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Equitable and accessible education in life sciences, bioengineering, and syn-

thetic biology is crucial for training the next generation of scientists, fostering
transparency in public decision-making, and ensuring biotechnology can
benefit a wide-ranging population. As a groundbreaking technology for gen-
ome engineering, CRISPR has transformed research and therapeutics. How-
ever, hands-on exposure to this technology in educational settings remains
limited due to the extensive resources required for CRISPR experiments. Here,
we develop CRISPRKit, an affordable kit designed for gene editing and reg-
ulation in high school education. CRISPRkit eliminates the need for specialized
equipment, prioritizes biosafety, and utilizes cost-effective reagents. By inte-
grating CRISPRi gene regulation, colorful chromoproteins, cell-free tran-
scription-translation systems, smartphone-based quantification, and an in-
house automated algorithm (CRISPectra), our kit offers an inexpensive (-$2)
and user-friendly approach to performing and analyzing CRISPR experiments,
without the need for a traditional laboratory setup. Experiments conducted by
high school students in classroom settings highlight the kit’s utility for reliable
CRISPREkit experiments. Furthermore, CRISPRkit provides a modular and
expandable platform for genome engineering, and we demonstrate its appli-
cations for controlling fluorescent proteins and metabolic pathways such as
melanin production. We envision CRISPRkit will facilitate biotechnology
education for communities of diverse socioeconomic and geographic
backgrounds.

M Check for updates

Tools and resources that facilitate accessible K-12 (kindergarten to
high school) education in life sciences, bioengineering, and synthetic
biology are crucial for fostering a more informed and equitable
society”. Accessible education not only inspires the next generation of
scientists but also creates citizens who can comprehend the complex

language behind cutting-edge biotechnologies. This understanding
promotes transparency and responsibility in public decision-making
while reducing confusion and apprehension. Furthermore, it
promotes biotechnology democratization, ensuring that advances in
life sciences and bioengineering benefit everyone, regardless of

Department of Bioengineering, Stanford University, Stanford, CA 94305, USA. 2Program of Biomedical Computation, Stanford University, Stanford, CA
94305, USA. 3Chinese International School, Hong Kong 999077 Hong Kong SAR, China. “East Chapel Hill High School, Chapel Hill, NC 27514, USA.
SDepartment of Materials Science and Engineering, Stanford University, Stanford, CA 94305, USA. 8Sarafan ChEM-H, Stanford University, Stanford, CA
94305, USA. "Chan Zuckerberg Biohub - San Francisco, San Francisco, CA 94158, USA. 8These authors contributed equally: Marvin Collins, Matthew B. Lau.

e-mail: slgi@stanford.edu

Nature Communications | (2024)15:6563


http://orcid.org/0009-0009-5292-8023
http://orcid.org/0009-0009-5292-8023
http://orcid.org/0009-0009-5292-8023
http://orcid.org/0009-0009-5292-8023
http://orcid.org/0009-0009-5292-8023
http://orcid.org/0000-0002-3965-3223
http://orcid.org/0000-0002-3965-3223
http://orcid.org/0000-0002-3965-3223
http://orcid.org/0000-0002-3965-3223
http://orcid.org/0000-0002-3965-3223
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50767-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50767-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50767-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50767-2&domain=pdf
mailto:slqi@stanford.edu

Article

https://doi.org/10.1038/s41467-024-50767-2

socioeconomic background, including individuals with limited tech-
nical and financial resources.

Major barriers remain in promoting accessible education on
cutting-edge biotechnologies. These barriers stem from the complex
nature of these technologies, the need for expensive resources and
specialized equipment, and biosafety concerns associated with hands-
on experience. Socioeconomic and geographic disparities in access to
quality educational resources further compound these challenges.
Consequently, education on bioengineering in the K-12 setting has
been largely confined to theoretical content presented in classrooms.

CRISPR-Cas gene editing technology has recently revolutionized
biomedical research and therapeutics®™. Researchers have demon-
strated that CRISPR-based gene therapy can remedy the dysfunction of
the oxygen-carrying hemoglobin gene, providing a cure for sickle cell
anemia®’. Beyond clinical applications, the technology has enabled
researchers to alter the genetic code of various organisms, including
animals, plants, and microbes, facilitating advanced genetic engi-
neering that would have been impossible a decade ago®’. Despite its
transformative impact on biological sciences at the university and
research institute level, hands-on experience with CRISPR technology
has been absent from high-school curricula due to the extensive
resource requirements for conducting CRISPR experiments (Fig. 1a).
Performing CRISPR experiments in living organisms, such as in
microbes or mammalian cells, in a classroom setting presents multiple
challenges. These include the high cost of equipment and reagents,
biosafety requirements for handling living cells and biohazards, and
lengthy, complex protocols. These obstacles are often insurmountable
for most high schools, leaving students with limited hands-on experi-
ence with CRISPR technology.

While previous studies have successfully reduced the require-
ments for performing CRISPR experiments by using cell-free systems,
they still necessitate specialized equipment (e.g., incubators or ima-
gers), expensive apparatus (e.g., pipettes), and complex software for
data analysis'>™. From an accessibility perspective, we reasoned that
eliminating these requirements is crucial to providing hands-on
CRISPR experiences to high school students in a more equitable set-
ting (Fig. 1a). Our goal is to develop a frugal kit that eliminates the need
for equipment, reduces reagent costs, and minimizes biosafety con-
cerns. Here we present CRISPRKit, an affordable and accessible CRISPR
kit designed for gene editing experiments in a classroom setting
without equipment requirement. Given that many high school stu-
dents have access to smartphones, we utilize smartphones intend to
measure CRISPR activity and analyze data using our algorithm termed
CRISPectra. As an experimental and computational bundle, CRISPRKkit
is applicable to most high school curricula in low-resource settings and
aims to facilitate accessible education on cutting-edge gene-editing
technology.

Results

The design of a frugal and accessible CRISPR kit for education

We analyzed two potential mechanisms for implementing CRISPR
experiments in the educational setting (Fig. 1b). One mechanism is
gene editing that uses the nuclease Cas9 for DNA cleavage'*™¢, and the
other is gene regulation that uses the nuclease-dead dCas9 for con-
trolling transcription of the target gene, a method termed CRISPR
interference (CRISPRi)”. Both mechanisms are based on single guide
RNA (sgRNA)-directed specific DNA targeting and can generate
visualizable outcomes on the genes encoded by the target DNA.

The traditional method of performing CRISPR experiments in
living cells necessitates the execution of many costly and time-
consuming steps, including transforming competent cells, plating
transformed cells, picking colonies, and growing the cells overnight.
Our proposed CRISPRKit utilizes a cell-free transcription-translation
system, termed cell-free system (CFS), which has been employed for
measuring gene expression and CRISPR gene editing'*’*" (Fig. 1c). By

using CFS reagents in place of living cells, we eliminate the biosafety
and logistical concerns of cell culture, thus improving accessibility. For
visible readouts, we adopted chromoproteins, which are pigmented
proteins that do not require special light wavelengths or filters to
visualize. We chose three chromoproteins with distinct colors that
resemble the RGB color mode (red, yellow/green, and blue): eforRed”,
fwYellow”, and aeBlue”’. Using the Streptococcus pyogenes
Cas9 system, we designed single guide RNAs (sgRNAs) that specifically
target the protein-coding sequence of each chromoprotein to achieve
efficient and specific DNA cutting or transcriptional repression.

In the CRISPRKit design, in the absence of Cas9/dCas9 protein or
an sgRNA, the transcription and translation machinery produce chro-
moproteins that appear as visible pigment. When Cas9/dCas9 and a
targeting sgRNA are present, they form a ribonucleoprotein complex
to cut DNA or repress transcription of the chromoprotein, reducing
the intensity of pigmentation. We measure activity of CRISPRkit by
quantifying the level of pigmentation change. We also compared two
setups: one is termed the ‘high-tech’ setup that uses pipettes for liquid
transfer, an incubator for precise temperature control, and a fluores-
cence plate reader for measurement; the other is termed the ‘low-tech’
setup that relies on inoculation loops for liquid transfer, requires no
temperature control, and uses a smartphone for measurement (Fig. 1c,
Methods).

Testing the performance of the single-color CRISPRKit in the
laboratory setup

We first designed a set of plasmids to express three distinct chromo-
proteins and a set of plasmids expressing specific sgRNAs for each
chromoprotein (Fig. 2a, Supplementary Tables 1-3). There are two
options for designing an sgRNA targeting a double-stranded DNA:
targeting either the template or the non-template strand. Previous
studies have shown that only non-template-targeting sgRNA can
repress transcription, due to steric hindrance between dCas9 and the
RNA polymerase”* (Supplementary Fig. 1). We therefore designed
sgRNAs that target the non-template strand of each chromoprotein,
using the CRISPR-ERA algorithm to select sgRNAs without off-target
binding sites**. We encoded each chromoprotein and each sgRNA
under the control of a strong o070 promoter (J23119) (Fig. 2a,
Methods).

