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ABSTRACT 19 

A colorimetric biosensor for DNA screening was designed based on the 20 

conformational changes of the horseradish peroxidase (HRP)-mimicking DNAzyme. 21 

The scheme of DNA biosensing was designed based on the base pairing of DNAzyme 22 

sequence to inhibit the formation of HRP-mimicking hemin/G-quadruplex structures 23 

in the process of amplification. DNA could be amplified via the universal primer 24 

multiplex polymerase chain reaction (UP-M-PCR) and innovatively detected as color 25 

disappear in the reaction visible to the naked eye. The input of key factors and the 26 

output of optical characteristics in the reaction inspired the development of an OR 27 

logic gate operation for DNA detection. This biosensor overcomes self-inhibition and 28 

amplification disparity with the help of UP-M-PCR, thereby exhibiting high 29 

specificity and high-throughput without the requirement of gel analysis work. This 30 

biosensing system also presented 1% sensitivity and approximately 180 copy numbers 31 

in triplicate. The biosensor was used to screen elements from genetically modified 32 

organisms (GMOs) and covered more than 90% of all globally authorized events in 33 

the world. The designed colorimetric biosensor is a rapid, portable and versatile tool 34 

for nucleic acids detection and diagnosis in the field.   35 

Key words: biosensors, colorimetric, nucleic acids, logic gate, genetically modified 36 

organisms37 
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1. Introduction 38 

Researchers have aimed to develop a universal molecular diagnostic method that is 39 

inspired by the replication and proliferation of living organisms. Molecular biologists 40 

followed the principle of self-reproduction to develop polymerase chain reaction 41 

(PCR). Over the past 20 years, the specificity and sensitivity of PCR has been 42 

improved through substantial research efforts. Various types of PCR technology, such 43 

as the multiple PCR, nested PCR, isothermal amplification, as well as the introduction 44 

of quantitative PCR (qPCR) and digital PCR (dPCR), have therefore been applied to 45 

detect, screen, and quantify targets [1-6]. However, PCR results have to be analyzed 46 

based on amplicon length, or the monitoring of fluorescent change, thus complicating 47 

analysis for point-of-care diagnosis [7-12].  48 

Recent biotechnological developments, such as optical, electronic, and 49 

microgravimetric platforms, to offer a variety of alternative choices for interpreting 50 

result [13-15]. Visual detection, in which the presence of a target analyte is directly 51 

observed with the naked eye, has received increasing interest due to its simplicity and 52 

low cost [16, 17]. Of all these detection methods, DNAzyme provide flexibility, 53 

functional information and specific binding properties that are highly desirable for 54 

bioanalytical applications [18, 19]. DNAzyme are peroxidase-like complexes of 55 

nucleic acids, which are usually in the form of single-stranded DNA/RNA [20]. 56 

DNAzyme can fold into a stable and catalytically active G-quadruplex in the presence 57 

upon hemin binding. DNAzyme can catalyze some chemical and colorimetric 58 

reactions, such as the H2O2-mediated oxidation of 59 

2,2’-azinobis(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS2-) to ABTS•−. The 60 

reaction product, ABTS•-, had a maximal absorption of 420 nm and a green color that 61 

is visible to the naked eye [21]. The assembly of DNAzymes with nucleic acid 62 

sequences has allowed the development of systems for different targets, multiplexed 63 

sensing of analytes, and amplified sensing [22-24]. With the main advantages of 64 
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unmodified functional nucleic acid sequences and versatile sensing media, 65 

DNAzymes have shown to be very useful in target screening [25-27].  66 

  Molecular logic gate, a concept derived from conventional computer 67 

microprocessors, is a series of molecular computation that process chemical or 68 

physical “inputs” to generate “outputs” based on a set of molecular computation 69 

[28-31]. Recent development employed fluorescent, colorimetric, electrochemical, or 70 

electrochemiluminescent signals as outputs of logic gates, which benefit from its, 71 

sensitive readout, time-saving and somewhat optical convenience. Coupled with 72 

DNAzyme as inputs, logic gates could operate sequence hybridization or 73 

amplification based on G-quadruplex formation to facilitate fast and efficient target 74 

detection [28, 32, 33]. 75 

  The rapid development of genetically modified organisms (GMOs) makes GMO 76 

detection technology a prerequisite for genetic management and manipulation [34, 35]. 77 

