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SHORT ABSTRACT: 26 

A protocol is presented using synthetic biology techniques to synthesize a set of bacterial 27 

biosensors for the analysis of gunshot residue, and to test the functioning of the devices for their 28 

intended use using fluorescence spectroscopy. 29 

 30 

LONG ABSTRACT: 31 

MicRoboCop is a biosensor that has been designed for a unique application in forensic chemistry. 32 

MicRoboCop is a system made up of three devices that, when used together, can indicate the 33 

presence of gunshot residue (GSR) by producing a fluorescence signal in the presence of three 34 

key analytes (antimony, lead, and organic components of GSR). The protocol describes the 35 

synthesis of the biosensors using Escherichia coli (E. coli), and the analytical chemistry methods 36 

used to evaluate the selectivity and sensitivity of the sensors. The functioning of the system is 37 

demonstrated by using GSR collected from the inside of a spent cartridge casing. Once prepared, 38 

the biosensors can be stored until needed and can be used as a test for these key analytes. A 39 

positive response from all three analytes provides a presumptive positive test for GSR, while each 40 

individual device has applications for detecting the analytes in other samples (e.g., a detector for 41 

lead contamination in drinking water). The main limitation of the system is the time required for 42 

a positive signal; future work may involve studying different organisms to optimize the response 43 

time. 44 
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 45 

INTRODUCTION: 46 

A biosensor is any analytical device that uses biological components (such as proteins, nucleic 47 

acids, or whole organisms) that produce a response that can be used for the detection of a 48 

chemical substance or analyte. As an example, the coal mining industry used a biosensor for 49 

much of the 20th century to detect the presence of toxic mine gases: the canary in the coal mine1. 50 

The biological organism's (canary's) response (death or distress) to a chemical analyte (carbon 51 

monoxide) was observed by the miners in order to protect the workers. In a more modern and 52 

sophisticated example, bacteria can be altered using synthetic biology techniques to respond to 53 

the presence of a certain chemical analyte by exhibiting a specific response, such as the 54 

expression of a fluorescent protein.  55 

 56 

Synthetic biology is a broad term that refers to the construction of biological devices and systems 57 

that do not exist naturally, or the re-design of existing biological systems for a specific purpose2. 58 

Synthetic biology is distinguished from genetic engineering by a standard methodology and the 59 

existence of standardized parts (standard synthetic biology genetic elements) that can be used 60 

to synthesize devices and systems. A part is introduced into the genome of a device, an organism 61 

such as a bacterium, to express a certain trait that will serve as an indication of function. For 62 

example, in many synthetic devices, the expression of a fluorescent protein is introduced into a 63 

single celled organism as a reporter protein. Multiple devices can be combined into a system. The 64 

genomes of microorganisms such as bacteria are easy to manipulate in this manner. Numerous 65 

examples of biosensors specific to a wide range of chemical analytes have been reported in the 66 

literature over the last decade3,4.  67 

 68 

In this work, the MicRoboCop system is presented as an example of a biosensor designed using 69 

synthetic biology techniques with novel applications in forensic and environmental chemistry. 70 

MicRoboCop is a system of three separate devices that, when combined, will allow Escherichia 71 

coli to express red fluorescent protein (RFP) in the presence of gunshot residue (GSR) that has 72 

been collected from a person’s hands or a surface. Each of the three devices responds to a specific 73 

chemical analyte that is known to be a component of GSR5. The three analytes to which the 74 

system responds are I. 2,4,6-trinitrotoluene (TNT) and related compounds, II. lead (in the form of 75 

lead ions), and III. antimony (also in the form of ions).  76 

 77 

GSR consists of many different chemical substances, but the three usually used to identify a 78 

residue as GSR are barium, lead, and antimony5. The standard evidentiary test for the 79 

identification of GSR is to use scanning electron microscopy (SEM) with energy dispersive X-ray 80 

fluorescence (EDX)5. SEM-EDX allows analysts to identify the unique morphology and the 81 

elemental components of GSR. Presently, there are few widely used binary presumptive tests 82 

available. One recently published presumptive test uses ion-mobility spectroscopy (IMS), which 83 

is specialized equipment that might not be available in many labs6. There are also a few color 84 

“spot” tests that can be used, though they are typically used for distance determination or for 85 

