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Abstract 
The COVID-19 pandemic has highlighted that new diagnostic technologies are essential for controlling 
disease transmission. Here, we develop SHINE (SHERLOCK and HUDSON Integration to Navigate 
Epidemics), a sensitive and specific integrated diagnostic tool that can detect SARS-CoV-2 RNA from 
unextracted samples. We combine the steps of SHERLOCK into a single-step reaction and optimize 
HUDSON to accelerate viral inactivation in nasopharyngeal swabs and saliva. SHINE’s results can be 
visualized with an in-tube fluorescent readout — reducing contamination risk as amplification reaction 
tubes remain sealed — and interpreted by a companion smartphone application. We validate SHINE on 
50 nasopharyngeal patient samples, demonstrating 90% sensitivity and 100% specificity compared to 
RT-PCR with a sample-to-answer time of 50 minutes. SHINE has the potential to be used outside of 
hospitals and clinical laboratories, greatly enhancing diagnostic capabilities. 
 
Introduction 
Point-of-care diagnostic testing is essential to prevent and effectively respond to infectious disease 
outbreaks. Insufficient nucleic acid diagnostic testing infrastructure (1) and the prevalence of 
asymptomatic transmission (2, 3) have accelerated the global spread of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) (4–6), with confirmed case counts surpassing 5 million (7). 
Ubiquitous nucleic acid testing — whether in doctor’s offices, pharmacies, or mobile/drive-thru/pop-up 
testing sites — would increase diagnostic access and is essential for safely reopening businesses, 
schools, and country borders. Easy-to-use, scalable diagnostics with a quick turnaround time and limited 
equipment requirements would fulfill this major need and have the potential to alter the trajectory of this 
global pandemic. 
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The paradigm for nucleic acid diagnostic testing is a centralized model where patient samples are sent 
to large clinical laboratories for processing and analysis. RT-qPCR, the highly specific and sensitive 
current gold-standard for SARS-CoV-2 diagnosis (8), requires laboratory infrastructure for nucleic acid 
extraction, thermal cycling, and analysis of assay results. The need for thermocyclers can be eliminated 
through the use of isothermal (i.e., single temperature) amplification methods, such as loop-mediated 
isothermal amplification (LAMP) and recombinase polymerase amplification (RPA) (9–14). However, 
isothermal amplification methods still require technological advances (Qian, Boswell, Chidley, Lu et al. 
submitted) to increase sensitivity on unextracted RNA samples and to reduce non-specific amplification 
(15, 16), which would enable testing at scale outside of laboratories.  
 

Recently developed CRISPR-based diagnostics have the potential to transform infectious disease 
diagnosis. Both CRISPR-Cas13- and Cas12-based assays have been developed for SARS-CoV-2 
detection using extracted nucleic acids as input (17–22). One such CRISPR-based diagnostic, 
SHERLOCK (Specific High-sensitivity Enzymatic Reporter unLOCKing), involves two separate steps, 
starting with extracted nucleic acid: (1) isothermal RPA and (2) T7 transcription and Cas13-mediated 
collateral cleavage of a single-stranded RNA reporter (23) (Fig. 1A). Cas13-based detection is highly 
programmable and specific, as it relies on complementary base pairing between the target RNA and the 
CRISPR RNA (crRNA) sequence (23, 24). However, in their current state, these technologies require 
nucleic acid extraction (often using kits that are in short supply) and multiple sample transfer steps, 
limiting their widespread use. SHERLOCK can be paired with HUDSON (Heating Unextracted Diagnostic 
Samples to Obliterate Nucleases), which eliminates the need for nucleic acid extraction by using heat 
and chemical reduction to both destroy RNA-degrading nucleases and lyse viral particles (25). Together, 
SHERLOCK and HUDSON can be performed with limited laboratory infrastructure, solely requiring a 
heating element. However, the scalability of these methods is currently limited by the need to prepare 
multiple reaction mixtures and transfer samples between them.  
 

To address the current limitations of nucleic acid diagnostics, we developed SHINE (SHERLOCK and 
HUDSON Integration to Navigate Epidemics) for extraction-free, rapid, and sensitive detection of SARS-
CoV-2 RNA. We established a SARS-CoV-2 assay (18), then combined SHERLOCK’s amplification and 
Cas13-based detection steps, decreasing user manipulations and assay time (Fig. 1A). We demonstrated 
that SHINE can detect SARS-CoV-2 RNA in HUDSON-treated patient samples with either a paper-based 
colorimetric readout, or an in-tube fluorescent readout which can be performed with portable equipment 
and with reduced risk of sample contamination.  
 

Results 
We first developed a two-step SHERLOCK assay which sensitively detected SARS-CoV-2 RNA at 10 
copies per microliter (cp/μL). Using ADAPT, a computational design tool for nucleic acid diagnostics 
(Metsky et al. in prep), we identified a region within open reading frame 1a (ORF1a) of SARS-CoV-2 that 
comprehensively captures known sequence diversity, with high predicted Cas13 targeting activity and 
SARS-CoV-2 specificity (Fig. 1B) (18). Using both colorimetric and fluorescent readouts, we detected 10 
cp/μL of synthetic RNA after incubating samples for 1 h or less, but preparing the reactions required 45-
90 minutes of hands-on time depending on the number of samples (Fig. 1C and 1D and fig. S1A). We 
tested this assay on HUDSON-treated SARS-CoV-2 viral seedstocks, detecting down to 1.31e5 PFU/ml 
via colorimetric readout (Fig. S1B). Finally, in a side-by-side comparison of our two-step SHERLOCK 
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assay and the CDC RT-qPCR assay, we demonstrated similar limits of detection, reliably identifying 1-
10 cp/μL with stochasticity evident at lower viral titers (Fig. S1C). 
 