However, GMO detection usually depended on PCR-based methods that requires 78 

tedious gel electrophoresis or costly and complicated machines [36-40]. In the present 79 

study, we have successfully developed a DNAzyme-mediated colorimetric biosensor 80 

with logic gate applications for GMO screening. Three concrete DNA sequence 81 

motifs (CaMV 35S promoter, Nos terminator and EPSPS gene) present in transgenes 82 

were selected as screening targets for the presence of positive GMOs. The presence of 83 

target can be viewed as color disappearance from the reaction because of structural 84 

changes in DNAzyme and catalytic activity. The OR logic gate operates a simple 85 

demonstration of process of GMOs identification. 86 

2. Experimental 87 

2.1. Chemicals and materials 88 

The multiplex PCR Assay Kit Ver. 2 used for UP-M-PCR was purchased from 89 

Clontech (Takara Co. Ltd., Dalian, China). Hemin, ABTS, H2O2 and citric acid were 90 

purchased from Aladdin Reagents (Shanghai, China). All primers were synthesized 91 
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and purified by Invitrogen Co. Ltd. (Shanghai, China). The primer sequences are 92 

shown in Table 1. All other reagents were of analytical grade and were used without 93 

further purification. Other primers used in this study are listed in Table S1. 94 

  Phosphate buffer (10 mM NaH2PO4/Na2HPO4, 100 mM KCl, 2 mM MgCl2, and 95 

0.003% (v) Triton X-100, pH = 7.0) was used as a colorimetric working buffer 96 

solution. Stock buffer (1.843 g Na2HPO4.12H2O, 0.933 g citric acid, 100 mL, pH 4.0) 97 

was used as the enzymatic working buffer solution. 98 

  Materials used in our research included the GMO events MON87460, MON810, 99 

MON87701, MON87705, GT73, MON888302, H7-1, MON89788, J101 and TT51-1, 100 

which were kindly supplied by Monsanto Co. and Huazhong Agricultural University. 101 

2.2. Extraction and evaluation of genomic DNA 102 

Genomic DNA was extracted from 50 ng of a powdered sample using a DNA genome 103 

extraction kit (Food Safety Tech. Co, Ltd., Beijing, China). Isolated genomic DNA 104 

was diluted with 60 µL of ddH2O. The concentration and purity were determined 105 

using a NanoDrop N2000 (Thermo Fisher Scientific Inc., Wilmington, USA) at both 106 

OD260 and OD280. Genomic DNA samples were diluted from 100% to 0.1% for 107 

further use in the experiments. 108 

2.3. Biosening systems 109 

Universal primer multiplex PCR (UP-M-PCR) was performed using the Multiplex 110 

PCR Assay Kit Ver. 2 in a 50 µL reaction volume containing 1×multiplex PCR buffer, 111 

1× multiplex PCR enzyme mix, various amounts of universal primer, 0.04 µM each of 112 

CaMV 35S-F/R, NOS-F/R and CP4-EPSPS-F/R and various amounts of templates. 113 

ddH2O was added to the reaction mixture to a final volume of 50 µL. The procedure 114 

was performed at 95 °C for 1 min, 95 °C for 30 s, 60 °C for 1 min, and 72 °C for 1 115 

min for 40 cycles, and a holding step at 72 °C for 10 min. All the reactions were 116 

performed in a screw type of PCR-tube that was designed by our laboratory (China 117 
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Patent Application No. 201510293982.2) and produced by Beijing Food Safety Tech. 118 

Co., Ltd. (Beijing, China). 119 

  For optimization, a mixture of the universal primer and its derived primer with base 120 

deletion (1:1-1:5) was evaluated in the existing system. The total concentration of 121 

universal primer in the system was 0.4 µM. 122 

  After amplification, 80 µL of phosphate buffer and 10 µL of hemin (12 µM) were 123 

added to a 10 µL of post-PCR samples. The mixtures were incubated at 37 °C for 20 124 

min. Subsequently, 30 µL stock buffer was added to the mixture, and photographs of 125 

the color development of the solutions were taken using a canon EOS 550D camera 126 

after 5 min of color development. Absorption was measured at 412 nm at room 127 

temperature with a Thermo Scientific Varioskan Flash (ThermoFisher Scientific Inc., 128 