GSR identification on bullet holes and wounds5. Additionally, there has been some limited 86 

attention in the literature to electrochemical tests for GSR that employ voltammetric analysis, 87 

which has the advantage of potentially being field portable, or anodic stripping voltammetry, 88 



which is an extremely sensitive method for metallic elements7. There is very little mention in the 89 

literature of biosensors designed specifically for the purpose of detecting GSR, though some 90 

biosensors for other forensic applications have been published8. 91 

 92 

The biological elements for each device in the MicRoboCop system, and the plasmid construction, 93 

are illustrated in Figure 1. The curved arrow in Figure 1b represents the promoter region that is 94 

activated in the presence of the analyte, the oval is the ribosomal binding site that allows 95 

translation of the reporter protein, the gray box labeled RFP is the gene that expresses red 96 

fluorescent protein, and the red octagon is the transcription termination site. All three devices 97 

will be used together as a system to detect GSR. Each device with a specific promoter (SbRFP, 98 

PbRFP, and TNT-RFP) will be incubated with the sample that is being tested and fluorescence of 99 

RFP will be measured. RFP will only be expressed if the appropriate chemical analyte is present 100 

and activates the promoter region. Three devices that respond to some of the chemical 101 

substances present in GSR have been designed and are presented in this work. 102 

 103 

The promoters used in the three MicRoboCop devices are an arsenic and antimony sensitive 104 

promoter, SbRFP9,10, a lead sensitive promoter, PbRFP11,12 and a TNT sensitive promoter, TNT-105 

RFP13. Because a search in the literature revealed no promoter designed to respond to barium, 106 

the TNT promoter was selected instead since this promoter is sensitive to a number of 107 

structurally related compounds (in particular, 2,4-dinitrotoluene and dinitrobenzene) that are 108 

known to be a part of the organic compounds left behind in GSR. This promoter has successfully 109 

been used to specifically detect minute quantities of TNT and 2,4-dinitrotoluene (2,4-DNT) in 110 

buried land mines13. Using the three devices together as a system, a positive test for GSR will 111 

produce fluorescence in all three devices. A fluorescence signal in only one or two devices will 112 

indicate another environmental source of the analyte(s) or in the case of the TNT promoter, 113 

activation by a compound that is not an organic compound left behind in GSR. By using all three 114 

devices together, the possibility of a false positive results due to environmental sources is 115 

minimized. Lead-free ammunition, which is gaining in popularity, still represents only about 5% 116 

of ammunition sales in the United States; hence, false negative results due to the absence of lead 117 

may be a possibility but there is still utility in a sensor that uses lead as a marker for GSR14. In 118 

addition to this specific forensic application, each device can be used separately for purposes of 119 

detecting environmental contaminants. 120 

 121 

The protocols presented include the synthetic biology techniques used to create the devices 122 

(sensor bacteria) and the analytical techniques to check the function of the devices and analyze 123 

the fluorescence signals obtained. The protocol also includes collection of forensic evidence in 124 

the form of hand wiping to collect GSR from the hands of a suspect or swabbing to collect GSR 125 

from a surface. Results from the lead sensor device are presented as example results, along with 126 

a demonstration of a positive test for GSR using a spent cartridge casing.  127 

 128 

PROTOCOL  129 

 130 

NOTE: Synthesis of E. coli expressing RFP is presented. 131 

 132 



1. Preparation of plasmid DNA from E. coli 133 

 134 

1.1. Thaw E.coli containing a plasmid with an RFP gene and ampicillin resistance gene and 135 

grow the E.coli on Luria Broth (LB) agar plates containing 100 µg/mL ampicillin at 37 °C for 24 h. 136 

For example, use the J10060 plasmid from the registry of standard biological parts used for 137 

synthetic biology (see Table of Materials). The J10060 plasmid includes a gene for RFP (red 138 

fluorescent protein) under the control of a pBad promoter region and an ampicillin resistance 139 

gene. Alternatively, transform E.coli (refer to step 3.2) with the plasmid prior to growth on the 140 

LB agar plates. 141 

 142 

1.2. Follow a standard miniprep protocol (see Table of Materials) to isolate DNA from 1 mL of 143 

an E. coli culture that contains the J10060 plasmid. The purpose of the following protocol is to 144 

remove the pBad promoter and replace it with the desired promoter for the device. 145 