For experiments, we used pipettes to add Cas9 or dCas9 protein
and sgRNA plasmids and incubated each reaction at 28 °C for 24 h in
1.5 mL Eppendorf tubes (Fig. 2b). We quantified fluorescence of efor-
Red and fwYellow or absorbance of aeBlue using a fluorescence plate
reader after transferring samples to a 384-well plate (Methods). We
chose to measure the absorbance of aeBlue because, unlike eforRed or
fwYellow, there is not a suitable fluorescence excitation/emission
wavelength that has been found for this protein®.

We compared Cas9 (editing) and dCas9 (regulation) side-by-side
and tested whether different chromoproteins can be used in the cell-
free CRISPRKkit experiments and whether they can be specifically tar-
geted by their cognate sgRNAs (Supplementary Fig. 2a). We observed
strong chromoprotein expression and visible colors without Cas9 or
dCas9 for all three chromoproteins (Fig. 2c, d). In the Cas9 case, we
observed significant reduction of eforRed or fwYellow with added
sgRNA but not for aeBlue. Notably, adding Cas9 alone (without an
sgRNA) significantly reduced the production of chromoproteins, likely
suggesting off-target cleavage activity of Cas9 even without a guide
(comparing groups PC and NG, Fig. 2c).

In comparison, dCas9 showed little off-target activity and more
efficient reduction of chromoprotein pigmentation with cognate
sgRNAs (Fig. 2d, e). From the fluorescent plate reader quantification,
compared to the no-guide condition (CFS with chromoprotein plasmid
and dCas9 only), eforRed and fwYellow CRISPRi showed 126- and 22-
fold of repression, respectively (Fig. 2c). The aeBlue CRISPRi showed a
smaller fold change (2.1-fold), likely due to the suboptimal
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Laboratory setting for performing CRISPR-related experiments for genome editing

Current: standard research laboratory
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Fig. 1| The concept and design of accessible CRISPRKit for high school edu-
cation. a A comparison between two settings for performing CRISPR experiments.
The left shows a laboratory setting. This involves chemicals, tissue culture, bioha-
zards, and equipment such as incubator and fluorescence measurement equip-
ment. A CRISPR experiment requires access to pipettes and pipette tips (>$500),
reagents for molecular cloning and tissue culture (>$500), consumables such as
384-well plates (>$100), bacteria or yeast or mammalian cell cultures that require
incubator, shaker, or a tissue culture room, biohazards, equipment (>$10,000), and
software (>$500). The right shows a classroom setting. No cells, biohazards, or
professional equipment are needed in this frugal setting. The desired CRISPRkit
costs in the range of $1- 2 for reagents and consumables. b Illustration of Cas9-
mediated genome editing (red) and nuclease-dead dCas9-mediated (green) gen-
ome repression (termed CRISPR interference or CRISPRi). Both molecules can bind
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to specific DNA targets via single guide RNA (sgRNA)-mediated RNA-DNA com-
plementarity with a protospacer adjacent motif (PAM). Upon binding to DNA tar-
gets, Cas9 cuts DNA into fragments. On the contrary, dCas9 acts as a transcription
block to sterically hinder the binding or progression of RNA polymerase (RNAP) on
the DNA, repressing transcription of the target gene, without DNA cleavage. c. Our
design is based on CRISPRi that represses gene expression of the target DNA. The
cell-free system (CFS) is mixed with plasmids that encode chromoproteins with
various colors (pRed, pYellow, pBlue), plasmids that encode chromoprotein-
specific sgRNAs (sgRed, sgYellow, sgBlue), and purified dCas9 protein. We compare
two experimental setups, one is termed high-tech involving traditional laboratory
equipment such as pipettes, 384-well plates, incubator, and spectrophotometry,
and another is termed low-tech involving smartphones, inoculation loops,

and tubes.

measurement using absorbance by the plate reader®. Yet, visually
from parafilm or tube images taken by smartphone, we observed
strong pigmentation without CRISPRi and almost no color with CRIS-
PRi (Fig. 2f, g). This suggests that smartphone images might offer a
better method to quantify aeBlue pigmentation level that is more
consistent with the visual observations. We also confirmed that the
sgRNAs acted orthogonally and only repressed their cognate targets
(Fig. 2e). We noticed modestly elevated eforRed pigmentation in the
presence of sgRNAs targeting feYellow or aeBlue, for reasons
unknown (Fig. 2e).

Due to the high leakiness of Cas9, we opted for dCas9 to imple-
ment the CRISPRkit design. Our single-color characterization data also
suggests that the CFS provides an effective and robust way of per-
forming gene-specific CRISPRi experiments with visible chromopro-
tein outcomes.

Testing the performance of dual-color CRISPRKit in the
laboratory setup

We next tested whether multiple chromoproteins can be used in the
same reaction and whether each gene can be specifically repressed by
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a Design of plasmids expressing chromoproteins with different colors b Experimental setup for single-color CRISPRKkit reactions
J23119 eforRed fwYellow aeBlue Equi Cell-free system (CFS)
. quipment
promoter RBS Terminator needed with chromoprotein plasmid DNA
O = | ho |
eforRed fwYellow aeBlue
Antibiotic Replicati - Add Cas9 or dCas9 & different sgRNAs
ntibiotic Replication origin — e
(AmpR) (ColE1) = = =
Design of sgRNA plasmids for repressing specific chromoproteins % % @
eforRed sgRNA fwYellow sgRNA aeBlue sgRNA Incubate at 28°C, 24 hours
J23119 \ Terminator \ \ V =
) - Quantify fluorescence
(=) TITT st
using spectrophotometry
AmpR ColE1
c CRISPRKkit based on Cas9-mediated gene editing
eforRed 0025 fwYellow 0011 aeBlue
o 15 - o 15 - ° 1.5
5} o 8
c c =
©1.0 © 1.0 S 1.0
S s} 2
= =2 ©
= = 12fold B
fos 38fold N 0.5 Nos
T T [
£ l £ E To
S <] )
Z00 Z 00 =
G NC PC NG G 00 NC PC NG G
CFS - + + + CFS - + + + CFS - + + o+
eforRed - + + + fwYellow - + + + aeBlue - + + +
Cas9 - - + + Cas9 - - + + Cas9 - - + +
sgRed - - - + sgYellow - - - + sgBlue - - - +
d CRISPREkit based on dCas9-mediated gene regulation e
eforRed fwYellow i i
15 <0001 15 20001 15 Testing orthogonality of sgRNAs and genes
8 8 3 Normalized fluorescence/absorbance
8 g 5 14
2 34 2o0ld S 10
210 £1.0 2" eforRed 12
S =1 ]
= =
o ] 3 1.0
No05 No05 N05 08
< < g fwYellow .
£ £ £
5 5 Zo 0.6
Z0.0 Z0.0 0.0 04
NC PC NG G NC PC NG G ‘
CFS - + + + CFs - + + + CFS - + + + aeBlue 0.2
eforRed - + + + fwYellow - + + + aeBlue - + + + 0
dCas9 - - + + dCas9 - + + dCas9 - - + + PC sgRed sgYellow sgBlue
sgRed - - - + sgYellow - - - + sgBlue - - - +
f . g .
Parafilm images Tube images
eforRed | eforRed
fwYellow .‘" fwYellow
aeBlue aeBlue
sgRed sgYellow sgBlue sgRed sgYellow  sgBlue
CFs - + + + + + CFs - + + + + +
Chromoprotein - * + + + + Chromoprotein - + + + + +
dCas9 - - + * + + dCas9 - - + + + +
sgRed - - - + - - sgRed - - - + - -
sgYellow - - - - + - sgYellow - - - - + -
sgBlue - - - - - + sgBlue - - - - - +

their targeting sgRNAs. To achieve this, we used pipettes to mix
eforRed and fwYellow plasmids with an equimolar ratio and added
dCas9 protein and single or double sgRNA plasmids in 1.5 mL Eppen-
dorf tubes (Fig. 3a, Supplementary Fig. 2b). Like the single-color
experiment, we quantified fluorescence of eforRed and fwYellow using
the 384-well-based fluorescence plate reader (Methods).