 
Fig. 1. Initial assay development for SHERLOCK-based SARS-CoV-2 detection. (A) Schematic of two- and single-step 
SHERLOCK assays using RNA extracted from patient samples with a fluorescent or colorimetric readout. Times, range of 
suggested incubation times; pipette, step involving user manipulation; RT-RPA, reverse transcriptase-recombinase polymerase 
amplification; C, control line; T, test line. (B) Schematic of the SARS-CoV-2 genome and SHERLOCK assay location. Sequence 
conservation across the primer and crRNA binding sites for publicly available SARS-CoV-2 genomes (see Methods for details). 
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Text denotes nucleotide position with lowest percent conservation across the assay location. ORF, open reading frame; narrow 
rectangles, untranslated regions; dashed border, unlikely to be expressed (32). (C) Colorimetric detection of synthetic RNA using 
two-step SHERLOCK after 30 min. NTC_r, non-template control introduced in RPA, NTC_d, non-template control introduced in 
detection; T, test line; C, control line. (D) Background-subtracted fluorescences of the two-step and original single-step 
SHERLOCK protocols using synthetic SARS-CoV-2 RNA after 3 h. The 1 h timepoint from this experiment is shown in Fig. 2E. 
NTC, non-template control introduced in RPA. Error bars, s.d. for 2-3 technical replicates.  
 
 
We sought to develop an integrated, streamlined assay that was significantly less time- and labor-
intensive than two-step SHERLOCK. However, when we combined RT-RPA (step 1), T7 transcription, 
and Cas13-based detection (step 2) into a single step (i.e., single-step SHERLOCK), the sensitivity of 
the assay decreased dramatically. This decrease was specific for RNA input, and likely due to 
incompatibility of enzymatic reactions with the given conditions (limit of detection (LOD) 106 cp/μL; Fig. 
1D and fig. S2A). As a result, we evaluated whether additional reaction components and optimized 
reaction conditions could increase the sensitivity and speed of the assay. Addition of RNase H, in the 
presence of reverse transcriptase, improved the sensitivity of Cas13-based detection of RNA 10-fold 
(LOD 105 cp/μL; Fig. 2A and fig. S2B and S2C). RNase H likely enhanced the sensitivity by increasing 
the efficiency of RT through degradation of DNA:RNA hybrid intermediates (Qian, Boswell, Chidley, Lu 
et al. submitted).  
 
Given that each enzyme involved has optimal activity at distinct reaction conditions, we evaluated the 
role of different pHs, monovalent salt, magnesium, and primer concentrations on assay sensitivity. 
Optimized buffer, magnesium, and primer conditions resulted in an LOD of 1,000 cp/μL (Fig. 2B and 2C 
and fig. S2D and S2E). We then improved the speed of Cas13 cleavage and RT to reduce the sample-
to-answer time. Given the uracil-cleavage preference of Cas13a (24, 26, 27), detection of RNA in the 
single-step SHERLOCK assay reached half-maximal fluorescence in ~67% of the time when RNaseAlert 
was substituted for a polyU reporter (Fig. 2D, left and fig. S3). In addition, reactions containing 
SuperScript IV reverse transcriptase reached half-maximal fluorescence two times faster than RevertAid 
(Fig. 2D, right). 
 
Together, these improvements resulted in an optimized single-step SHERLOCK assay that could detect 
SARS-CoV-2 RNA with reduced sample-to-answer time and equal sensitivity compared to our two-step 
assay. We quantified the LOD of our optimized single-step SHERLOCK assay on synthetic RNA, 
detecting as few as 10 cp/μL using a fluorescent readout — 100,000 times more sensitive than the initial 
assay — and 100 cp/μL using the lateral-flow-based colorimetric readout (Fig. 2E and 2F and fig. S4).  
 
We then evaluated our assay’s performance on SARS-CoV-2 RNA extracted from patient 
nasopharyngeal (NP) swabs. We compared our fluorescent single-step SHERLOCK assay to previously-
performed RT-qPCR using a pilot set of 9 samples. We detected SARS-CoV-2 from 5 of 5 SARS-CoV-
2-positive patient samples tested, demonstrating 100% concordance with RT-qPCR, with no false 
positives for 4 SARS-CoV-2-negative extracted samples nor 2 non-template controls (Fig. 2H and 2I and 
table S1).  
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Fig. 2. Optimization of the single-step SHERLOCK reaction. (A) Background-subtracted fluorescence of Cas13-based 
detection with synthetic RNA, reverse transcriptase, and RPA primers (but no RPA enzymes) after 3 h. (B) Single-step 
SHERLOCK normalized fluorescence using various buffering conditions after 3 h. (C) Background-subtracted fluorescence of 
single-step SHERLOCK with synthetic RNA and variable RPA forward and reverse primer concentrations after 3 h. (D) Single-
step SHERLOCK normalized fluorescence over time using two different fluorescent reporters (left) and two different reverse 
transcriptases (right). (E) Background-subtracted fluorescences of the original single-step and optimized single-step 
SHERLOCK with synthetic RNA after 1 h. Data from the 3 h timepoint from this experiment is shown in Fig. 1D. (F) Colorimetric 
detection of synthetic RNA input using optimized single-step SHERLOCK after 3 h. (G) Optimized single-step SHERLOCK 
background-subtracted fluorescence using RNA extracted from patient samples after 1 h. (H) Concordance between 
SHERLOCK and RT-qPCR for 7 patient samples and 4 controls. For (C and E), see methods for details about normalized 
fluorescence calculations. For (B,D,F, and G), NTC, non-template control. For (B,D,E, and F), error bars, s.d. for 2-3 technical 
replicates. For (B and D) RNA input at 104 cp/μL. 
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Finally, we paired HUDSON and SHERLOCK with multiple visual readouts to create SHINE (SHERLOCK 
and HUDSON Integration to Navigate Epidemics), a platform whose results are interpretable by a 
companion smartphone application (Fig. 3A). In order to reduce total run time, we reduced the incubation 
time of HUDSON from 30 min to 10 min for both universal viral transport medium (UTM), used for NP 
swab samples, and for saliva, through the addition of RNase inhibitors (25) (Fig. 3B and fig. S5). With 
this faster HUDSON protocol, we detected 50 cp/μL of synthetic RNA when spiked into UTM and 100 
cp/μL when spiked into saliva, using a colorimetric readout (Fig. S6). However, the lateral flow readout 
requires opening of tubes containing amplified products and interpreting the test band by eye, which 
introduces risks of sample contamination and user bias, respectively. Thus, we incorporated an in-tube 
fluorescent readout with SHINE. Within 1 hour, we detected as few as 10 cp/μL of SARS-CoV-2 synthetic 
RNA in HUDSON-treated UTM and 5 cp/μL in HUDSON-treated saliva with the in-tube fluorescent 
readout (Fig. 3C and 3D and figs. S7 and S8). To reduce user-bias in interpreting results of this in-tube 
readout, we developed a companion smartphone app which uses the built-in smartphone camera to 
image the reaction tubes. The application then calculates the distance of the experimental tube’s pixel 
intensity distribution from that of a user-selected negative control tube, and returns a binary result 
indicating the presence or absence of viral RNA in the sample (Fig. 3A and 3E; see Methods for details). 
Thus, SHINE both minimized equipment requirements and user interpretation bias when implemented 
with this in-tube readout and the smartphone application. 
 