 146 

1.3. Following the plasmid miniprep, store DNA in the freezer until ready for digestion. 147 

 148 

2. Restriction enzyme digestion 149 

 150 

2.1. Set up the following reaction in a microcentrifuge tube for EcoRI and NheI digestion: 10 151 

μL of J10060 plasmid DNA (isolated in step 1), 8 μL of water, and 1 μL each of EcoRI and NheI 152 

enzymes pre-mixed with 1 μL of buffer (see Table of Materials). 153 

 154 

2.2. For the promoter DNA, set up the following reaction in a microcentrifuge tube for EcoRI 155 

and NheI digestion: 10 μL of annealed promoter DNA sequences (8 μL of water, and 1 μL each of 156 

EcoRI and NheI enzymes pre-mixed with 1 μL of buffer. 157 

 158 

2.2.1. For Sb-, Pb-, or TNT-RFP (see Table of Materials), dissolve the oligonucleotides in buffer 159 

(30 mM HEPES, pH 7.5; 100 mM potassium acetate), incubate in equal molar concentrations, 160 

heat to 94 °C for 2 min, and gradually cool at room temperature). 161 

 162 

2.3. Mix the samples by pipetting gently up and down with the pipette set to 10 μL. 163 

 164 

2.4. Incubate for 30 min at 37 °C. 165 

 166 

2.5. Heat inactivate the enzymes at 80 °C for 5 min. 167 

 168 

2.6. Store the digested DNA in the freezer until ready for the next step. 169 

 170 

3. Ligation and transformation 171 

 172 

3.1. Ligation 173 

 174 



3.1.1. Using the plasmid and promoter DNA that were double digested with EcoRI and NheI in 175 

step 2, set up the reaction mixture shown in Table 1 in a microcentrifuge tube on ice; add the T4 176 

DNA Ligase last. 177 

 178 

NOTE: Table 1 shows a ligation using a molar ratio of 1:3 vector to insert for the indicated DNA 179 

sizes. 180 

 181 

3.1.2. Gently mix the reaction by pipetting up and down and microcentrifuge briefly. 182 

 183 

3.1.3. Incubate at room temperature for 10 min. 184 

 185 

3.1.4. Heat inactivate at 65 °C for 10 min. 186 

 187 

3.2. Transformation 188 

 189 

3.2.1. Thaw a tube with 20 µL of DH5-alpha Competent E. coli cells on ice until the last ice 190 

crystals disappear. 191 

 192 

3.2.2. Add 5 µL of plasmid DNA to the cell mixture. Carefully flick the tube 4-5 times to mix the 193 

cells and DNA.  194 

 195 

3.2.3. Place the mixture on ice for 2 min.  196 

 197 

3.2.4. Heat shock at exactly 42 °C for exactly 30 s. Do not mix. 198 

 199 

3.2.5. Place on ice for 2 min. Do not mix. 200 

 201 

3.2.6. Pipette 380 µL of room temperature SOC into the mixture. Immediately spread onto an 202 

LB agar plate containing ampicillin (100 µg/mL) and incubate overnight at 37 °C. 203 

 204 

3.2.7. Check the plates within 24 h for growth.  205 

 206 

3.2.8. Seal the plates with sealing film and store in the refrigerator until ready for next step. 207 

 208 

4. Colony PCR 209 

 210 

4.1. Add to a PCR tube (set up 4 reaction tubes) the reaction mixtures shown in Table 2. 211 

 212 

4.2. Gently mix the reactions by pipetting up and down. 213 

 214 

4.3. Using a yellow pipette tip, scrape a colony (or very small region) of the transformed E. 215 

coli. Transfer a swipe of this E. coli onto a new LB/ampicillin/agar plate that has been sectioned 216 

off, and then insert the pipette tip into the PCR tube. Shake the pipette tip to mix the E. coli with 217 



the PCR mix. Repeat three more times for additional colonies. Transfer the PCR tubes to a PCR 218 

machine and begin thermocycling using the program shown in Table 3. 219 

 220 

4.4. Run gel electrophoresis using a 2% agarose gel in TAE to determine which colonies have 221 

the best ligation into the plasmid and grow those colonies on a new plate. 222 

 223 

4.5. Store the plates in the refrigerator until ready for testing. Prepare a liquid culture in Luria 224 

broth with 100 µg/mL ampicillin added for chemical testing. 225 

 226 

5. DNA Sequencing 227 

 228 

5.1. For each sample, add 5 µL of plasmid, 4 µL of the sequencing primer, and 3 µL of deionized 229 

water. 230 

 231 

5.2. Place this mixture into a tube and send it for DNA sequencing (see Table of Materials). 232 

 233 

5.3. Analyze DNA sequence data to compare the expected and observed DNA sequences using 234 

DNA sequence analysis software to ensure that there is no mutation and that the genes were 235 