The dual-color CRISPRkit experiment showed that individual
chromoprotein genes can be specifically and significantly repressed by
their individual sgRNA (Fig. 3b). When both sgRNAs were present, we
observed strong and significant repression of both chromoproteins.
Both parafilm and tube images taken by smartphone showed visually
distinct colors that were consistent with measurement by the
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Fig. 2 | Design, implementation, and characterization of a single-color
CRISPREkit under high-tech setup. a Schematic of plasmids encoding chromo-
proteins (top) and sgRNAs (bottom). Three primary plasmids encode eforRed,
fwYellow, and aeBlue, each containing a strong bacterial 0, promoter J23119, a
strong ribosome binding site (RBS), codon-optimized coding sequence, and a
transcriptional terminator. Each sgRNA plasmid targets a specific chromoprotein
gene, also containing a J23119 promoter, the sgRNA-coding sequence, and a tran-
scriptional terminator. b High-tech single-color experiment setup using CRISPRKkit.
The cell-free system is mixed with one chromoprotein plasmid and one sgRNA
plasmid per tube. After incubation at 28 °C for 24 h, results are quantified using a
fluorescence plate reader. ¢ Data showing performance of single-color CRISPRKkit
reactions using Cas9, measured by a fluorescence plate reader. Four conditions are
compared for each chromoprotein: negative control (NC) with water only, positive
control (PC) with CFS and chromoprotein plasmid, no-guide condition (NG) with
CFS, chromoprotein plasmid, Cas9 protein, and empty sgRNA plasmid, and tar-
geting sgRNA condition (G) with CFS, chromoprotein plasmid, Cas9 protein, and

cognate sgRNA. d Data showing performance of single-color CRISPRKit reactions
using nuclease-dead dCas9 with a similar setup to Fig. 2c. For ¢, d, three biological
replicates calculated from the mean of two technical replicates each are plotted for
each group. The bars represent the mean and the error bars represent the standard
deviation. Unpaired two-sided Student’s t-test was performed; p values are indi-
cated above the no guide and guide condition bars. e Heatmap showing the
orthogonality of sgRNAs for repressing each chromoprotein expression. Normal-
ized fluorescence (for eforRed and fwYellow) and absorbance (for aeBlue) to
positive controls (PC) are shown. f, g Smartphone images of the single-color
CRISPRKit reactions transferred to a parafilm (f) or 0.6 mL PCR tubes (g), after
incubation at 28 °C for 24 h. From left to right, each group represent negative
control (NC), positive control (PC, CFS + chromoprotein plasmid), no-guide (NG,
CFS + chromoprotein plasmid + dCas9 protein + empty sgRNA plasmid), and tar-
geting sgRNA for eforRed (sgRed), fwYellow (sgYellow), and aeBlue (sgBlue).
Source data are provided as a Source Data file.

Experimental setup for high-tech dual-color CRISPRKkit

High-tech dual-color CRISPRKit reactions by plate reader
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Fig. 3 | Design and characterization of dual-color CRISPRKit using the high-
tech setup. a Experimental setup for high-tech dual-color CRISPRKit reactions. The
CFS is mixed with one or two chromoprotein plasmids with one or two sgRNA
plasmids, incubated at 28 °C for 24 h, and the fluorescence is quantified using a
fluorescence plate reader. b Experimental data showing the performance of high-
tech dual-color CRISPRKit reactions measured by a fluorescence plate reader. Each
group of bars show eforRed or fwYellow single-color positive controls, eforRed
+fwYellow dual-color positive control, with an empty sgRNA plasmid (NG), eforRed-
targeting sgRNA (sgRed), fwYellow-targeting sgRNA (sgYellow), and both eforRed-
and fwYellow-targeting sgRNAs, and negative control (water only). ¢ Smartphone
images of the high-tech dual-color CRISPR kit reactions on a parafilm (top) or PCR
tubes (bottom), after incubation at 28 °C for 24 h. Fold of repression is labeled for
each group. d Comparison of chromoprotein expression between high-tech single-

color and dual-color CRISPREit reactions. The graphs show the normalized fluor-
escence for eforRed (left) and fwYellow (right) in single-color or dual-color reac-
tions to their positive controls (CFS + chromoprotein plasmid). For b-d, three
biological replicates are plotted for each group, with biological replicate values
being calculated from the mean of two technical replicates for the dual-color data.
The bars represent the mean of biological replicates, and the error bars represent
the standard deviation. For b, two one-way ANOVA were performed; p values
generated by comparison of chosen conditions to no-guide control via Dunnett’s
multiple comparisons test are indicated above the chosen condition, above the fold
of repression. For d, multiple two-tailed Student’s t-test were performed with the
Holm-Sidak correction; multiplicity-adjusted p values are indicated above each
compared pair. Source data are provided as a Source Data file.
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fluorescence plate reader (Fig. 3c). We note that equimolar expression
of both eforRed and fwYellow generated an orange color in the reac-
tion. Interestingly, the repression levels of chromoprotein were com-
parable in the dual-color and single-color experiments (Fig. 3d): for
eforRed, we observed 89-fold of repression in a dual-color experiment
compared to 126-fold of repression in the single-color experiment; for
fwYellow, we observed the same 22-fold repression. The repression
level was lower when using both sgRNAs in the dual-color expression
(46-fold for eforRed and 11-fold for fwYellow). Nevertheless, this level
of repression has generated distinct colors that can be easily discerned
by the naked eye using smartphone images (Fig. 3c). Taken together,
our experiment suggests that the dual-color CRISPRkit can be
designed to generate visually distinct colors to offer facile readout.

Designing and testing a frugal CRISPRKkit by removing equip-
ment requirements

Next, we designed a cost-effective and equipment-free CRISPRKkit to
increase accessibility. We eliminated the need for specialized lab
equipment by substituting lab equipment with accessible alter-
natives (Fig. 4a). We reasoned that, instead of using pipettes and
pipette tips, inoculation loops can be used to transfer liquid with
volume around 1pL. To eliminate the incubator that provides accu-
rate temperature and humidity control, we postulated that room
temperature should be adequate to support sufficient cell-free pro-
tein production and CRISPRi activity. Furthermore, encouraged by
our smartphone images taken for single-color and dual-color
experiments, we hypothesized that a smartphone can be used in
place of a fluorescence plate reader. Finally, to aid multi-color
quantification using phone images, we developed an in-house algo-
rithm termed CRISPectra and associated website (http://ckitdual.
com) for user-friendly data analysis.

We first performed an experiment to verify whether room
temperature (RT, -22°C) enabled efficient chromoprotein expres-
sion and CRISPRi activity using CFS (Fig. 4b). Using eforRed, we
quantified the chromoprotein expression (without sgRNA) and
repression (with sgRNA) using the fluorescence plate reader. Our
data showed that the optimal temperature range to conduct the cell-
free CRISPRi reaction is around 28 °C. Notably, room temperature
and 37 °C showed strong expression and repression. On the contrary,
4°C and 42°C greatly diminished both protein production and
CRISPRi activity. Therefore, we confirmed room temperature offers
an acceptable condition for the CRISPRKit, thus eliminating the need
for an incubator.

We next developed the CRISPectra algorithm to quantify color
intensity, as a proxy for chromoprotein expression level (Methods).
CRISPectra extracts the RGB (red-green-blue) values from individual
pixels, averages the values of all pixels in a selected area in the image,
and outputs normalized color intensity values for each reaction by
comparing with the average RGB values of single-color reactions. Our
results showed that using CRISPectra on smartphone images gener-
ated data for eforRed and fwYellow was consistent with those mea-
sured by a fluorescence plate reader (Supplementary Fig. 3a).
Interestingly, our smartphone image method showed better fold of
repression for aeBlue, which was more aligned with the visual
observation. Comparing the CRISPectra analysis with plate reader
data, we observed high correlation between samples for all three
chromoproteins (Supplementary Fig. 3b). We further characterized
the high-tech dual-color CRISPRkit experiments as shown in Fig. 3a
using the CRISPectra algorithm and smartphone images (Supple-
mentary Fig. 4a) and observed similarly highly correlation between
CRISPectra analysis and plate reader data (Supplementary Fig. 4b). In
summary, our data suggests that smartphone images and CRISPectra
provide a reasonable approximation of chromoprotein expression as
an alternative to the fluorescence or absorbance measurement by the
plate reader.

We next performed a dual-color CRISPRi experiment in a ‘low-
tech’ frugal setting, using inoculation loops to transfer liquids and
incubating the reactions at room temperature for 24 h. Our data
demonstrated strong and consistent CRISPRi repression of cognate
chromoproteins in the presence of individual or double sgRNAs,
measured by the fluorescence plate reader (Fig. 4c) or smartphone
images characterized by CRISPectra (Fig. 4d). The reactions using the
frugal setup showed visible and distinct colors (Fig. 4e). We also
compared plate reader data with the CRISPectra algorithm and saw
strong correlation between the two methods (R*= 0.907 and 0.943 for
eforRed and fwYellow, respectively, Fig. 4f). This experiment con-
firmed that the frugal CRISPR kit design and the CRISPectra method
reliably reported CRISPRi activity without the need for equipment or
proprietary software.

CRISPRKit using in-house cell-free system to reduce the
reagent costs

The above experiments have used commercially available CFS. To
further reduce the cost of reagents, we manufactured in-house cell-
free transcription-translation system (Methods). Using the same
CRISPRKkit experimental setting as shown in Fig. 2b, we characterized
the production of eforRed, fwYellow, and aeBlue and repression by
their cognate sgRNAs. We observed significant repression for each
chromoprotein using in-house CFS, with eforRed, fwYellow, and
aeBlue showing 47-fold, 5-fold, and 2.1-fold repression, respec-
tively (Fig. 5a).

We next performed low-tech dual-color CRISPRKit experiments as
shown in Fig. 4a using the in-house CFS with 10 biological replicates to
verify whether the performance is consistent. Characterized by either
fluorescence plate reader or smartphone image followed by CRIS-
Pectra analysis, we observed strong and significant repression of
individual or both chromoproteins (Fig. 5b, c). This suggests that the
in-house CFS provides a low-cost and reliable way to perform
CRISPRKit experiments.