We used SHINE to test a set of 50 unextracted, NP samples from 30 RT-qPCR-confirmed, COVID-19-
positive patients and 20 COVID-19-negative patients. We used SHINE with the paper-based colorimetric 
readout on 6 SARS-CoV-2-positive samples and detected SARS-CoV-2 RNA in all 6 positive samples, 
and in none of the negative controls (100% concordance, Fig. 3F). For all 50 samples, we used SHINE 
with the in-tube fluorescence readout and companion smartphone application. We detected SARS-CoV-
2 RNA in 27 of 30 COVID-19-positive samples (90% sensitivity) and none of the COVID-19-negative 
samples (100% specificity) after a 10-minute HUDSON and a 40-minute single-step SHERLOCK 
incubation (Fig. 3G and 3H, fig. S9, and table S1 and S2). Thus, SHINE demonstrated 94% concordance 
using the in-tube readout with a total run time of 50 minutes. Notably, the RT-qPCR-positive patient NP 
swabs that SHINE failed to detect tended to have higher Ct values than those that SHINE detected as 
positive (p = 0.0084 via one-sided Wilcoxon rank sum test; Fig. S10). Moreover, this observation could 
be related to sample degradation and differences in sample processing, as SHINE samples went through 
additional freeze-thaw cycles and RT-qPCR was performed on extracted and DNase-treated samples. 
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Fig. 3. SARS-CoV-2 detection from unextracted samples using SHINE. (A) Schematic of SHINE, which is HUDSON paired 
with single-step SHERLOCK using an in-tube fluorescent or colorimetric readout. Times, range of suggested incubation times; 
C, control line; T, test line. (B) RNaseAlert fluorescence measured after 30 min at room temperature from universal viral transport 
medium (UTM), saliva, and phosphate buffered saline (PBS) after heat and chemical treatment. (C) SARS-CoV-2 RNA detection 
in HUDSON-treated UTM as measured by single-step SHERLOCK and the in-tube fluorescence readout after 1 h. (D) SARS-
CoV-2 RNA detection in HUDSON-treated saliva as measured by single-step SHERLOCK and the in-tube fluorescence readout 
after 1 h. (E) Schematic of the companion smartphone application for quantitatively analyzing in-tube fluorescence and reporting 
binary outcomes of SARS-CoV-2 detection. (F) Colorimetric detection of SARS-CoV-2 RNA in unextracted patient NP swabs 
using the SHINE after 1 h. (G) SARS-CoV-2 detection from unextracted patient samples using SHINE and smartphone 
application quantification of in-tube fluorescence after 40 min. Threshold line determined as average readout value for controls 
plus 3 standard deviations. (H) Concordance table between SHINE and RT-qPCR for 50 patient samples.  
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Discussion 
Here, we have described SHINE, a simple method for detecting viral RNA from unextracted patient 
samples with minimal equipment requirements. SHINE’s simplicity matches that of the most streamlined 
nucleic acid diagnostics. Furthermore, the in-tube fluorescence readout and companion smartphone 
application lends themselves to scalable, high-throughput testing and automated interpretation of results. 
SHINE’s simplicity and CRISPR-based programmability underscore its potential to address diagnostic 
needs during the COVID-19 pandemic, and in outbreaks to come. 
 
Additional advances are still required for diagnostic testing to occur in virtually any location. Ideally, all 
steps would be performed at ambient temperature (without heat), in 15 minutes or less, using a 
colorimetric readout that does not require tube opening. Existing nucleic acid diagnostics, to our 
knowledge, are not capable of meeting all these requirements simultaneously. Sample collection without 
UTM (i.e., “dry swabs”) combined with spin-column-free extraction buffers, and incorporation of solution-
based, colorimetric readouts could address these limitations (28–31). Together, these advances could 
greatly enhance the accessibility of diagnostic testing and provide an essential tool in the fight against 
infectious diseases. By reducing personnel time, equipment, and assay time-to-results without sacrificing 
sensitivity or specificity, we have taken steps towards the development of such a tool. 
 
 
Materials and Methods 
Detailed information about reagents, including the commercial vendors and stock concentrations, is 
provided in Table S3. 
 
Clinical samples and ethics statement 
Clinical samples were acquired from clinical studies evaluated and approved by the Institutional Review 
Board/Ethics Review Committee of the Massachusetts General Hospital and Massachusetts Institute of 
Technology (MIT). The Office of Research Subject Projection at the Broad Institute of MIT and Harvard 
University approved use of samples for the work performed in this study.  
 