correctly inserted.  236 

 237 

NOTE: Using E. coli as a chemical sensor is presented below. 238 

 239 

6. Preparation of E. coli cultures 240 

 241 

6.1. Prepare LB with 100 µg/mL ampicillin for liquid cultures. 242 

 243 

6.2. Prepare liquid cultures of the sensor bacteria, the positive control* bacteria and the 244 

negative control** bacteria. 245 

 246 

NOTE: *Positive control bacteria: E. coli containing a plasmid with the RFP gene under control of 247 

a constitutive promoter; plasmid E1010 from the registry of standard biological parts used for 248 

synthetic biology (see Table of Materials) was used in this work. 249 

**Negative control bacteria: E. coli containing a plasmid with the RFP gene under control of a 250 

different promoter, such as the pBad promoter (plasmid J10060 from the registry of standard 251 

biological parts used for synthetic biology (see Table of Materials)) or a plasmid that does not 252 

have the RFP gene. 253 

 254 

6.3.  Place the cultures into a shaking incubator at 37 °C and 220 rpm for a minimum of 8 h, 255 

maximum of 18 h. Cloudy broth indicates bacterial growth. 256 

 257 

7. Titrating E. coli to check function of device  258 

 259 

NOTE: Once the sensors have been titrated to check function, this step does not need to be 260 

repeated. A positive control in the form of addition of lead, antimony, and 2,4-DNT or 1,3-261 



dinitrobenzene (1,3-DNB) can check the function of the devices for each use without the need 262 

for the full titration. 263 

 264 

7.1. Prepare a stock solution of the analyte(s) of interest at a concentration of 10 ppm in 265 

water. If solubility is an issue, use a 50/50 water/methanol mixture.  266 

 267 

7.2. Using Table 4 as a guide, label the appropriate number of sterile culture tubes and place 268 

2 mL of the cultured broth (from protocol step 6) into each tube.  269 

 270 

NOTE: In order to determine a general analytical range, do at least three different levels of an 271 

analyte with the sensor bacteria, one level with the negative control, and one level with the 272 

positive control. There should also be one tube of each of the bacteria that has no added metal 273 

(another type of negative control). To more accurately determine analytical range and limits of 274 

detection, use a larger range of analyte concentrations. 275 

 276 

7.3. Add analyte stock solution to the tubes containing 2 mL of broth as noted in Table 4, place 277 

the snap caps on the culture tube so that they are loose (to allow air flow into the tube), and 278 

vortex the culture tube.  279 

 280 

7.4. Leaving the snap caps loosely on the culture tubes, place into a shaking incubator at 220 281 

rpm and 37 °C for at least 24 h. 282 

 283 

7.5. Remove the tubes from the incubator, snap the caps onto the tubes tightly, and store the 284 

tubes in the refrigerator until ready for fluorescence analysis. 285 

 286 

8. Using E. coli as chemical sensor for GSR 287 

 288 

8.1. Using an ethanol-based wipe designed for removing lead (see Table of Materials), wipe 289 

all surfaces of the hands, including between the fingers. Use a separate wipe for each hand. Store 290 

the wipes in an appropriately labelled sealable baggie until analysis.  291 

 292 

8.2. For surfaces to be tested: use an alcohol-based wipe for large surfaces or a cotton swab 293 

moistened with ethanol for small surfaces.  294 

 295 

NOTE: To demonstrate the sensors’ response to GSR, the inside of a spent .40 caliber cartridge 296 

casing was swabbed with an ethanol moistened cotton swab. 297 

 298 

8.3. Wearing clean gloves and using scissors that have been cleaned with alcohol, cut an 299 

approximately 1 cm2 section out of the center of the wipe. 300 

 301 

8.4. Place the cut piece of the hand wipe or the cotton swab directly into a culture tube that 302 

contains 2 mL of the sensor bacteria, ensuring that it is submerged in the broth. 303 