Furthermore, we estimated the cost of reagents per CRISPRkit
using in-house CFS reagents to be $1.13, and the cost of disposal plastic
consumables per kit to be $0.88 (Supplementary Table 4). This brings
the total cost per CRISPRkit to $2.01, making it significantly more
affordable than previous educational CRISPR kits, which often cost
over $100 per kit'*'>1%,

Testing of the frugal CRISPR kits by high school students in a
classroom setting

With an inexpensive and robust kit in hand, we next tested whether the
frugal CRISPRKit can be used by high school students in a classroom
setting (Fig. 6a). We streamlined the design of CRISPRkit to minimize
its components and manufactured the frugal CRISPRkit in bulk
(Fig. 6b). We also provided detailed manual, protocol, and learning
contents (Supplementary Notes 1-5, Supplementary Fig. 5a, b).

A single high school student performed the CRISPRkit experiment
9 times over different days and got 8 experiments to work consistently
using the CRISPectra algorithm (Fig. 6¢), despite one experiment fail-
ing. Nevertheless, the colors from the samples in the working 8
experiments were visible and discernible (Supplementary Fig. 6a). We
took the samples and quantified the performance of 8 experiments by
the plate reader and observed consistent performance as those
quantified by CRISPectra (Supplementary Fig. 6b). The performance of
these experiments was also comparable but more variable than those
performed in a laboratory setup (Fig. 4d). We attributed this higher
variation to the accuracy of using inoculation loops in liquid transfer
by the students.

We next distributed the CRISPRkit to a local high school class
(Supplementary Notes 1-3). Approximately 40 students were orga-
nized into 17 groups, with most groups consisting of 2 students and a
few having 3 students, each group performing one CRISPRKkit
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Fig. 4 | Design and characterization of frugal low-tech dual-color CRISPRKit.
a Schematic illustrating replacement of laboratory apparatus with frugal alter-
natives: pipettes with inoculation loops, incubator with room temperature setup,
fluorescence plate reader with a smartphone, and professional analytical software
with CRISPectra. b Performance characterization of the single-color CRISPRKit
using eforRed at five different temperatures (4 °C to 42 °C). Reactions are incu-
bated for 24 h. Red bars represent non-targeting sgRNA, and gray bars represent
targeting sgRNA. A representative phone image of CRISPRKit reactions on parafilm
is shown. Three biological replicates are plotted for each group, with mean fluor-
escence indicated by bars and standard deviation by error bars. Multiple two-tailed
Student’s t-tests with Holm-Sidak correction were performed; multiplicity-adjusted
p values are indicated above each compared pair. ¢ Experimental data showing low-
tech dual-color CRISPRkit reactions measured by a fluorescence plate reader. From
left to right, each group of bars (red - eforRed, yellow - fwYellow) show eforRed
positive control, fwYellow positive control, eforRed + fwYellow dual-color positive
control, dual-color with empty sgRNA plasmid (NG), dual-color with eforRed-
targeting sgRNA (sgRed), dual-color with fwYellow-targeting sgRNA (sgYellow),

dual-color with both eforRed- and fwYellow-targeting sgRNAs, and negative control
(water only). d Experimental data showing low-tech dual-color CRISPRKkit reactions
analyzed by CRISPectra. The order of the reactions mirrors c. For ¢ and d, three
biological replicates are plotted for each group, with biological replicate values
being calculated from the mean of two technical replicates for d. The bars represent
the mean of biological replicates, and the error bars represent the standard
deviation. Two one-way ANOVA were performed; p values generated by compar-
ison of chosen conditions to no-guide control via Dunnett’s multiple comparisons
test are indicated above the chosen condition, above the fold of repression. e A
representative smartphone image of the CRISPRKit reactions on parafilm after 24 h
at room temperature, following the same order as in (d). f 2D scatter plots showing
comparison of fluorescence plate reader data (x-axis) and phone image data (y-
axis) for eforRed (left) and fwYellow (right). Individual dots represent biological
replicates. Black lines represent the linear fit. Dotted lines represent 95% confidence
interval. R? values are shown for the linear regression. Source data are provided as a
Source Data file.

experiment. On day 1, the teacher delivered a lecture on CRISPR and
CRISPRi and demonstrated the procedure using one kit (demos fol-
lowed the same outline as Supplementary Movies 1, 2). Following the
demonstration, each group conducted the experiments according to
the protocol. On day 2 (24 to 48 h is fine), the students used smart-
phones to take images and analyzed the data using CRISPectra. Except
for 2 groups with failed positive controls, which made it difficult to
analyze the fold of repression, 15 groups successfully generated the

desired outcomes with the CRISPRkit (Fig. 6d). The colors from the
samples in all 17 groups’ experiments were visible and discernible
(Supplementary Fig. 7a). Additionally, we analyzed the samples using a
plate reader and observed consistent performance with the results
characterized by CRISPectra (Supplementary Fig. 7b).

We reasoned that teaching students the concept of efficiency and
specificity helps improve their understanding of core concepts related
to CRISPR experiments. Therefore, it is important to report the
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efficiency (the level of repression on the target gene) and specificity
(the level of crosstalk repression on another gene) for CRISPR
experiments. We calculated the efficiency and specificity of all
experiments collected in the classroom consisting of 8 independent
experiments by one student and 15 independent experiments by dif-
ferent groups (Supplementary Fig. 8). Our results showed high effi-
ciency and specificity among most experiments performed by high
school students (Fig. 6e).

Expanding the frugal CRISPRKit as a versatile and modular
educational module for genetic engineering in the high school
classroom setting

We next expanded the utility of CRISPRKit towards hypothesis-driven
experiments in the classroom. We reasoned that combining different
chromoproteins provides different outcomes that can be directly
observed without equipment, thus inspiring the students to formulate
and execute their own plans using the frugal CRISPRKit.

We tested all possible combinations of eforRed, fwYellow, and
aeBlue using CRISPRkit but without dCas9. Our results showed that
combinations can generate a panel of visible colors (Fig. 7a). This
forms a basis for using CRISPRKit to repress single or multiple chro-
moprotein genes and generate different visible outcomes, an oppor-
tunity for students to make their own designs in a ‘guess-and-test’
manner to figure out the composition of genes in a tube.

We next designed an experiment by mixing equimolar eforRed
and aeBlue plasmids. In this module, the students would be unaware of
which genes were in the tube but instructed to test their hypothesis
using CRISPRkit (Fig. 7b, Supplementary Fig. 9). The students would be

instructed to work with the provided tube of genes and CRISPRKkit with
different sgRNAs to repress either fwyellow, eforRed, aeBlue, or their
combinations to infer which genes are present. The standard
CRISPRKit protocol (Supplementary Notes 2 & 3) will be provided to
the student. As an example, the raw data from CRISPRKit reactions on
the tube of mixture of eforRed and aeBlue is shown in Fig. 7c, which
was qualitatively analyzed using the CRISPectra algorithm as shown in
Fig. 7d. Based on this CRISPRKit result, the student can report the
unknown genes in the tube as a mixture of red and blue genes.

We reasoned that there exists a panel of diverse chromoproteins
that can be harnessed to build an expanded CRISPRkit, each with a
specific targeting sgRNA, to enable more possibilities of such ‘guess-
and-test’ experiments (Supplementary Fig. 10). Such experiments offer
a cost-effective way for high school students to perform their designed
CRISPR experiments, promoting their learning and inspiring their
interests towards biotechnology. Beyond chromoprotein, we also
tested and verified effective production and repression of a fluor-
escent protein, sfGFP, thus expanding its utility to other fluorescent
proteins (Fig. 7e). To aid the effort for dissemination, we designed a
user-friendly website (https://crisprkit.org) containing information of
the CRISPR kit, protocols, and analysis algorithm, to help disseminate
the kits among broad communities (Supplementary Fig. 11).

Application of CRISPRKkit to control melanin production and
metabolic pathways

We next sought to expand CRISPRkit beyond chromoproteins and
fluorescent proteins. Metabolism is a core concept in high school
biology, but limited hands-on options are available for the students to
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Fig. 6 | Testing the frugal dual-color CRISPRKit by high school students in a
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protocol. The students transfer the reagents including chromoprotein plasmids,
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moprotein plasmid for eforRed, fwYellow, dCas9 protein, and sgRNA targeting
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each kit, and 3 spare ones). E, User manual and protocol. ¢ Experimental data from 8
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frugal setting. d Experimental data from 15 independent CRISPRKit experiments
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¢, d, the bars represent the mean of biological replicates, and the error bars
represent the standard deviation. Two one-way ANOVA were performed for each
figure; p values generated by comparison of chosen conditions to no-guide control
via Dunnett’s multiple comparisons test are indicated above the chosen condition,
above the fold of repression. e 2D scatter plot showing the calculated efficiency and
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quadrant shows reactions with high efficiency and high specificity. Individual dots
represent biological replicates. Data points with both specificity and efficiency of
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conduct experiments. Among potential metabolic pathways, melanin
production has been an essential pathway in biology. Many organisms,
including bacteria, fungi, plants, and animals (e.g., squid), possess
metabolic pathways for melanin production for important biological
purposes®* %, In human, melanin fulfills important functions including
hair and skin pigmentation, photoprotection of the skin against UV
light, and determination of differences in skin color among people®.
Pigmentation of the skin results from the accumulation of melanin-
containing melanosomes in the basal layer cells of the epidermis
termed melanocytes. But such cellular systems are difficult to work
with in a classroom setting. Therefore, it is important to develop
CRISPRKit for regulating melanin production in a frugal setting.
Genetics plays a crucial role in determining the amount of melanin
present in an individual’s skin. Differences in skin pigmentation result
from various forms of melanin, including eumelanin (black) and
pheomelanin (red). Melanin synthesis begins with the hydroxylation of
the amino acid tyrosine to L-3,4-dihydroxyphenylalanine (DOPA) in a

reaction catalyzed by an enzyme termed tyrosinase® (Fig. 8a). The
conversion of DOPA to Dopaquinone is also catalyzed by tyrosinase,
which ultimately leads to melanin production via multiple steps
(Fig. 8a). We hypothesized that controlling the production of the tyr-
osinase enzyme via CRISPRi should lead to production of different
amount of melanin in the CFS and generate visible outcomes that are
measurable by the frugal CRISPRKit.