Extracted sample preparation and RT-qPCR testing 
Nasal swabs were collected and stored in universal viral transport medium (UTM; BD) and stored at -80 
°C prior to nucleic acid extraction. Nucleic acid extraction was performed using MagMAX™ mirVana™ 
Total RNA isolation kit. The starting volume for the extraction was 250 μl and extracted nucleic acid was 
eluted into 60 μl of nuclease-free water. Extracted nucleic acid was then immediately Turbo DNase-
treated (Thermo Fisher Scientific), purified twice with RNACleanXP SPRI beads (Beckman Coulter), and 
eluted into 15 μl of Ambion Linear Acrylamide (Thermo Fisher Scientific) water (0.8%). 
 
Turbo DNase-treated extracted RNA was then tested for the presence of SARS-CoV-2 RNA using a lab-
developed, probe-based RT-qPCR assay based on the N1 target of the CDC assay. RT-qPCR was 
performed on a 1:3 dilution of the extracted RNA using TaqPath™ 1-Step RT-qPCR Master Mix (Thermo 
Fisher Scientific) with the following forward and reverse primer sequences, respectively: 
GACCCCAAAATCAGCGAAAT, TCTGGTTACTGCCAGTTGAATCTG. The RT-PCR assay was run with 
a double-quenched FAM probe with the following sequence: 5’-FAM-
ACCCCGCATTACGTTTGGTGGACC-BHQ1-3’. RT-qPCR was run on a QuantStudio 6 (Applied 
Biosystems) with RT at 48 °C for 30 min and 45 cycles with a denaturing step at 95 °C for 10 s followed 
by annealing and elongation steps at 60 °C for 45 s. The data were analyzed using the Standard Curve 
(SC) module of the Applied Biosystems Analysis Software. 
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SARS-CoV-2 assay design and synthetic template information 
SARS-CoV-2-specific forward and reverse RPA primers and Cas13-crRNAs were designed as previously 
described (18). In short, the designs were algorithmically selected, targeting 100% of 20 published SARS-
CoV-2 genomes, and predicted by a machine learning model to be highly active (Metsky et al. in prep). 
Moreover, the crRNA was selected for its high predicted specificity towards detection of SARS-CoV-2, 
versus related viruses, including other bat and mammalian coronaviruses and other human respiratory 
viruses (https://adapt.sabetilab.org/covid-19/). 
 
Synthetic DNA targets with appended upstream T7 promoter sequences (5’-
GAAATTAATACGACTCACTATAGGG-3’) were ordered as double-stranded DNA (dsDNA) gene 
fragments from IDT, and were in vitro transcribed to generate synthetic RNA targets. In vitro transcription 
was conducted using the HiScribe T7 High Yield RNA Synthesis Kit (New England Biolabs (NEB)) as 
previously described (23). In brief, a T7 promoter ssDNA primer (5’-
GAAATTAATACGACTCACTATAGGG-3’) was annealed to the dsDNA template and the template was 
transcribed at 37 ºC overnight. Transcribed RNA was then treated with RNase-free DNase I (QIAGEN) 
to remove any remaining DNA according to the manufacturer’s instructions. Finally, purification occurred 
using RNAClean SPRI XP beads at 2✕ transcript volumes in 37.5% isopropanol. 
  
Sequence information for the synthetic targets, RPA primers, and Cas13-crRNA is listed in Table S4.  
 
Two-step SARS-CoV-2 assay 
The two-step SHERLOCK assay was performed as previously described (18, 23, 25). Briefly, the assay 
was performed in two steps: (1) isothermal amplification via recombinase polymerase amplification (RPA) 
and (2) LwaCas13a-based detection using a single-stranded RNA (ssRNA) fluorescent reporter. For 
RPA, the TwistAmp Basic Kit (TwistDx) was used as previously described (i.e., with RPA forward and 
reverse primer concentrations of 400 nM and a magnesium acetate concentration of 14 mM) (25) with 
the following modifications: RevertAid reverse transcriptase (Thermo Fisher Scientific) and murine RNase 
inhibitor (NEB) were added at final concentrations of 4 U/µl each, and  synthetic RNAs or viral seedstocks 
were added at known input concentrations making up 10% of the total reaction volume.  The RPA reaction 
was then incubated on the thermocycler for 20 minutes at 41 °C. For the detection step, 1 µl of RPA 
product was added to 19 µl detection master mix. The detection master mix consisted of the following 
reagents (final concentrations in master mix listed), with magnesium chloride added last: 45 nM 
LwaCas13a protein resuspended in 1✕ storage buffer (SB: 50 mM Tris pH 7.5, 600 mM NaCl, 5% 
glycerol, and 2 mM dithiothreitol (DTT); such that the resuspended protein is at 473.7 nM), 22.5 nM 
crRNA, 125 nM RNaseAlert substrate v2 (Thermo Fisher Scientific), 1✕ cleavage buffer (CB; 400 mM 
Tris pH 7.5 and 10 mM DTT), 2 U/µlL murine RNase inhibitor (NEB), 1.5 U/µl NextGen T7 RNA 
polymerase (Lucigen), 1 mM of each rNTP (NEB), and 9 mM magnesium chloride. Reporter fluorescence 
kinetics were measured at 37 °C on a Biotek Cytation 5 plate reader using a monochromator (excitation: 
485 nm, emission: 520 nm) every 5 minutes for up to 3 hours. 
 
Single-step SARS-CoV-2 assay optimization 
The starting point for optimization of the single-step SHERLOCK assay was generated by combining the 
essential reaction components of both the RPA and the detection steps in the two-step assay, described 
above (23, 25). Briefly, a master mix was created with final concentrations of 1✕ original reaction buffer 
(20 mM HEPES pH 6.8 with 60 mM NaCl, 5% PEG, and 5 µM DTT), 45 nM LwaCas13a protein 
resuspended in 1✕ SB (such that the resuspended protein is at 2.26 µM), 136 nM RNaseAlert substrate 
v2, 1 U/µl murine RNase inhibitor, 2 mM of each rNTP, 1 U/µl NextGen T7 RNA polymerase, 4 U/µl 
RevertAid reverse transcriptase, 0.32 µM forward and reverse RPA primers, and 22.5 nM crRNA. The 
TwistAmp Basic Kit lyophilized reaction components (1 lyophilized pellet per 102 µl final master mix 
volume) were resuspended using the master mix. After pellet resuspension, cofactors magnesium 
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chloride and magnesium acetate were added at final concentrations of 5 mM and 17 mM, respectively, 
to complete the reaction. 
 