DE, USA) and DCN Fluorescent Assay Visualizer (DCN Diagnostics, CA, USA). 129 

2.4. Specificity and sensitivity 130 

GMO events used for the specificity test were mixed as presented in Table 2. 131 

Sensitivity was defined as the lowest copy numbers of target in the reaction. A 132 

gradient dilution of GMO event mixture (100%, 50% 20%, 10%, 1%, and 0.1%) was 133 

prepared for the sensitivity test. The corresponding copy numbers were then 134 

calculated. 135 

3. Results and Discussion 136 

3.1. Principle of colorimetric detection 137 

The main principle of the DNA biosensing process is illustrated in Fig. 1. This system 138 

is based on UP-M-PCR and the colorimetric property of DNAzymes. Two pairs of 139 

primers, namely, specific and universal primers, exist in the UP-M-PCR mixture. All 140 

the specific primers contain a common sequence, which is also the sequence of 141 

universal primer, in the 5’ end. Two types of universal primers were synthesized and 142 

tested (Table 1). One type is the exact DNAzyme sequence (ue-primer), and the other 143 

type is the complementary strand of the DNAzyme sequence (se-primer). Although 144 
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no color change is visible to the naked eye when these two primers are used, the 145 

absorption value at 412 nm slightly decreases when ue-primers are used (Fig. 2). We 146 

selected the ue-primers for optimization given their low absorption value and 147 

extensive usage in the reaction. When target exists in the reaction (upper section of 148 

Fig. 1A), specific primers are functional in identifying and amplifying in the first ten 149 

cycles of amplification, and universal primers become a major activator in the lasting 150 

cycles (pink lines in Fig. 1A). Double-stranded amplicons exponentially accumulate 151 

per cycle of PCR. The DNAzyme is also amplified to form double-stranded 152 

DNAzyme sequence (pink and green lines in Fig. 1A). The double-stranded 153 

DNAzyme sequence does not catalyze the conversion of a colorless ABTS2- to green 154 

ABTS- in the presence of hemin and H2O2. Nevertheless, single-stranded DNAzyme 155 

sequences in the negative control are not amplified and remained in the reaction, 156 

except sporadic complementary structure between universal and specific primers 157 

(lower section of Fig. 1A). Dissociative DNAzyme sequences catalyze the oxidation 158 

to produce the colored product ABTS•- in the presence of hemin and H2O2 (pink 159 

G-quadruplex structure), which make the color to green and is visible from naked eye. 160 

3.2. System optimization for colorimetric detection 161 

The colorimetric reaction in the PCR-DNAzyme biosensor system was optimized. We 162 

devised a series of derived ue-primers with several base deletions in the 5’ and 3’ 163 

regions to investigate the effect of primer length on the colorimetric reaction (Table 164 

S1, ue-d-primer). According to the previous reports [41, 42], ue-d-primers inhibit the 165 

catalysis of oxidization, which changes optical density. Moreover, the primers may 166 

also lower the background signal if they remain in the system until the amplification 167 

is finished. As shown in Fig. 2A, a mixture of ue-primers and ue-d-primers allowed 168 

for visual discrimination between positive and negative samples. Moreover, Fig.2A 169 

indicated that further base deletion improved the visual effect. Therefore, the 170 

ue-d-primer 3’-3 was selected for the following research. 171 
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  In addition to primer structure, primer ratio also influences the visual effect. The 172 

ue-primer and ue-d-primer ratio of 1:1 (0.2: 0.2 µM) was tested and selected for the 173 

evaluation of visual performance (Fig. 2A). DNAzyme with base deletions 174 

(ue-d-primer) functioned to lower the background noise. However, the addition of 175 

more ue-d-primer failed to decrease background noise and may disturb the visual 176 

evaluation. After the optimization (Fig. 2B), a criterion based on the absorption value 177 

was established to prevent false-positives identification, as follows: First, the system 178 

is visually evaluated and a color change can be seen. Then, when visually identifying 179 

color change is difficult, samples are considered positive if their ODs are at least 1.5 180 

times less than that of the negative control. When ODs are 1.5–0.5 times less than the 181 

negative control, they are evaluated by using gel electrophoresis or qPCR.  182 

3.3. Specificity, fitness and sensitivity 183 

The applicability of the colorimetric biosensor was investigated by using GMO 184 

samples. For GMO detection, the screening work has attracted considerable research 185 

attention because it serves as the preliminary and efficient way to identify GMO 186 

presence [43-45]. Some common sequence motifs were selected for target screening, 187 

which often locates on promoters, terminators and some common interest genes. Only 188 

positive samples need to be tested using event-specific method to determine the 189 

concrete GMO event. In this study, three targets were selected for validation: 190 

cauliflower mosaic virus 35S promoter (P-35S), nopaline synthase terminator (T-NOS) 191 

and herbicide-resistant 5-enolpyruvulshikimate-3-phosphate synthase (EPSPS) gene. 192 

Three pairs of primers were all added to the UP-M-PCR reaction system. After 193 

amplification, the target was detected through the color change induced by catalytic 194 

reaction. Any existing target could result in the oxidation of ABTS2- and force to 195 

produce the colored product. This screening may limit the list of candidate GMO 196 

events and provide evidence for the identity of presented GMOs. Event detection is 197 

the highest specific detection for GMOs, and is usually applied in commercial trade 198 

and plant quarantine. 199 
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  The specificity and fitness of the biosensor were tested by detecting different GMO 200 

materials and determining whether they contained GMOs. The detection results for 201 