To test this, we synthesized the tyrosinase gene (melC) derived
from Priestia megaterium and cloned it onto our gene expression
plasmid (Fig. 8b, ¢, Supplementary Fig. 12)*. We further designed 6
sgRNAs that target specific sequences along the melC protein-coding
region, with 3 sgRNAs (#1-#3) targeting the template strand and
3 sgRNAs (#4-#6) targeting the non-template strand. We customized
CRISPRKkit to include a tyrosinase-producing plasmid (pmelC) and
various sgRNA expression plasmids (sgmelC#1-#6) or a no-guide
plasmid (NG) (Fig. 8c). Importantly, we supplemented the CFS with
additional tyrosine (substrate) and Cu®, which we have verified to be
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standard deviation. Two one-way ANOVA were performed; p values generated by
comparison of chosen conditions to no-guide control via Dunnett’s multiple
comparisons test are indicated above the chosen condition, above the fold of
repression. e Experimental data from using the frugal CRISPRKit experiment on
sfGFP. Three biological replicates calculated from the mean of two technical
replicates are plotted for each group. The bars represent the mean of biological
replicates, and the error bars represent the standard deviation. Two-tailed Stu-
dent’s t-test was performed; p values are indicated above the no guide and guide
condition bars. Source data are provided as a Source Data file.

essential for melanin production in the CFS. Different from the
chromoprotein-based CRISPRkit, our experimental procedure is only
4 h as we have observed rapid melanin production due to a fast cata-
lysis process.

We tested the performance of individual sgRNAs in repressing
melC transcription, which should reduce production of melanin and
pigmentation. As expected, both positive control (PC) and no-guide
(NG) groups showed strong melanin production at 4 h, characterized
by a plate reader or smartphone images and CRISPectra (Fig. 8d-f). In
comparison, various sgRNAs showed significant reduction on melanin
production, with the top 3 performing sgRNAs (#1, #5, #6) showing
more than two orders of magnitude of reduction. The tube images
showed distinct colors between dark and transparent. We also asked
whether combining multiple sgRNAs can further enhance repression
of melC and melanin production (Supplementary Fig. 13a). Interest-
ingly, combining two functional sgRNAs showed improved repression
(#1 & #3), while combining a functional sgRNA with a non-functional

sgRNA generally showed reduced repression (e.g., any group with #2)
(Supplementary Fig. 13b-d). For students interested in exploring this
melanin production and CRISPRi system themselves, we designed a
CRISPRKit protocol and discussion questions (Supplementary Note 6).

The application of CRISPRkit for controlling production of
metabolites expands its utility, which can be used to educate students
on complex biological concepts such as enzymes and metabolism
(Supplementary Notes 1 and 7).

Discussion

In this study, we designed and implemented an affordable CRISPRKit
that can be broadly distributed to high school students to gain hands-
on experiences on conducting CRISPR experiments. Compared to
reported cell-free systems using CRISPR'*'>"*%, our CRISPRKkit elim-
inates the need for equipment (e.g., pipettes, incubator, and imager),
relies solely on smartphones for measurement, and utilizes an in-house
CRISPectra algorithm for data analysis, which greatly increases
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reactions for controlling melanin production, measured by a fluorescent plate
reader (d) or smartphone images and analyzed by CRISPectra (e). Three biological
replicates are plotted for each group. The bars represent the mean of biological
replicates, and the error bars represent the standard deviation. A one-way ANOVA
was performed for each dataset; p values generated by comparison of chosen
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Source data are provided as a Source Data file.

accessibility to students. By using in-house made CFS and plasmids,
the estimated total cost of reagents and plastic consumables per
CRISPRKit is $2.01, which is significantly lower than the cost of previous
educational CRISPR tools (Supplementary Table 4).

CRISPRKit eliminates the requirements for laboratory equipment
and performs robustly in a classroom setting. We compared CRISPRkit
designs using the cutting enzyme Cas9 for gene editing with the
nuclease-dead dCas9 for gene regulation and opted for dCas9, which
showed less leakage and better performance. Furthermore, the use of
dCas9 can potentially reduce impact on the environment because
dCas9 does not induce permanent DNA alterations. Our results

demonstrated that the frugal CRISPRkit without using pipettes or
equipment performed comparably well to the CRISPR experiments
using laboratory equipment. We developed an in-house data analysis
algorithm, CRISPectra, to facilitate the quantification of chromopro-
tein expression and repression using smartphone images. Classroom
teaching using CRISPRkit confirmed the robustness of its performance
when used by high school students who had no prior experience in
CRISPR experiments. Finally, we demonstrated that CRISPRkit pro-
vides a broad platform in synthetic biology, which can be expanded to
more complex biological concepts such as metabolic pathways (e.g.,
melanin production). These experiments together suggest that
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CRISPRKit offers a powerful, versatile, and robust tool to offer hands-
on experiences to high school students.

We demonstrated that CRISPRkit offers an expandable platform
for users to add their own content. Besides chromoproteins, we
showed that CRISPRkit can work robustly with fluorescent proteins
and metabolic pathways such as melanin production. For example, by
designing sgRNAs that specifically repress transcription of melC tyr-
osinase, we can use CRISPRkit to modulate enzyme expression and
characterize melanin production using CRISPectra. We expect the
frugal CRISPRKit could be further expanded to include additional
biotechnology content in the future, such as production of bioma-
terials and sequestration of CO,.

We tested CRISPRKit in a classroom setting. The CRISPRKkit pro-
tocol is simple to follow, taking 30 min to perform and offering a
flexible module that can be added to curricula. Among the 17 groups of
students, 15 groups were able to get CRISPRkit to work (Fig. 6¢c-e).
From our analysis of successful and failed frugal CRISPRKit reactions,
the performance of CRISPRKit is mainly dependent on the quality of
purified plasmid DNA and the accuracy of liquid transfer. For example,
we noticed drastically different performance of chromoprotein pro-
duction using suboptimally purified chromoprotein plasmids. The
failed classroom test groups (2 out of 17) using CRISPRkit were due to
failures in transferring liquid properly. For taking smartphone images,
lighting and shading can affect data quality. We suggest ample lighting
and avoiding shading when taking images. In CRISPectra, we have
designed the algorithm to minimize the lighting impacts.

To facilitate adoption of CRISPRkit, we designed a wide range of
online resources that includes protocols, instructional videos, a
CRISPectra portal, and a reagent request form. Supplementary Table 5
summarizes the permanent URLs to these resources. We provide a
core concept summary in Supplementary Note 1, a detailed dual-color
CRISPRKit protocol in Supplementary Notes 2 (protocol - day 1) and 3
(protocol - day 2), a worksheet document for students in Supple-
mentary Note 4, detailed instructions for teachers to set up experi-
ments in Supplementary Note 5, a detailed melanin CRISPRKkit protocol
and worksheet in Supplementary Note 6, and exemplar CRISPRkit
teaching slides in Supplementary Note 7.

Providing equitable and accessible K-12 education on innovative
biotechnologies requires safe and cost-effective tools, which are cur-
rently limited. CRISPR technology has broad impact and has become a
core concept in modern biotechnology. We envision that the
CRISPRKit can be manufactured in large quantities and distributed to
many high school classrooms to facilitate courses such as AP Biology.
With the low-cost design, we believe the frugal CRISPRkit can eliminate
financial barriers and allow teachers to adopt for their teaching and
learning purposes. A freezer was all needed for the long-term storage
of reagents at —20 °C. We anticipate that the components can be fur-
ther freeze dried to enable room-temperature storage>*.

In the future, we will expand CRISPRkit to more proteins with
diverse colors and enzymes with tangible readouts. For each gene,
we will characterize specific sgRNAs to ensure efficient CRISPRi
reactions. It is also possible to incorporate the CRISPR activation
(CRISPRa) system with the orthogonal CRISPRi to enable multiplexed
up- and down-regulation of different genes in a genetic circuit.
CRISPRKit offers a valuable education tool for students and the
public to learn about the revolutionary CRISPR technology, con-
tributing to equitable and accessible education for all socioeconomic
backgrounds.