Master mix and synthetic RNA template were mixed and aliquoted into a 384-well plate in triplicate, with 
20 µl per replicate at a ratio of 19:1 master mix:sample. Fluorescence kinetics were measured at 37 °C 
on a Biotek Cytation 5 or Biotek Synergy H1 plate reader every 5 minutes for 3 hours, as described 
above. We observed no significant difference in performance between the two plate reader models. 
 
Optimization occurred iteratively, with a single reagent modified in each experiment. The reagent 
condition (e.g., concentration, vendor, or sequence) that produced the most optimal results — defined as 
either a lower limit of detection (LOD) or improved reaction kinetics (i.e., reaction saturates faster) — was 
incorporated into our protocol. Thus, the protocol used for every future reagent optimization consisted of 
the most optimal reagent conditions for every reagent tested previously.  
 
For all optimization experiments, the modulated reaction component is described in the figures, 
associated captions, or associated legends. Across all experiments, the following components of the 
master mix were held constant: 45 nM LwaCas13a protein resuspended in 1✕ SB (such that the 
resuspended protein is at 2.26 µM), 1 U/µl murine RNase inhibitor, 2 mM of each rNTP, 1 U/µl NextGen 
T7 RNA polymerase, and 22.5 nM crRNA, and TwistDx RPA TwistAmp Basic Kit lyophilized reaction 
components (1 lyophilized pellet per 102 µl final master mix volume). In all experiments, the master mix 
components except for the magnesium cofactor(s) were used to resuspend the lyophilized reaction 
components, and the magnesium cofactor(s) were added last. All other experimental conditions, which 
differ among the experiments due to real-time optimization, are detailed in Table S5. 
 
Single-step SARS-CoV-2 optimized reaction 
The optimized reaction (see Supplementary Protocol for exemplary implementation) consists of a master 
mix with final concentrations of 1✕ optimized reaction buffer (20 mM HEPES pH 8.0 with 60 mM KCl and 
5% PEG), 45 nM LwaCas13a protein resuspended in 1✕ SB (such that the resuspended protein is at 
2.26 µM), 125 nM polyU [i.e., 6 uracils (6U) or 7 uracils (7U) in length, unless otherwise stated] FAM 
quenched reporter, 1 U/µl murine RNase inhibitor, 2 mM of each rNTP, 1 U/µl NextGen T7 RNA 
polymerase, 2 U/µl Invitrogen SuperScript IV (SSIV) reverse transcriptase (Thermo Fisher Scientific), 0.1 
U/µl RNase H (NEB), 120 nM forward and reverse RPA primers, and 22.5 nM crRNA. Once the master 
mix is created, it is used to resuspend the TwistAmp Basic Kit lyophilized reaction components (1 
lyophilized pellet per 102 µl final master mix volume). Finally, magnesium acetate is the sole magnesium 
cofactor, and is added at a final concentration of 14 mM to generate the final master mix. 
 
The sample is added to the complete master mix at a ratio of 1:19 and the fluorescence kinetics are 
measured at 37 °C using a Biotek Cytation 5 or Biotek Synergy H1 plate reader as described above. 
 
Visual detection via in-tube fluorescence and via lateral flow strip 
Minor modifications were made to the single-step SARS-CoV-2 optimized reaction to visualize the 
readout via in-tube fluorescence or lateral flow strip. 
 
For in-tube fluorescence, we generated the single-step master mix as described above, except the 7U 
FAM quenched reporter was used at a concentration of 62.5 nM. The sample was added to the complete 
master mix at a ratio of 1:19. Samples were incubated at 37 °C and images were collected after 30, 45, 
60, 90, 120 and 180 minutes of incubation, with image collection terminating once experimental results 
were clear. A dark reader transilluminator (DR196 model, Clare Chemical Research) was used to 
illuminate the tubes. 
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For lateral-flow readout, we generated the single-step master mix as described above, except we used 
a biotinylated FAM reporter at a final concentration of 1 µM rather than the quenched polyU FAM 
reporters. The sample was added to the complete master mix at a ratio of 1:19. After 1-2 hours of 
incubation at 37 °C, the detection reaction was diluted 1:4 in Milenia HybriDetect Assay Buffer, and the 
Milenia HybriDetect 1 (TwistDx) lateral flow strip was added. Sample images were collected 5 min 
following incubation of the strip.  
 
In-tube fluorescence reader mobile phone application 
To enable smartphone-based fluorescence analysis, we designed a companion application. Using the 
application, the user captures an image of a set of strip tubes illuminated by a transilluminator. The user 
then identifies regions of interest in the captured image by overlaying a set of pre-drawn boxes onto 
experimental and control tubes. Image and sample information is then transmitted to a server for analysis. 
Within each of the user-selected squares, the server models the bottom of each tube as a trapezoid and 
uses a convolutional kernel to determine the location of maximal signal within each tube, using data from 
the green channel of the RGB image. The server then identifies the background signal proximal to each 
tube and fits a Gaussian distribution around the background signal and around the in-tube signal. The 
difference between the mean pixel intensity of the background signal and the mean pixel intensity of the 
in-tube signal is then calculated as the background-subtracted fluorescence signal for each tube. To 
identify experimentally significant fluorescent signals, a score is computed for each experimental tube; 
this score is equal to the distance between the experimental and control background-subtracted 
fluorescence divided by the standard deviation of pixel intensities in the control signal. Finally, positive or 
negative samples are determined based on whether the score is above (positive, +) or below (negative, 
-) 1.5, a threshold identified empirically. 
 