TT51-1 (containing one element), MON87460 (containing two elements), and 202 

MON87701 (no element contained) all accurately confirmed our predicted results 203 

(Fig. 3A). The fitness of the biosensor was validated using GMOs mixture containing 204 

maize, soybean, canola and rice that randomly contained five GMO mixtures (Fig. 3 205 

and Fig. S1). Samples from local supermarkets were also validated using this method. 206 

Therefore, the proposed detection could be used to determine whether they have 207 

contained GMO content (Table S2). 208 

  Sensitivity was tested using MON87460 and MON88302 combined at different 209 

ratios. The mixed sample presented 1% sensitivity, which is approximately equal to 210 

180 haploid maize genomic copies because maize genomic DNA is 2.725 pg per 211 

haploid genome [46]. Although this sensitivity is not superior to those of other 212 

quantitative methods [29, 38, 39], our system is more versatile, could be feasibly used 213 

in high-throughput screening, and has a detection limit within the allowable threshold 214 

for GMO content in most countries. 215 

3.4. Logic gate operation of the colorimetric biosensor   216 

The target of this biosensor was also transformed to a logic value through logic gate 217 

computation. Three target genes were selected as the inputs: P-35S, T-NOS and 218 

EPSPS. We defined “0” as the absence of each element in the PCR cycles. Other 219 

conditions were defined as “1”. When at least one of the target gene exists in the 220 

system, the output is defined as “TRUE” with a hierarchical color indicator (Fig. 1B). 221 

Others are identified as “FALSE”. The UP-M-PCR biosensor worked well in the 222 

presence of either CaMV 35S, T-NOS or EPSPS (Fig. 1B). The indication of positive 223 

GMO in the detected samples can be decided from the truth table (Fig. 1C). The final 224 

results of the logic gate operations, as indicated through the output volume, are 225 

presented in Table 2. The selected targets, P-35S, T-NOS and EPSPS, covered more 226 

than 90% of all the commercialized GM events reported by the reports of 227 
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International Service for the Acquisition and Agri-biotech Applications (ISAAA). 228 

Thus, most of GM products can be identified if it is GMO positive by this 229 

colorimetric biosensor. It is meaningful for scientific worker to control overall GM 230 

positive content in practical samples rather than to control single GMO event content 231 

[47], which indicating the principal and necessary status of screening. This readout 232 

platform of this colorimetric biosensor exactly exhibits convenient and time-saving 233 

properties that is suitable for preliminary screening. This colorimetric biosensor is 234 

also feasible for overall target control and manipulation of highly polluted samples, 235 

such as quality control of foodborne pathogens, ecological microbial diversity and 236 

adulteration identification [48-50]. Therefore, although our system shows no 237 

improvements in sensitivity (1% GM content), it is much more applicable in practical 238 

GM screening work. 239 

 240 

4. Conclusion 241 

We have developed a colorimetric biosensor for GMO identification. A DNAzyme 242 

sequence was embedded in the primer sequence. The target in the biosensor was 243 

firstly amplified, and then can be evaluated through color change, identified by OR 244 

logic gate operations. This biosensor was combined with PCR, DNAzyme and logic 245 

gate to facilitate a convenient target screening, especially GMO screening. This 246 

system will be more profitable for field diagnosis when utilized with a hand-held UV 247 

spectrometer, portable PCR instrument and even isothermal technology [51-53].  248 
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 406 

Table 1 Primers used in this study 407 

Primer name Sequence (5’-3’)a Amplicon Reference 

se-CaMV 35S-F AGGGTTGGGCGGGATGGGCATCATTGCGATA

AAGGAAAGGC 

177 

Present 

study 

se-CaMV 35S-R AGGGTTGGGCGGGATGGGTGCTTTGAAGACG

TGGTTGGA 

 

se-NOS-F AGGGTTGGGCGGGATGGGGAATCCTGTTGCC

GGTCTTG 

232 

se-NOS-R AGGGTTGGGCGGGATGGGTTATCCTAGTTTG

CGCGCTA 

 

se-CP4-EPSPS-F AGGGTTGGGCGGGATGGGACGGTGACCGTCT

TCCAGTTAC 

 

