. 472 

 473 

Supporting Information 474 

Scheme S1: Schematic representation of the sensing mechanism of the method for colorimetric 475 

unamplified 16S rRNA analysis. Figure S1: The absorbance spectra of test solutions without and 476 

with NaCl with heat treatment. Figure S2: The absorbance spectra of the POS and NEG samples 477 

measured using the Au-nanoprobes conjugated with c341F and 805R with T0, T25, T50, and T75 478 

spacers. Figure S3: The Rs of the POS and NEG samples at different length of Tn spacers. Figure 479 

S4: Typical absorbance spectra of the NEG sample and the POS samples as a function of the 480 

target RNA concentrations measured using the Au-nanoprobes containing T0, T25, and T50 481 

spacers. Figure S5: Change in the Rs of the Au-nanoprobes with T0, T25, and T50 spacers. Figure 482 

S6: Change in the Rs of the POS and NEG samples determined by using the Au-nanoprobes 483 

conjugated with c341F and 805R as a function of the probe DNA/AuNP ratio. Figure S7: Typical 484 

absorbance spectra of the POS and NEG samples determined by using the Au-nanoprobes 485 

conjugated with c341F and 805R as a function of the NaCl concentrations in stock solutions. 486 
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Figure S8: Change in the Rs of the POS and NEG samples as a function of NaCl concentrations 487 

in stock solution. These materials are available free of charge via the internet at 488 

http://pubs.acs.org. 489 
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 615 
 616 
Scheme S1. Schematic representation of the sensing mechanism of the method for colorimetric 617 

unamplified 16S rRNA analysis. The Au-nanoprobes and target RNA are not drawn to scale, and 618 

16S rRNA is believed to be much larger than depicted. 619 

  620 
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 621 

Figure S1. The absorbance spectra of test solutions (A) without and (B) with NaCl with heat 622 

treatment. The absorbance spectra of AuNPs solution (AuNP), the solution of Au-nanoprobes 623 

conjugated with c341F and 805R (Probe), the POS and NEG without NaCl (POS-W and NEG-W, 624 

respectively) were shown in Figure S1A. The absorbance spectra of AuNPs alone (AuNP), the 625 

Au-nanoprobe solution (Probe), the POS and NEG with NaCl (POS-NaCl and NEG-NaCl, 626 

respectively) were shown in Figure S1B. 627 

  628 
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 629 
Figure S2. The absorbance spectra of the POS (a solid line) and NEG (a dashed line) samples 630 

measured using the Au-nanoprobes conjugated with c341F and 805R with (A) T0, (B) T25, (C) 631 

T50, and (D) T75 spacers. 632 

  633 
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 634 
Figure S3. The Rs of the POS (●) and NEG (■) samples at different length of Tn spacers. 635 

  636 
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 637 
Figure S4. Typical absorbance spectra of the NEG sample (a dashed line) and the POS samples 638 

(solid lines) as a function of the target RNA concentrations (5.4×107 to 5.4×104 copies/mL) 639 

measured using the Au-nanoprobes containing (A) T0, (B) T25 and (C) T50 spacers. The target 640 

RNA concentrations decreased from 5.4×107 to 5.4×104 copies/mL as indicated by an arrow. 641 

  642 
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 643 

 644 
Figure S5. Change in the Rs of the Au-nanoprobes with T0 (●), T25 (▲), and T50 (□) spacers, 645 

which were calculated from the results shown in Figure S4. The target RNA concentrations 646 

shown on the horizontal axis were determined by RT-qPCR.. 647 
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 649 
Figure S6. Change in the Rs of the POS (●) and NEG (■) samples determined by using the Au-650 

nanoprobes conjugated with c341F and 805R as a function of the probe DNA/AuNP ratio. 651 

  652 
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 653 
Figure S7. Typical absorbance spectra of the POS (a solid line) and NEG (a dashed line) 654 

samples determined by using the Au-nanoprobes conjugated with c341F and 805R as a function 655 

of the NaCl concentrations in stock solutions. NaCl concentrations were (A) 0 M, (B) 0.5 M, (C) 656 

2.0 M, (D) 3.5 M, and (E) 5.0 M. The absorbance spectra were measured using the Au-657 

nanoprobes at 0.73 of the probe DNA/AuNP ratio with T50 spacers. 658 
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 660 
Figure S8. Change in the Rs of the POS (●) and NEG (■) samples as a function of NaCl 661 

concentrations in stock solution. 662 

 663 
 664 