HUDSON protocols  
HUDSON nuclease and viral inactivation were performed on viral seedstock as previously described with 
minor modifications to the temperatures and incubation times (25). In short, 100 mM TCEP (Thermo 
Fisher Scientific) and 1 mM EDTA (Thermo Fisher Scientific) were added to non-extracted viral seedstock 
and incubated for 20 minutes at 50 ºC, followed by 10 minutes at 95 ºC. The resulting product was then 
used as input into the two-step SHERLOCK assay. 
 
The improved HUDSON nuclease and viral inactivation protocol was performed as previously described, 
with minor modifications (25). Briefly, 100 mM TCEP, 1 mM EDTA, and 0.8 U/µl murine RNase inhibitor 
were added to clinical samples in universal viral transport medium or human saliva (Lee Biosolutions). 
These samples were incubated for 5 minutes at 40 ºC, followed by 5 minutes at 70 ºC (or 5 minutes at 
95 ºC, if saliva). The resulting product was used in the single-step detection assay. In cases where 
synthetic RNA targets were used, rather than clinical samples (e.g., during reaction optimization), targets 
were added after the initial heating step (40 ºC at 5 minutes). This is meant to recapitulate patient 
samples, as RNA release occurs after the initial heating step when the temperature is increased and viral 
particles lyse.  
 
For optimization of nuclease inactivation using HUDSON, only the initial heating step was performed. 
The products were then mixed 1:1 with 400 mM RNaseAlert substrate v2 in nuclease-free water and 
incubated at room temperature for 30 minutes before imaging on a transilluminator or measuring reporter 
fluorescence on a Biotek Synergy H1 [at room temperature using a monochromator (excitation: 485 nm, 
emission: 520 nm) every 5 minutes for up to 30 minutes]. The specific HUDSON protocol parameters 
modified are indicated in the figure captions. 
 
SHINE 
The SHINE assay consists of the optimized HUDSON protocol (described above) with the resulting 
product used as the sample input into our optimized, one-step SHERLOCK protocol (described above). 
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Data analysis and schematic generation 
Conservation of SARS-CoV-2 sequences across our SHERLOCK assay was determined using publicly 
available genome sequences via GISAID. Analysis was based on an alignment of 5376 SARS-CoV-2 
genomic sequences. Percent conservation was measured at each nucleotide within the RPA primer and 
Cas13-crRNA binding sites and represents the percentage of genomes that have the consensus base at 
each nucleotide position.  
 
As described above, fluorescence values are reported as background-subtracted, with the fluorescence 
value collected before reaction progression (i.e., the latest time at which no change in fluorescence is 
observed, usually time 0, 5, or 10 minutes) subtracted from the final fluorescence value (3 hours, unless 
otherwise indicated). 
 
Normalized fluorescence values are calculated using data aggregated from multiple experiments with at 
least one condition in common. The maximal fluorescence value across all experiments is set to 1, with 
fluorescence values from the same experiment set as ratios of the maximal fluorescence value. Common 
conditions across experiments are set to the same normalized value, and that value is propagated to 
determine the normalized values within an experiment. 
 
The Wilcoxon rank sum test was conducted in MATLAB (MathWorks). Schematics shown in Fig. 1A and 
Fig. 3A were created using BioRender.com. All other schematics were generated in Adobe Illustrator 
(v24.1.2). Data panels were primarily generated via Prism 8 (GraphPad), except Figure 3E which was 
generated using Python (version 3.7.2), seaborn (version 0.10.1) and matplotlib (version 3.2.1) (33, 34). 
 
 
References 

1.  S. Kaplan, K. Thomas, Despite Promises, Testing Delays Leave Americans “Flying Blind” (2020), 
(available at https://www.nytimes.com/2020/04/06/health/coronavirus-testing-us.html). 

2.  Y. Bai, L. Yao, T. Wei, F. Tian, D.-Y. Jin, L. Chen, M. Wang, Presumed Asymptomatic Carrier 
Transmission of COVID-19. JAMA (2020), doi:10.1001/jama.2020.2565. 

3.  C. Rothe, M. Schunk, P. Sothmann, G. Bretzel, G. Froeschl, C. Wallrauch, T. Zimmer, V. Thiel, C. 
Janke, W. Guggemos, M. Seilmaier, C. Drosten, P. Vollmar, K. Zwirglmaier, S. Zange, R. Wölfel, 
M. Hoelscher, Transmission of 2019-nCoV Infection from an Asymptomatic Contact in Germany. 
N. Engl. J. Med. 382, 970–971 (2020). 

4.  C. Wang, P. W. Horby, F. G. Hayden, G. F. Gao, A novel coronavirus outbreak of global health 
concern. Lancet. 395, 470–473 (2020). 

5.  N. Zhu, D. Zhang, W. Wang, X. Li, B. Yang, J. Song, X. Zhao, B. Huang, W. Shi, R. Lu, P. Niu, F. 
Zhan, X. Ma, D. Wang, W. Xu, G. Wu, G. F. Gao, W. Tan, China Novel Coronavirus Investigating 
and Research Team, A Novel Coronavirus from Patients with Pneumonia in China, 2019. N. Engl. 
J. Med. 382, 727–733 (2020). 

6.  P. Zhou, X.-L. Yang, X.-G. Wang, B. Hu, L. Zhang, W. Zhang, H.-R. Si, Y. Zhu, B. Li, C.-L. Huang, 
H.-D. Chen, J. Chen, Y. Luo, H. Guo, R.-D. Jiang, M.-Q. Liu, Y. Chen, X.-R. Shen, X. Wang, X.-S. 
Zheng, K. Zhao, Q.-J. Chen, F. Deng, L.-L. Liu, B. Yan, F.-X. Zhan, Y.-Y. Wang, G.-F. Xiao, Z.-L. 
Shi, A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature. 579, 
270–273 (2020). 

.CC-BY-NC-ND 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted May 28, 2020. . https://doi.org/10.1101/2020.05.28.119131doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.28.119131
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

7.  World Health Organization (WHO). COVID-19 Situation Report, May 25, 2020, (available at 
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200524-covid-19-sitrep-
125.pdf?sfvrsn=80e7d7f0_2). 