 304 

8.5. Proceed as described above in steps 7.4 – 7.5.  305 



 306 

9. Fluorescence analysis using portable spectrometer (see Table of Materials) 307 

 308 

9.1. Use a vortex mixer to shake the tubes. 309 

 310 

9.2. Prepare the spectrometer to collect fluorescence emission at the appropriate wavelength 311 

for your RFP variant with an excitation wavelength of 500 nm.  312 

 313 

9.3. Use the Luria broth to record a blank spectrum. 314 

 315 

9.4. Carefully transfer each supernatant to a low volume cuvette and collect the emission 316 

intensity.  317 

 318 

10. Fluorescence analysis using 96-well plate reader (see Table of Materials) 319 

 320 

10.1. Use a vortex mixer to shake the tubes. 321 

 322 

10.2. Transfer 200 mL of the broth to a well in the well plate. Record which samples went into 323 

each well of the plate. 324 

 325 

10.3. Set up the fluorimeter to collect the emission intensity at the appropriate wavelength for 326 

the RFP variant. 327 

 328 

11. Data analysis 329 

 330 

11.1. Using the signal obtained from all negative controls (RFP negative bacteria or sensor 331 

bacteria with no analyte added), calculate an average fluorescence signal for the background. 332 

 333 

11.2. Subtract the average background signal from each fluorescence signal obtained for the 334 

sensor bacteria to get a background corrected fluorescence intensity.  335 

 336 

11.3. Estimate the signal-to-noise (S/N) ratio by dividing the background corrected 337 

fluorescence intensity by the average background signal. If the S/N ratio is greater than 3, the 338 

test is positive.  339 

 340 

REPRESENTATIVE RESULTS 341 

Fluorescence spectra for the RFP variant used in this work are shown in Figure 2. These data are 342 

from the PbRFP device as it responds to lead and the TNT-RFP device as it responds to two 343 

analytes, 2,4-DNT and 1,3-DNB. This figure shows the spectrum of a negative control (no analyte 344 

added), and the spectra at two different levels of analyte added. The maximum fluorescence 345 

signal for the RFP variant used was observed at 575 nm (excitation wavelength 500 nm). The data 346 

in Figure 3 are representative of a single titration experiment (hence no error bars are included) 347 

of the PbRFP device, titrated as in step 7 of protocol. Figure 3a shows data collected from the 348 

portable spectrometer, while Figure 3b shows data collected from the fluorimeter (from the 349 



same set of solutions). There is a general trend of increasing fluorescence as the concentration 350 

of metal increases. It is worth noting that at high concentrations, greater than about 800 ppb, 351 

the response drops off due to the toxicity of the metal at such a high concentration. This 352 

maximum response level may vary depending on the analyte used. Our previous work with the 353 

SbRFP showed that the bacteria could tolerate higher levels (at least up to 1000 ppb) of arsenic 354 

and antimony10. Literature on levels of these analytes collected from hand swabs indicates that 355 

these levels of lead and antimony are consistent with what might be collected from a hand 356 

swab15. Additionally, the results presented in Figure 4 demonstrate that the bacteria can tolerate 357 

the amounts of analytes present in a cartridge case swab without cell death, which will be 358 

significantly higher than what is collected from a hand swab. 359 

 360 

Using the calculated S/N values for these data, the lowest detectable level of lead was 12 ppb 361 

(detectable as defined by an S/N greater than 3). In contrast, the S/N for the portable 362 

spectrometer data is only 2 at the highest level tested. However, the trend of increasing 363 

fluorescence with increasing analyte concentration is still clearly noted.  364 

 365 

Figure 4a shows a positive test for GSR. To obtain this result, ethanol swabs were collected from 366 

the inside of a spent .40 caliber cartridge casing and added to the three sensor bacteria, as in 367 

step 8 of the protocol. This figure also shows a positive control (bacteria that constitutively 368 

expresses RFP) and a negative control in the form of the SbRFP device with no analyte added. 369 

The cartridge case swabs were used as proof-of-principle results. In future work, hand swabs will 370 

be collected from persons who are known to have fired a gun to show that the sensors are 371 

responsive to hand swabs as well.  372 

 373 

TABLE CAPTIONS 374 

Table 1. Reaction mixture for ligation, protocol step 3.1.1. 375 

 376 

Table 2. Reaction mixtures for colony PCR, protocol step 4.1.  377 

 378 

Table 3. PCR thermocycling parameters for protocol step 4.3. 379 

 380 

Table 4. General experiment set up for titration of biosensors, protocol step 7.2. 381 

 382 

Figure 1. Biological elements of the MicRoboCop devices. (a) Diagram of the general device for 383 