Methods

Ethics statement

This research complies with all relevant ethical regulations. The study
adhered to ethical standards to ensure the protection and con-
fidentiality of all participants. It involved high school teachers, who
guided high school students in using the CRISPRKkit as part of their

biology curriculum. Participation in the study was voluntary and
anonymous, with no personally identifiable information collected at
any stage. Informed consent was obtained from the teachers and all
participants were informed about the nature and purpose of the study.
The collected data was securely stored and analyzed to assess the
effectiveness of the kits. Consent was obtained for publishing the
experimental data in this manuscript. The study was conducted with
careful consideration of researcher contributions and authorship cri-
teria to promote greater equity in our research collaborations. This
research was reviewed by the Stanford University Institutional Review
Board (IRB) and determined not to be human research.

Plasmid cloning and preparation

All primers were designed in Benchling and synthesized by Stanford’s
Protein and Nucleic Acid Facility. Primer sequences can be viewed in
Supplementary Table 6. Gibson assembly was used for the construc-
tion of pSLQ3533 (eforRed plasmid) and pSLQ3534 (fwYellow plas-
mid). To clone the chromoprotein plasmids, pSLQ220 was digested by
Nhel and Xhol. gBlocks encoding the fwYellow and eforRed genes were
ordered from IDT. gBlocks and the digested vector were joined using
an NEBuilder HiFi DNA Assembly kit during a 1-hour (hr) incubation at
50°C. Plasmid DNA from the Gibson assembly reaction was then
transformed into Stellar Competent Cells (Takara Bio).

In-Fusion cloning (Takara Bio) was used for the construction of
plasmid pSLQ14101 (aeBlue plasmid). pSLQ3533 was digested by
restriction enzymes Bglll and Xhol. Plasmid encoding the aeBlue gene
was ordered from Addgene (#117846). The aeBlue chromoprotein
gene was amplified in a PCR reaction using a KAPA Hi-Fi kit (Roche).
Following electrophoresis, PCR products were extracted from a gel
using a NucleoSpin Gel and PCR Cleanup kit (Machery-Nagel). Purified
PCR products were inserted into the digested backbone using an In-
Fusion reaction. Plasmid DNA from the In-Fusion reaction was then
transformed into Stellar Competent Cells (Takara Bio).

In-Fusion cloning (Takara Bio) was used for the construction of
plasmid pSLQ13960 (melC tyrosinase expression plasmid). The back-
bone plasmid pSLQ3533 was digested by restriction enzymes EcoRlI
and Xhol. The melC gene (GenBank: QIZ65822.1) was synthesized
(Twist Bioscience) and amplified in a PCR reaction using a KAPA Hi-Fi
kit (Roche). Following electrophoresis, PCR products were extracted
from a gel using a NucleoSpin Gel and PCR Cleanup kit (Machery-
Nagel). Purified PCR products were inserted into the digested back-
bone using an In-Fusion reaction. Plasmid DNA from the In-Fusion
reaction was transformed into Stellar Competent Cells (Takara Bio).

To design sgRNAs, we selected a 20-bp sequence with a nearby
PAM sequence (NGG) on the coding region of each chromoprotein as
the target site and used algorithm CRISPR-ERA to verify their
specificity””. For the cloning of pSLQ3538 (eforRed-targeting sgRNA
plasmid), pSLQ14107 (fwYellow-targeting sgRNA plasmid), pSLQ14103
(aeBlue-targeting sgRNA plasmid), pSLQ14108 (sgmelCl), pSLQ14109
(sgmelC2), pSLQ14110 (sgmelC3), pSLQI4111 (sgmelC4), pSLQ14112
(sgmelC5), and pSLQ14113 (sgmelC6), forward and reverse primers for
a full-plasmid PCR were designed. sgsfGFP was obtained directly from
a previously published work". Forward and reverse primers contained
15 base pair regions homologous to each other for joining in an In-
Fusion reaction. The forward primers contained a region encoding the
desired spacer sequence for the sgRNA. pSLQ3529 was used as the
DNA template for a full-plasmid PCR using the described primers,
which was performed using a KAPA Hi-Fi kit. Following electrophor-
esis, PCR products were extracted from a gel using a NucleoSpin Gel
and PCR Cleanup kit. Purified PCR products were circularized using an
In-Fusion reaction. Plasmid DNA from the In-Fusion reaction was then
transformed into Stellar Competent Cells.

pSLQ3533, pSLQ3534, pSLQ3538, pSLQ13960, pSLQ14103,
pSLQ14101, pSLQI4107, pSLQI4108, pSLQI4109, pSLQI4110,
pSLQ14111, pSLQ14112, and pSLQ14113 constructs were selected on LB-
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agar supplemented with 100 ug mL™ carbenicillin. Sequence-verified
clones were purified using a Plasmid Plus Midi Kit (Qiagen), then
purified again using a Nucleospin Gel and PCR Clean-Up Mini kit
(Machery-Nagel). The final purification step is essential to ensure
optimal performance of plasmids in both myTXTL Sigma 70 Master
Mix and our in-house CFS.

High-tech CRISPRKit reaction using myTXTL

All fluid transfer was performed using micropipettes. MyTXTL Sigma
70 Master Mix was purchased from Daicel Arbor Biosciences and
vortexed and spun down in a centrifuge before each experiment.
9 uL of myTXTL Sigma 70 Master Mix was allotted into 1.5mL
Eppendorf tubes. All other reaction components, if included
in a reaction, were added to the following target concentrations:
2.1ng uL™ dCas9 V3 protein (IDT, cat no. 1081066); 5nM chromo-
protein plasmid DNA; 2.5 nM sgRNA plasmid DNA. Water was added
to bring the final reaction volume to 15 pL. Reactions were incubated
at 28 °C for 24 h.

Low-tech CRISPRKit reaction using myTXTL

A total of 10 pL of myTXTL Sigma 70 Master Mix was allotted into
1.5 mL Eppendorf tubes. All other reaction components, if included in a
given reaction, were added to the following target concentrations:
2.1ng/uL dCas9 V3 protein (IDT); 5nM chromoprotein plasmid DNA;
2.5nM sgRNA plasmid DNA. Reagent stocks were diluted such that
adding 1L of each to a given reaction would achieve the target con-
centration. For the addition of each reaction component, a 1pL
inoculation loop was first inserted into the stock solution and twirled
several times while fully submerged. Then the loop was removed and
checked by eye to ensure fluid was present within the loop. The loop
was then inserted into the reaction mixture and twirled several times
while fully submerged. Loops were then rinsed with running water and
dried with a paper towel for later reuse. Enough water to bring the final
reaction volume to 15 L was pipetted into each reaction. Reactions
were incubated at room temperature for 24 h.

Fluorescence and absorbance quantification using the

plate reader

A standardized volume (5 pL for tests using myTXTL Sigma 70 Master
Mix, 2.5 uL for tests using chromoproteins or fluorescent proteins in
our in-house CFS, or 5 pL for tests producing tyrosinase and melanin in
our in-house CFS) of each sample was pipetted into a Hard-Shell 384-
well clear microplate (Bio-Rad #HSP3805), and fluorescence and
absorbance readings were taken by a Synergy H1 microplate reader
(BioTek) using BioTek GenS5 version 3.02. The excitation and emission
wavelengths used to quantify fluorescence of eforRed, fwYellow, and
sfGFP were as follows: eforRed ex 589 nm, em 615 nm; fwYellow ex
520 nm, em 550 nm; sfGFP ex 488 nm, em 510 nm. The absorbance
wavelengths used to quantify the absorbance of aeBlue and melanin
were 593 nm and 670 nm, respectively.

In-house CFS preparation

Cell extract preparation. Cell extract was prepared for expression
from endogenous transcriptional machinery®. First, 2xYTP (16 g/L
tryptone, 10 g/L yeast extract, 5g/L sodium chloride, 7 g/L potassium
phosphate dibasic, and 3 g/L potassium phosphate monobasic adjus-
ted to pH 7.2) was inoculated with saturated overnight culture of BL21
Star (DE3) at an optical density (OD600) of 0.06. The culture was
incubated at 37 °C at 220 RPM. Between OD600 of 0.4-0.6, IPTG to a
final concentration of 0.5mM was added to the culture to induce T7
RNA polymerase expression. At OD600 = 3.0, cells were harvested by
centrifugation at 5000xg for 15min at 4°C. The cell pellets were
washed three times in 25 mL wash buffer (50 mM Tris, 14 mM Mg-
glutamate, 60 mM K-glutamate, 2mM DTT, brought to pH 7.7 with
acetic acid). The first two centrifugations between washes were at

5000 x g for 10 min at 4 °C. The final centrifugation was at 7000 x g for
10 min at 4 °C. Then, the pellets were resuspended in 1 mL wash buffer/
g pellet. For lysis, cells were homogenized by being passed once
through an Avestin EmulsiFlex-B15 at 20,000 to 25,000 psig. Imme-
diately after homogenization, the lysed cell solution was aliquoted into
1.7 mL Eppendorf tubes and dithiothreitol (DTT) was added to each
tube to a final concentration of 3 mM. The tubes were then centrifuged
at 12,000 x g for 10 min at 4 °C. For ribosomal runoff reaction, the
supernatant was collected into a new tube and incubated at 37 °C at
220 rpm for 80 min. Next, the extract was centrifuged at 12,000 x g for
10 min at 4 °C. For dialysis, the supernatant was collected into a 10 kDa
molecular-weight cut-off membrane and dialyzed against dialysis
buffer (14 mM Mg-glutamate, 60 mM K-glutamate, 5mM Tris, 1 mM
DTT, pH 7.7) for 3 h without exchange. Then, the extract was collected
from the dialysis cassettes into new Eppendorf tubes and centrifuged
at 12,000 x g for 10 min at 4 °C. After this final centrifugation, the
supernatant was collected, aliquoted and flash-frozen in liquid nitro-
gen. Extract is stored at —80 °C.