se-CP4-EPSPS-R AGGGTTGGGCGGGATGGGGAACAAGCAAGG

CAGCAACCA 

385 

ue-CaMV 35S-F TCCCAACCCGCCCTACCCCATCATTGCGATA

AAGGAAAGGC 

177 

ue-CaMV 35S-R TCCCAACCCGCCCTACCCTGCTTTGAAGACG

TGGTTGGA 

 

ue-NOS-F TCCCAACCCGCCCTACCCGAATCCTGTTGCC 232 
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GGTCTTG 

ue-NOS-R TCCCAACCCGCCCTACCCTTATCCTAGTTTGC

GCGCTA 

 

ue-CP4-EPSPS-F TCCCAACCCGCCCTACCCACGGTGACCGTCT

TCCAGTTAC 

385 

ue-CP4-EPSPS-R TCCCAACCCGCCCTACCCGAACAAGCAAGGC

AGCAACCA 

 

se-universal 

primer 

TCCCAACCCGCCCTAC - 

ue-universal 

primer 

AGGGTTGGGCGGGATGGG - [19] 

asequences in bold letter demonstrate DNAzyme sequence in specific embedded primer and 408 

complementary sequence of DNAzyme in the universal embedded primer. 409 
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Table 2 Specificity and fitness of the screening system 410 

Sample 

number 
GM events Target 

Input Output 

1 MON810 CaMV 35S (1,0,0) TRUE 

2 TT51-1 NOS (0,1,0) TRUE 

3 MON87460 CaMV 35S, NOS (1,1,0) TRUE 

4 MON88302 CP4-EPSPS (0,0,1) TRUE 

5 H7-1 CP4-EPSPS (0,0,1) TRUE 

6 MON87705 
CaMV 35S, 

CP4-EPSPS 

(1,0,1) TRUE 

7 J101 CP4-EPSPS (0,0,1) TRUE 

8 MON89788 CP4-EPSPS (0,0,1) TRUE 

9 MON810+TT51-1 CaMV 35S, NOS (1,1,0) TRUE 

10 MON87460+TT51-1 CaMV 35S, NOS (1,1,0) TRUE 

11 MON87460+MON88302 
CaMV 35S, NOS 

CP4-EPSPS 

(1,1,1) TRUE 

12 MON87701 none (0,0,0) FALSE 

N Negative control none (0,0,0) FALSE 
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Figure captions 411 

 412 

Fig. 1 The scheme of colorimetric biosensor for DNA screening. (A) Target in the 413 

system will be amplified by universal primer-multiplex-PCR (UP-M-PCR). At the 414 

beginning of PCR, specific primer is mainly responsible for amplification (Black part 415 

indicates the specific region). When the specific primer is used up, the universal 416 

primer (pink) begins to play a leading role to take the amplicons as templates. 417 

Double-stranded DNAzyme sequence will not undergo the catalytic colorimetric 418 

reaction (upper section in Fig. 1A). Negative control has an abundance of dissociative 419 

universal primers, transforming the reaction color from bright to green (lower section 420 

in Fig. 1A). These two processes exhibit different colors, which are shown in the right 421 

side of the figure. Three targets (yellow line with red, green and blue dots) make an 422 

OR logic gate operation. The corresponding indication and truth table are shown in (B) 423 

and (C), respectively. 424 
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 425 

Fig. 2 (A) Primer selection for light-off evaluation. The Y-axis represents absorption 426 

value at 412nm. The dark columns represent absorption value of negative control. 427 

Columns from bottom to top represent UP-M-PCR evaluation with se-primers, 428 

ue-primers (pink), ue-d-primers with 5’ deletion (green) and 3’ deletion (yellow). 5’-1, 429 

5’-2 and 5’-3 represent one, two and three bases deletion on the 5’ region of 430 

ue-primers, respectively. 3’-1, 3’-2 and 3’-3 represent one, two and three bases 431 

deletion on the 3’ region of ue-primers, respectively. 3’-3 primer was chosen to be 432 

mixed with ue-primer and the ratio was also evaluated (right in Fig.2A). 1:1, 2:1, 3:1, 433 

4:1 and 5:1 represents the ratio of ue-d-primers (3’-3) and ue-primers. (B) (C) Visual 434 

readouts of UP-M-PCR optimization. Negative means negative control, and other 435 

captions are in accordance to Fig.2A. 436 

 437 
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 438 

Fig. 3 Specificity (A) and sensitivity (B) of the visual light-off logic computation for 439 

GMO screening. Sample components in (A) are shown in Table 2, and N represents 440 

negative control.   441 
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Highlights 

• HRP-mimicking DNAzyme was added in the primer. 
• Biosensing reaction is obtained with naked eye. 
• Logic gate operations were designed and applied. 
• The system was applied for the high-throughput GMO screening. 