8.  U.S. Food and Drug Administration, Policy for COVID-19 Tests During the Public Health 
Emergency (Revised) (2020), (available at https://www.fda.gov/regulatory-information/search-fda-
guidance-documents/policy-coronavirus-disease-2019-tests-during-public-health-emergency-
revised). 

9.  T. Notomi, H. Okayama, H. Masubuchi, T. Yonekawa, K. Watanabe, N. Amino, T. Hase, Loop-
mediated isothermal amplification of DNA. Nucleic Acids Res. 28, E63 (2000). 

10.  G.-S. Park, K. Ku, S.-H. Baek, S.-J. Kim, S. I. Kim, B.-T. Kim, J.-S. Maeng, Development of 
Reverse Transcription Loop-Mediated Isothermal Amplification Assays Targeting SARS-CoV-2. J. 
Mol. Diagn. (2020), doi:10.1016/j.jmoldx.2020.03.006. 

11.  Y. H. Baek, J. Um, K. J. C. Antigua, J.-H. Park, Y. Kim, S. Oh, Y.-I. Kim, W.-S. Choi, S. G. Kim, J. 
H. Jeong, B. S. Chin, H. D. G. Nicolas, J.-Y. Ahn, K. S. Shin, Y. K. Choi, J.-S. Park, M.-S. Song, 
Development of a reverse transcription-loop-mediated isothermal amplification as a rapid early-
detection method for novel SARS-CoV-2. Emerg. Microbes Infect., 1–31 (2020). 

12.  A. Niemz, T. M. Ferguson, D. S. Boyle, Point-of-care nucleic acid testing for infectious diseases. 
Trends in Biotechnology. 29 (2011), pp. 240–250. 

13.  Abott ID NOWTM COVID-19 - Alere is now, (available at https://www.alere.com/en/home/product-
details/id-now-covid-19.html). 

14.  O. Piepenburg, C. H. Williams, D. L. Stemple, N. A. Armes, DNA detection using recombination 
proteins. PLoS Biol. 4, e204 (2006). 

15.  H. Zaghloul, M. El-Shahat, Recombinase polymerase amplification as a promising tool in hepatitis 
C virus diagnosis. World J. Hepatol. 6, 916–922 (2014). 

16.  L. Yan, J. Zhou, Y. Zheng, A. S. Gamson, B. T. Roembke, S. Nakayama, H. O. Sintim, Isothermal 
amplified detection of DNA and RNA. Molecular BioSystems. 10 (2014), p. 970. 

17.  Zhang F, Abudayyeh OO, Gootenberg JS, A protocol for detection of COVID-19 using CRISPR 
diagnostics, (available at https://www.broadinstitute.org/files/publications/special/COVID-
19%20detection%20(updated).pdf). 

18.  H. C. Metsky, C. A. Freije, T.-S. F. Kosoko-Thoroddsen, P. C. Sabeti, C. Myhrvold, CRISPR-based 
surveillance for COVID-19 using genomically-comprehensive machine learning design. bioRxiv 
(2020). 

19.  J. P. Broughton, X. Deng, G. Yu, C. L. Fasching, V. Servellita, J. Singh, X. Miao, J. A. Streithorst, 
A. Granados, A. Sotomayor-Gonzalez, K. Zorn, A. Gopez, E. Hsu, W. Gu, S. Miller, C.-Y. Pan, H. 
Guevara, D. A. Wadford, J. S. Chen, C. Y. Chiu, CRISPR-Cas12-based detection of SARS-CoV-2. 
Nat. Biotechnol. (2020), doi:10.1038/s41587-020-0513-4. 

20.  L. Guo, X. Sun, X. Wang, C. Liang, H. Jiang, Q. Gao, M. Dai, B. Qu, S. Fang, Y. Mao, Y. Chen, G. 
Feng, Q. Gu, L. Wang, R. R. Wang, Q. Zhou, W. Li, SARS-CoV-2 detection with CRISPR 
diagnostics, medRxiv, doi:10.1101/2020.04.10.023358. 

.CC-BY-NC-ND 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted May 28, 2020. . https://doi.org/10.1101/2020.05.28.119131doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.28.119131
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

21.  J. N. Rauch, E. Valois, S. C. Solley, F. Braig, R. S. Lach, N. J. Baxter, K. S. Kosik, C. Arias, D. 
Acosta-Alvear, M. Z. Wilson, A Scalable, Easy-to-Deploy, Protocol for Cas13-Based Detection of 
SARS-CoV-2 Genetic Material, medRxiv, doi:10.1101/2020.04.20.052159. 

22.  U.S. Food and Drug Administration, Sherlock CRISPR SARS-CoV-2 Kit, (available at 
https://www.fda.gov/media/137747/download). 

23.  J. S. Gootenberg, O. O. Abudayyeh, J. W. Lee, P. Essletzbichler, A. J. Dy, J. Joung, V. Verdine, N. 
Donghia, N. M. Daringer, C. A. Freije, C. Myhrvold, R. P. Bhattacharyya, J. Livny, A. Regev, E. V. 
Koonin, D. T. Hung, P. C. Sabeti, J. J. Collins, F. Zhang, Nucleic acid detection with CRISPR-
Cas13a/C2c2. Science. 356, 438–442 (2017). 

24.  O. O. Abudayyeh, J. S. Gootenberg, S. Konermann, J. Joung, I. M. Slaymaker, D. B. T. Cox, S. 
Shmakov, K. S. Makarova, E. Semenova, L. Minakhin, K. Severinov, A. Regev, E. S. Lander, E. V. 
Koonin, F. Zhang, C2c2 is a single-component programmable RNA-guided RNA-targeting CRISPR 
effector. Science. 353, aaf5573 (2016). 