MicRoboCop in a plasmid with an ampicillin resistance gene. (b) Diagram of each device that is 384 

combined to create the MicRoboCop system. 385 

 386 

Figure 2. Fluorescence spectra of PbRFP and TNT-RFP bacteria in the presence and absence of 387 

analyte. Data collected on fluorimeter. (a) Fluorescence spectra of PbRFP bacteria in the 388 

presence and absence of analyte (Pb). (b) Fluorescence spectra of TNT-RFP bacteria in the 389 

presence and absence of two analytes (2,4-DNT and 1,3-DNB). 390 

 391 

Figure 3. Comparison of the portable spectrometer system and fluorimeter for detection of the 392 

fluorescence spectra of PbRFP bacteria in the presence and absence of analyte (lead). (a) Lead 393 



titration data for PbRFP sensor bacteria collected on portable spectrometer system. (b) Lead 394 

titration data (same samples) for PbRFP sensor bacteria collected on fluorimeter. 395 

 396 

Figure 4. Ethanol swabs taken from the inside of a .40 caliber spent pistol cartridge to show the 397 

response of the three devices to GSR. S/N for all signals was greater than 3, indicating a positive 398 

test for GSR.  399 

 400 

DISCUSSION 401 

Modifications and troubleshooting 402 

The experiment described in Table 4 can be modified in any way appropriate to the sensors that 403 

have been designed. The most important aspect of a chemical sensor is to evaluate its sensitivity 404 

and specificity. It is beneficial to ensure that a wide range of concentrations of the analyte is 405 

analyzed to determine the useful analytical range of the sensor. It is also worth determining a 406 

maximum level of analyte for the cells. Because the analytes used in this study are toxic metals 407 

(Pb and Sb) or organic compounds in a methanol solution (for the TNT derivatives), there is an 408 

upper level at which cell death due to the toxicity of the analyte or solution will occur (generally 409 

higher than 500 – 1000 ppb for the experiments conducted thus far).  410 

 411 

Limitations of the technique  412 

The results presented in this work are qualitative in nature but are meant to demonstrate the 413 

quantitative capabilities of RFP modified E. coli. The sensitivity of the sensor can vary significantly 414 

between cultured batches depending on the density of the cells in the broth. If quantitative 415 

results are required, the cell concentration should be estimated by measuring the optical density 416 

of the liquid cultures before analysis. If the optical density of the cultures is determined, then the 417 

cells can be diluted appropriately to reduce variability between experiments. As a presumptive 418 

test for the desired analytes, however, the qualitative “present/not present” response is 419 

acceptable for the applications discussed here. The life span of the cells on the agar plate should 420 

also be noted – previous work has indicated that the plates can be stored in the refrigerator for 421 

up to 2 weeks, but the devices do not work very well towards the end of that time frame and 422 

beyond. 423 

 424 

Another consideration is the choice of equipment used to analyze the fluorescence signal. Using 425 

a research grade spectrophotometer with a 96-well plate reader allows selection of exact 426 

excitation and emission wavelengths, which can increase sensitivity. Using this system, the 427 

results of up to 96 experiments can be collected simultaneously. RFP fluorescence may also be 428 

analyzed using a portable spectrometer system. Portable instruments typically allow selected 429 

excitation bands, which may or may not coincide with the excitation maxima of the RFP variant 430 

being used. However, as long as the excitation wavelength is within a reasonable range of the 431 

excitation maxima, the portable instrument will generally be serviceable (though with a loss in 432 

sensitivity). The cost of the portable systems is significantly less than the research grade 433 

spectrophotometer, and portability may certainly be an advantage. Based on the potential 434 

application of the bacteria, the analyst can decide whether or not the additional cost and loss of 435 

portability with the spectrophotometer system is justified. 436 

 437 



Significance with respect to existing methods 438 

The three-part MicRoboCop system described in this work is intended to be used as a qualitative, 439 

presumptive test for the presence of GSR. Currently, the “gold standard” evidentiary test for GSR 440 

requires expert analysis by SEM-EDX. SEM-EDX equipment is expensive and typically operated by 441 

highly specialized analysts. Additionally, GSR evidence is highly variable in forensic casework and 442 

many variables contribute to the deposition of GSR on hands and surfaces16. A presumptive test 443 

for GSR may be useful to investigators as providing probable cause for a search of person or 444 

property. When compared to electrochemical tests or tests such as ion mobility spectroscopy, 445 

this method offers simple, readily available instrumentation to which most analytical laboratories 446 

should have access. 447 

 448 

Other applications 449 

The devices described in this manuscript are designed to be combined into a three-part system 450 

for the presumptive identification of GSR. However, each device in the MicRoboCop system 451 