In-house CFS pre-mix preparation. A pre-mix solution was prepared
on ice using pipettes. The final individual CFS reactions had a total
volume of 15pL, and the following components were added to the
premix such that adding 8.8 pL of the pre-mix to each reaction would
reach the given target concentrations: 12 mM magnesium glutamate,
10 mM ammonium glutamate, 130 mM potassium glutamate, 1.2 mM
ATP,. 85 mM GTP,. 85 mM UTP,. 85 mM CTP,. 034 mg/mL folinic acid,.
17mg/mL yeast tRNA,. 4mM NAD,. 27 mM CoA, 4 mM oxalic acid,
1mM putrescine, 1.5 mM spermidine, 57mM HEPES, 2mM amino
acids,. 03 M PEP. Finally, cell extract was added to 30% final reaction
volume.

CRISPRKkit chromoprotein/fluorescent protein reaction using in-
house CFS

A total of 8.8 L of the pre-mix solution was allotted into 1.5mL
Eppendorf tubes using pipettes. All other reaction components, if
included in a given reaction, were added to the following target con-
centrations: 2.1 ng/pL dCas9 V3 protein (IDT); 10 nM chromoprotein
plasmid DNA; 5 nM sgRNA plasmid DNA. Reagent stocks were diluted
such that adding 1 pL of each to a given reaction would achieve the
target concentration. For low-tech experiments, inoculation loops
were used for fluid transfer. For high-tech experiments, pipettes were
used for fluid transfer. Enough water to bring the final reaction volume
to 15pL was pipetted into each reaction. High-tech reactions were
incubated at 28°C. Low-tech reactions were incubated at room
temperature.

CRISPRKkit melanin production reaction using in-house CFS

A total of 8.8 L of the pre-mix solution was allotted into 1.5mL
Eppendorf tubes using pipettes. CuSO45H,0 and L-tyrosine were
added to final concentrations of 50 pg/mL and 800 pg/mL, respec-
tively to all reactions***. All other reaction components, if included in
a given reaction, were added to the following target concentrations:
2.1ng/uL dCas9 V3 protein (IDT); 10 nM pSLQ13960; 5nM sgRNA
plasmid DNA. Pipettes were used for all fluid transfer. Reactions were
then incubated for 4 h at 28 °C.

Image acquisition and pre-processing for smartphone-based
data analysis

Sample preparation. For image acquisition, 4 uL aliquots from each
reaction tube were sequentially transferred onto parafilm.

Image acquisition. All experimental images were captured using an
iPhone 14. Each image was taken in the same laboratory space equip-
ped with consistent and optimal lighting conditions. The imaging
angle was maintained at a slightly slanted angle relative to the
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parafilm’s surface at approximately an arm’s length. This enabled the
concealment of shadows to mitigate glare.

Image segmentation and pre-processing. After image acquisition,
the images were manually cropped in a rectangular shape within the
circular regions of the liquid droplets on the parafilm. Once seg-
mented, the images were either retained in their original state or
subjected to a minimum filter using the FIJI (ImageJ) software platform
if image glare is deemed too significant. The minimum filter operates
through grayscale erosion, replacing each pixel in an image with the
smallest pixel value in its proximate neighborhood. This step is parti-
cularly vital in instances where an image manifests pronounced glare,
as the filter effectively attenuates prominent bright spots. For images
necessitating this filter, a radius equivalent to half of the image’s pixel
width was selected.

Expression analysis. Following the pre-processing stage, all the ima-
ges were then fed into the phone-data analysis algorithm CRISPectra
for color intensity expression analysis.

CRISPectra - a smartphone-based data analysis pipeline for
crisprkit experiments

RGB-value extraction. Each image represents a distinct experimental
condition. The primary RGB (Red, Green, Blue) values were extracted
from these images, and their mean values u,, ug, u, computed using:

1
Brep= 5 Z (R,G,B); @
i=1
where N is the total number of pixels in the image.

Negative control normalization

There were two foundational controls in each experiment: the Nega-
tive Control (NC) and the Positive Control (PC). The NC was estab-
lished using only water, serving as a baseline, while the PC
incorporated solely the chromoprotein gene, functioning as a bench-
mark for maximum intensity. Beyond these controls, the experimental
conditions included targeting sgRNA (G) and no sgRNA (NG), captur-
ing the varying dynamics of CRISPR interactions.

To account for non-specific signals and background noise, RGB
values across all conditions were normalized against those obtained
from the Negative Control (NC) condition. Specifically, for each con-
dition i and its respective channel j (R, G, B), the values were
adjusted using;:

Let:
i be the index for the condition (e.g., NC, PC, condition 3, 4 ...)

- jrepresent the channel (R, G, B)With this, the adjusted value for a
specific channel in a specific condition can be given as:

Adjusted Value;;=Original Value;; — NC Value; ?2)

Where:

Original Value;; is the value for the j™* channel (R, G, B) for the i*"
condition.

- NCValue; is the value for the /# channel in the NC condition.

Dimensional reduction. Next, we employed dimensional reduction on
the RGB values of each experimental condition. This transformed the
3-dimensional RGB data of each condition into a singular representa-
tive value, thus condensing the color information into a quantifiable
metric.

Our paper primarily presents two types of experiments. The first
involves a singular chromoprotein, focusing on measuring the exclu-
sive expression of this protein. The second delves into dual color

experiments, which included reactions with two distinct chromopro-
teins. This necessitated the extraction of intensity levels for both col-
ors. We will now explain how the computation applied to both types of
experiments.

For single color. When the experiment involved only one chromo-
protein of color A, the reference vector, Vector 4, was derived from the
RGB values of the PC condition, which corresponded to the condition
where only color A was present in the cell-free mix. Mathematically, the
magnitude of this vector is given by:

||Vector,|| = \/ Vector?  + Vector?, . + Vector; 3)

Where:

- Vectoryy, Vector} g, Vector ; represents the components of the
PC Vector, in the red, green, and blue channels, respectively.For
instance, within the context of the paper’s single-color experi-
ments, consider an experiment with four conditions: NC, PC, NG,
and G. After the initial step of normalizing each of the RGB values
with the NC values, each condition still retained three RGB values.
The dimensional reduction step was thus implemented to trans-
form the three-dimensional data into one singular, representative
value for each condition. The mathematical representation of the
projection is as follows:For each condition i:

Condition; - Vector,
|| Vector,||

Projection, ;= “4)

Where:

- Prgjection, ; represents the singular value describing the intensity
level of color A in condition i.

- Condition i represents the RGB values of the i condition, which
are then subjected to a dot product operation with the RGB values
of the positive control Vector,.

Since there were 4 conditions, 4 projections were made to
transform the dataset from its original 12 values—attributed to 3 RGB
components across 4 conditions—to just 4 distinct values. Each of
these values corresponded uniquely to one of the conditions: NC, PC,
NG, and G, providing a representation of the intensity level of the color
A chromoprotein in each respective condition.

For dual color. When the experiment involved two chromoproteins of
color A and color B, we independently extracted the intensity levels for
each chromoprotein. A two-step projection methodology is imple-
mented, where each color was computed separately.

Same as the single-color experiments, for the first chromoprotein
color A, the reference vector, Vector,, was derived from the RGB
values of the PC condition for color A.

We also computed the second reference vector, Vector, derived
from the RGB values of the PC condition for the second chromoprotein
- color B. The two projections are mathematically defined as:

For each condition i:

Condition; - Vector ,
[|Vector,||

Projection, ;= “

And

Condition; - Vectorg
[|Vectory||

Projectiong ; =

©)

This allowed for the extraction of two unique intensity values for
each condition from its original RGB values, one for each of the two
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chromoproteins. For instance, within the context of the paper’s dual-
color experiments, consider an experiment with 7 conditions: NC, PC
(color A only), PC (color B only), PC (color A + color B), G, (targeting
color A),G (targeting color B), and G, , g (targeting both color A + color
B). The projections generated a total of 14 unique values: a set of 7 for
each condition for color A, and 7 for each condition for color B.

Crosstalk minimization. In dual-color experiments, color overlap
between different chromoproteins could lead to inaccurate intensity
readings. To correct this, we calculated the shifts for each color and
adjusted their projected values accordingly.

In the context of single-color experiments, where only one chro-
moprotein is present, this adjustment step was not necessary.

Calculation of shifts:. Color A shift per Color B value:

Projected Value,,

Shift, = Projected Valueg,

(6)
Projected Value,, denotes the projection value of PC (color B
only) for color A, while Projected V alueg, denotes the projection value
of PC (color B only) of color B.
Color B shift per Color A value:

... _ Projected Valueg,
Shifts = Projected Value,, @
Projected Value,; denotes the projection value of PC (color A
only) for color A, while Projected V alueg, denotes the projection value
of PC (color A only) of color B.