25.  C. Myhrvold, C. A. Freije, J. S. Gootenberg, O. O. Abudayyeh, H. C. Metsky, A. F. Durbin, M. J. 
Kellner, A. L. Tan, L. M. Paul, L. A. Parham, K. F. Garcia, K. G. Barnes, B. Chak, A. Mondini, M. L. 
Nogueira, S. Isern, S. F. Michael, I. Lorenzana, N. L. Yozwiak, B. L. MacInnis, I. Bosch, L. Gehrke, 
F. Zhang, P. C. Sabeti, Field-deployable viral diagnostics using CRISPR-Cas13. Science. 360, 
444–448 (2018). 

26.  J. S. Gootenberg, O. O. Abudayyeh, M. J. Kellner, J. Joung, J. J. Collins, F. Zhang, Multiplexed 
and portable nucleic acid detection platform with Cas13, Cas12a, and Csm6. Science. 360, 439–
444 (2018). 

27.  A. East-Seletsky, M. R. O’Connell, D. Burstein, G. J. Knott, J. A. Doudna, RNA Targeting by 
Functionally Orthogonal Type VI-A CRISPR-Cas Enzymes. Mol. Cell. 66, 373–383.e3 (2017). 

28.  S. Srivatsan, P. D. Han, K. van Raay, C. R. Wolf, D. J. McCulloch, A. E. Kim, E. Brandstetter, B. 
Martin, J. Gehring, W. Chen, S. Kosuri, E. Q. Konnick, C. M. Lockwood, M. J. Rieder, D. A. 
Nickerson, H. Y. Chu, J. Shendure, L. M. Starita, Seattle Flu Study Investigators, Preliminary 
support for a “dry swab, extraction free” protocol for SARS-CoV-2 testing via RT-qPCR, bioRxiv, 
doi:10.1101/2020.04.22.056283. 

29.  J. Joung, A. Ladha, M. Saito, M. Segel, R. Bruneau, M.-L. W. Huang, N.-G. Kim, X. Yu, J. Li, B. D. 
Walker, A. L. Greninger, K. R. Jerome, J. S. Gootenberg, O. O. Abudayyeh, F. Zhang, Point-of-
care testing for COVID-19 using SHERLOCK diagnostics. medRxiv, 
doi:10.1101/2020.05.04.20091231. 

30.  A. E. Calvert, B. J. Biggerstaff, N. A. Tanner, M. Lauterbach, R. S. Lanciotti, Rapid colorimetric 
detection of Zika virus from serum and urine specimens by reverse transcription loop-mediated 
isothermal amplification (RT-LAMP). PLoS One. 12, e0185340 (2017). 

31.  B. A. Rabe, C. Cepko, SARS-CoV-2 Detection Using an Isothermal Amplification Reaction and a 
Rapid, Inexpensive Protocol for Sample Inactivation and Purification, medRxiv, 
doi:10.1101/2020.04.23.20076877. 

32.  D. Kim, J.-Y. Lee, J.-S. Yang, J. W. Kim, V. N. Kim, H. Chang, The Architecture of SARS-CoV-2 
Transcriptome. Cell. 181, 914–921.e10 (2020). 

.CC-BY-NC-ND 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted May 28, 2020. . https://doi.org/10.1101/2020.05.28.119131doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.28.119131
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

33.  M. Waskom, O. Botvinnik, D. O’Kane, P. Hobson, S. Lukauskas, D. C. Gemperline, T. 
Augspurger, Y. Halchenko, J. B. Cole, J. Warmenhoven, J. de Ruiter, C. Pye, S. Hoyer, J. 
Vanderplas, S. Villalba, G. Kunter, E. Quintero, P. Bachant, M. Martin, K. Meyer, A. Miles, 
Y. Ram, T. Yarkoni, M. L. Williams, C. Evans, C. Fitzgerald, Brian, C. Fonnesbeck, A. Lee, 
A. Qalieh, mwaskom/seaborn: v0.8.1 (September 2017) (2017), 
doi:10.5281/zenodo.883859. 

34. J. D. Hunter, Matplotlib: A 2D Graphics Environment. Comput. Sci. Eng. 9, 90–95 (2007). 

 

Acknowledgements 

We would like to thank E. Rosenberg for kindly providing patient samples used in this study; the Harvard 
Medical School Systems Biology Department for providing additional laboratory space to perform the 
work; those researchers and laboratories who generously made SARS-CoV-2 sequencing data publicly 
available to aid in our assay design; members of the Sabeti lab — E. Normandin, K. DeRuff, K. Lagerborg, 
M. Bauer, M. Rudy, K. Siddle, A. Lin and A. Gladden-Young — for assisting with patient sample collection 
and processing; H. Metsky, for his contributions to the assay design; M. Springer, the Springer lab, and 
the Sabeti lab, notably H. Metsky, A. Lin, and N. Welch for their thoughtful discussions and reading of 
the manuscript. Funding: Funding was provided by DARPA D18AC00006 and the Open Philanthropy 
Project. J.A.-S. is supported by a fellowship from ”la Caixa” Foundation (ID 100010434, code 
LCF/BQ/AA18/11680098). B.A.P. is supported by the National Institute of General Medical Sciences 
grant T32GM007753. The views, opinions, and/or findings expressed should not be interpreted as 
representing the official views or policies of the Department of Defense, US government, National 
Institute of General Medical Sciences, or the National Institutes of Health. Competing interests: C.A.F., 
P.C.S., and C.M. are inventors on patent filings related to this work. J.E.L. consults for Sherlock 
Biosciences, Inc. P.C.S. is a co-founder of, shareholder in, and advisor to Sherlock Biosciences, Inc, as 
well as a Board member of and shareholder in Danaher Corporation. 
 
 
Items included in Supplementary Materials	
Supplementary Text	
Figs. S1 to S10	
Tables S1 to S4	
References (35-38)	
	
Other Supplementary Files	
Table S5	
Supplementary Protocol	
 

 

.CC-BY-NC-ND 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted May 28, 2020. . https://doi.org/10.1101/2020.05.28.119131doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.28.119131
http://creativecommons.org/licenses/by-nc-nd/4.0/