(SbRFP, PbRFP, and TNT-RFP) can also be used individually to detect chemical contamination in 452 

food, water, or environmental samples. Previous work has shown that the TNT-RFP device can 453 

be used as an in situ sensor for land mines13,17. Results presented here and in our previous work10 454 

have shown that the SbRFP and PbRFP devices can detect concentrations low enough to rival 455 

more expensive and sophisticated equipment such as inductively coupled plasma atomic 456 

emission spectroscopy (ICP-AES) and atomic absorption spectroscopy (AAS). The SbRFP sensor is 457 

sensitive to arsenic as well as antimony. These devices may provide a low-cost option for analysis 458 

of toxic heavy metal contamination. 459 

 460 

The synthetic biology protocol for preparing the E. coli presented here is applicable to any system 461 

that uses standard synthetic biology genetic parts to synthesize E. coli that express RFP. The 462 

analytical method is applicable to any system that expresses RFP, and so can be used to analyze 463 

any bacterial biosensor system that has been created using synthetic biology methods.  464 

 465 
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Table 1. Reaction mixture for protocol step 3.1.1., Ligation

COMPONENT 20 μL REACTION
10X T4 DNA Ligase 

Buffer  
2 μL

Plasmid DNA (3 kb) 3 μL

Promoter DNA (0.7kb) 10 μL

Nuclease-free water 4 μL

T4 DNA Ligase 1 μL
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Table 2. Reaction mixtures for colony PCR, protocol step 4.1. 

Component 25 μL reaction

10 µM Forward Primer 0.5 µL

10 µM Reverse Primer 0.5 µL

OneTaq  2X Master Mix 12.5 µL

Nuclease-free water 11 µL

Table Click here to access/download;Table;Table 2 Reaction mixture
for colony PCR.xlsx
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Table 3. PCR thermocycling parameters for protocol step 4.3.

STEP TEMP TIME 

Initial Denaturation 94 °C 30 s

94 °C 30 s

55 °C 45 s

68 °C 60 s

Final Extension 68 °C 5 min 

Hold 4 °C 

30 Cycles 

Table Click here to access/download;Table;Table 3 PCR
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Table 4. General experiment set up for titration of biosensors.

Tube ID Bacteria

Concentration 

of analyte 

solution added 

(ppm)

Metal 

added

Volume of 

analyte 

solution 

added to 2000 

µL broth

[analyte], 

ppb

1 PbRFP 10 Pb 2.5 12

2 PbRFP 10 Pb 75 361

3 PbRFP 10 Pb 150 698

4 PbRFP 0 none 0 0

5 RFP neg 10 Pb 10 50

6 RFP pos 10 Pb 10 50

Table Click here to access/download;Table;Table 4 General
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Name of Material/ Equipment Company Catalog Number

1,3-dinitrobenzene, 97% Aldrich D194255-25G

2,4-dinitrotoluene, 97% Aldrich 101397-5G

Agar

Fisher 

Scientific BP1423-500

Ampicillin

Fisher 

Scientific BP1760-5

Antimony, Reference Standard Solution (1000ppm ±1%/Certified)

Fisher 

Scientific SA450-100

Cut Smart Buffer

New England 

BioLabs B7204S

Duplex Buffer

Integrated 

DNA 

Technologies 11-01-03-00

EcoRI-HF Restriction Enzyme

New England 

BioLabs R3101S

Ethanol, HPLC grade, denatured Acros Organics AC611050040

Eurofins Genomics SimpleSeq DNA Sequencing Kits

Eurofins 

Genomics

SimpleSeq Kit 

Standard

Forward primer for colony PCR

Integrated 

DNA 

Technologies

Forward primer for DNA sequencing

Integrated 

DNA 

Technologies

IBI Science High Speed Plasmid Mini-kit IBI Scientific IB47101

LB Broth, Miller

Fisher 

Scientific BP1426-500

Lead, Reference Standard Solution (1000ppm ±1%/Certified)

Fisher 

Scientific SL21-100

LeadOff Disposable Cleaning and Decon Wipes Hygenall 45NRCN
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2019 R2.xls
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Methanol, HPLC grade

Fisher 

Scientific A452-4

NEB 5-alpha Competent E. coli  cells

New England 

BioLabs C2987I

NheI-HF Restriction Enzyme

New England 

BioLabs R3131S

Nuclease free water

New England 

BioLabs B1500S

OneTaq  2X Master Mix with Standard Buffer

New England 

BioLabs M0482S

Plasmids from the registry of standard biological parts used for synthetic biology

Registry of 

Standard 

Biological 

Parts

Promoter Sequences

Integrated 

DNA 

Technologies

Reverse primer for colony PCR

Integrated 

DNA 

Technologies

Reverse primer for DNA sequencing

Integrated 

DNA 

Technologies

T4 DNA Ligase

New England 

BioLabs M0202S



Comments/Description

Standard in dilute HNO3

Solvents do not need to be HPLC grade, ACS or reagent grade will work.