Adjustment of projected values. Using these shift values, we then
calculated adjusted values for color A and color B, mathematically
defined as:

For each color A condition i:

Adjusted Value, ;= Original Value,; — Shift, - Valueg;  (8)

For each color B condition i:

Adjusted Value, ;= Original Valueg; — Shifty - Value,;  (9)

These adjustments subtracted the influence of one color from the
other, ensuring that the resulting values purely represented each
chromoprotein’s intensity level. This calibration ensures that when
assessing the intensity of a specific chromoprotein, the projection
value attributed to the contrasting color was nullified. For instance,
when evaluating Color A’s projection intensity values for the Color B
PC (color B only) condition, its entry is 0, and vice versa.

In the final step, for both single and dual color experiments, all
derived values were normalized to the respective color’s PC value. This
normalization effectively expressed each condition as a percentage
relative to the PC’s intensity level. As a result, the PC assumed a value of
1, with all other condition values being presented as ratios in relation to
this benchmark.

Graphical representation and adjustments. Upon obtaining the
normalized values, additional adjustments were made to enhance the
clarity and interpretability of the plots:

Scaling for clarity. All values were multiplied by 100. This scaling
ensured that the NC condition had a value of 0, with the PC peaking at
100, offering a more intuitive percentage-based interpretation of the
results.

Negative value treatment. To better reflect biological reality, any
values that became negative after adjustments were reset to 0. This

adjustment ensured that the graphical depiction was consistent with
the understanding that a negative value is biologically implausible for
gene expression.

Plotting. The graphs were then plotted on Prism 9 (GraphPad) using
these adjusted values for all phone imagery data.

Correlation of smartphone-based data and plate reader data
To assess the efficacy of the phone-based method of measuring color
intensity in approximating gene expression levels, its results were
benchmarked against data obtained from a high-tech plate reader
through correlation analysis.

Data plotting. The collected data sets were plotted on a scatter plot
using DataGraph (Visual Data Tools). Each point on this plot repre-
sents an experimental condition, with its X-coordinate denoting the
plate reader value and its Y-coordinate indicating the phone-
based value.

Regression and correlation analysis. A linear regression analysis was
performed on the plotted data to generate the line of best fit. The
strength and direction of the linear relationship between the two
datasets were quantified using the R? (Pearson correlation coefficient)
value. A value close to 1 indicates a strong positive correlation between
the phone-based and plate reader data, suggesting the phone-based
method'’s robustness. The confidence interval is also shown, providing
a range within which the true regression line is likely to fall, indicating
the precision of the regression estimate.

Analysis of CRISPRi gene repression efficiency and specificity
To assess the performance of the CRISPRi system in terms of its gene
repression capability for dual color experiments, two key metrics were
plotted: Efficiency and Specificity.

Efficiency. The efficiency metric reflects the ability of the CRISPRi
system to selectively target and repress gene expression. It is calcu-
lated based on the reduction in the expression of the targeted gene
compared to a condition where both genes (Red and Yellow) are
expressed.

For yellow targeting in single

Yellow Targeting(yellow value)

Effciencyyenon, =1 = —poq Yellow(yellow value) 10)
For yellow targeting in both
. _ . BothTargeting(yellow value)
Effciencyyetion, =1 = ~pogs Yellow(yellow value) an
For red targeting in single
, _ . RedTargeting(redvalue)
Effciencypeq, =1 = poqy Yellow(redvalue) (12)
For red targeting in both
Effciencypeq, =1 Both Targeting(red value) 13)

Red +Yellow(red value)

Specificity. Specificity provides insight into the system’s ability to
selectively target one gene without affecting the other. A high speci-
ficity indicates minimal off-target effects.

For Yellow Targeting:

_ Yellow Targeting(red value)

Specificityyeiow, = Red + Yellow(red value) 1
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For red targeting

_ Red Targeting(yellow value)

Specificityrea, = “pogy Yellow(yellow value) @)

Analysis CRISPRkit melanin production experiments

Melanin produced from tyrosinase tests exhibits a dark and black
pigmentation, so no RGB extraction is required. Melanin expression
analysis can be conducted with grayscale images and the expression
values derived by comparing the brightness and darkness for each
sample. Images taken of the experiment are first converted into
grayscale and a single pixel value is extracted across each sample
(NC,PC,NG...). This pixel value ranges from O to 255, with larger
numbers representing a lighter shade. Then, the pixel value corre-
sponding to each experimental sample is converted into expression
values by subtracting it from the negative control NC value. Nega-
tive value treatment as described above is applied to all the
expression values, and Prism 10 (GraphPad) is used for value
plotting.

High school data collection
All reagents were prepared in a laboratory setting, frozen in a —30 °C
freezer overnight, and transported to a local high school in a card-
board box on the morning when the tests were conducted. Reagents
were not kept frozen during transport and were allowed to thaw gra-
dually. The following was performed for two independent classes on
the same day. Students were split into groups of 2-3 (each class con-
tained around 20 students), and each group was given a CRISPRkit
containing plasmid DNA, dCas9 protein, pre-aliquoted myTXTL Sigma
70 Master Mix, and 25 inoculation loops. Also distributed were the
CRISPRKkit protocols. Students were allowed as much time as they
needed to complete the protocol, and all groups concluded by the end
of 30 min. At least two instructors were present during the lab to
answer questions. After the conclusion of both classes, kits were col-
lected and incubated at 28 °C for 24 hrs. After 24 hrs, images were
taken and used for CRISPectra analysis.

On Day 2, kits were transported back to the local high school so
that students could interpret their results, draw conclusions, and ask
any final questions.

Statistical analysis

For all one-way ANOVA tests, t-tests, and multiple comparison cor-
rections, the level of significance (alpha) was set to 0.05. For each test,
we assumed a Gaussian distribution of residuals and equal standard
deviations for all conditions. The data generated by this study can be
broadly classified into four categories, depending on the type of
comparison made.

The first category consists of experiments that compared the
expression levels of a single gene, encoding either a chromoprotein or
fluorescent protein, under either a targeting sgRNA or no guide con-
ditions using either Cas9 or dCas9 (Figs. 2c¢, d, 5a, 7e, Supplementary
Fig. 3a). For each of these experiments, an unpaired two-tailed Stu-
dent’s t-test was used to compare the means of the fluorescence or
absorbance values for the no guide and targeting sgRNA condition
groups. P values calculated from these t-tests are displayed within
each figure.

The second category consists of experiments which compared the
differing expression levels of a single gene, encoding a chromoprotein,
between targeting sgRNA and no-guide condition group pairs, which
were paired according to another shared independent variable: incu-
bation temperature or number of chromoprotein genes present
(Figs. 3d, 4b). For each of these pairs, multiple unpaired two-tailed t-
tests were used to compare the means of fluorescence values for each
condition group within a pair. The Holm-Sidak test was then used to

correct for multiple comparisons between pairs within the same figure
by calculating multiplicity-adjusted p values, which are displayed
within each figure.

The third category consists of experiments that compared the
expression levels of one or two genes under no-guide conditions to
expression levels under single-guide and multiple-guide conditions
(Figs. 3b, 4¢, d, 5b, ¢, 6¢, d, 7d, 8d, e, Supplementary Figs. 4a, 6b, 7b,
13b, c). For each of these genes, a one-way ordinary ANOVA was
performed to compare the effect of chosen guide plasmid(s) on
expression of the gene of interest. For figures containing dual-color
chromoprotein data, a one-way ANOVA was performed for data for
each chromoprotein gene. This ordinary one-way ANOVA test
compared the means of fluorescence, absorbance, or CRISPectra
detection values of a no-guide or dual-color positive control con-
dition group, single-guide condition groups, and multiple-guide
condition groups. In all cases, the one-way ANOVA yielded a sig-
nificant result, so Dunnett’s multiple comparisons test was then
performed to compare the means of the fluorescence, absorbance,
or CRISPectra detection values of single-guide condition groups and
multi-guide condition groups to the means of the same values for
no-guide condition groups, or to the dual-color positive control
condition group if no-guide samples were not present. P values
calculated from Dunnett’s multiple comparisons test are displayed
within each figure.

The fourth category consists of determining the correlation
between our normalized plate-reader fluorescence or absorbance
measurements and CRISPectra output (Fig. 4f, Supplementary Fig. 3b,
Supplementary Fig. 4b). We assumed the data was sampled from a
Gaussian distribution and therefore performed a simple linear
regression analysis. R? is reported in each figure.

All statistical tests were conducted in Prism 10 (GraphPad). Sum-
maries of fold changes and statistical tests are available in Supple-
mentary Data 1 and Supplementary Data 2, respectively. All raw data
used in statistical analysis are available in Source Data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source Data are provided with this paper. All plate reader and image
analysis data generated in this study are provided in the Source Data
file. The plasmids encoding the CRISPR kit will be available on
Addgene: https://www.addgene.org/Stanley_Qi/. The CRISPR kit can be
requested from the CRISPR kit website at https://www.crisprkit.
org. Source data are provided with this paper.

Code availability
The code for data analysis is available via GitHub at https://github.
com/matthewbhlau/crispr-kit/tree/main.
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