5’- GCCGCTTGAATTCGTCATATAT-3’

5’- GTAAAACGACGGCCAGTG-3’

Standard in dilute HNO3

Sold in canisters or individually wrapped, any alcohol based wipe will work.



Solvents do not need to be HPLC grade, ACS or reagent grade will work.

http://parts.igem.org/Main_Page
Sb promoter: 5’-

GCATGAATTCAGTCATATATGTTTTTGACTTATCCG

CTTCGAAGAGAGAGACACTACCTGCAACAATCGC

TAGCGCAT-3’

3’-

CGTACTTAAGCTCACTATATACAAAAACTGAATAG

GCGAAGCTTCTCTCTCTGTGATGGACGTTGTTAGC

GATCGCGTA-5’

Pb promoter: 5’-

GCATGAATTCGTCTTGACTCTATAGTAACTAAG

GGTGTATAATCGGCAACGCGAGCTAGCGCAT-

3’

3’-

CGTACTTAAGCAGAACTGAGATATCATTGATCT

CCCACATCTTAGCCGTTGCGCTGCGATCGCGTA-

5’

5’- GCCGCTTGAATTCGTCTAGACT- 3’

5’- GGAAACAGCTATGACCATG-3’





TNT promoter: 

5’GCATTCTAGATCAATTTATTTGAACAAGGCGGTCAATTCTCTTCGATTTTATCT

CTCGTAAAAAAACGTGATACTCATCACATCGACGAAACAACGTCACTTATACAA

AAATCACCTGCGAGAGATTAATTGAATTCGCAT3’

3’CGTAAGATCTAGTTAAATAAACTTGTTCCGCCAGTTAAGAGAAGCTAAAATA

GAGAGCATTTTTTTGCACTATGAGTAGTGTAGCTGCTTTGTTGCAGTGAATATG

TTTTTAGTGGACGCTCTCTAATTAACTTAAGCGTA5’
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Dear Dr. Wu, 
 
Thank you for your reviews for our manuscript JoVE59471. We are submitting all revised 
documents and hope that we have satisfactorily addressed the Editor’s comments about our 
manuscript. The revised manuscript has changes tracked, per your request, and we address 
specific comments as noted below in red.  
 
We thank you again for your consideration of our manuscript for publication in JoVE.  
 
Sincerely, 
Sarah Porter 
 

Editorial comments: 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 

are no spelling or grammar issues. 

*We have thoroughly read through the manuscript and edited the spelling and grammar 

mistakes. 

 

2. Please use h, min, s for time units. 

*We have edited the manuscript to ensure use of h, min, and s for time units. 

 

3. JoVE policy states that the video narrative is objective and not biased towards a particular 

product featured in the video. The goal of this policy is to focus on the science rather than 

to present a technique as an advertisement for a specific item. To this end, we ask that you 

please reduce the number of instances of " BioBrick" within your text. The term may be 

introduced but please use it infrequently and when directly relevant. Otherwise, please refer 

to the term using generic language. 

*We have removed all mention of the term “BioBrick” within the text and have replaced it 

with more general terms including “standard synthetic biology genetic parts” and “the 

registry of standard biological parts used for synthetic biology”.  

 

4. Step 2.1: How much buffer is used? 

*We have added in the volume of buffer used in Step 2.1 and 2.2. 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Jove paper Cover
Letter Revisions January 2019 R2.docx
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5. 2.2: Please ensure that all text is written in the imperative tense. 

*We have edited the wording to make sure all text is in the imperative tense in this step. 

 

6. 3.2.8: Please write this step in the imperative tense. 

*We have edited the wording to make sure all text is in the imperative tense in this step. 

 

7. Figure 3: Please provide a title for the whole title. Please describe panel b. 

*We have added a title and a description for panel b). 

 

8. Please remove trademark (™) and registered (®) symbols from the Table of Equipment 

and Materials. 

*We have removed the trademark (™) and registered (®) symbols from the Table of 

Equipment and Materials. 

 

9. Please add BioBrick kit to the Table of Equipment and Materials. 

*The registry of standard biological parts used for synthetic biology has been added to the 

Table of Equipment and Materials. 

 


