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Compartmentalized CRISPR Reactions (CCR) for
High-Throughput Screening of Guide RNA Potency and
Specificity

Tinku Supakar, Ashley Herring-Nicholas, and Eric A. Josephs*

CRISPR ribonucleoproteins (RNPs) use a variable segment in their guide RNA
(gRNA) called a spacer to determine the DNA sequence at which the effector
protein will exhibit nuclease activity and generate target-specific genetic
mutations. However, nuclease activity with different gRNAs can vary
considerably in a spacer sequence-dependent manner that can be difficult to
predict. While computational tools are helpful in predicting a CRISPR
effector’s activity and/or potential for off-target mutagenesis with different
gRNAs, individual gRNAs must still be validated in vitro prior to their use.
Here, the study presents compartmentalized CRISPR reactions (CCR) for
screening large numbers of spacer/target/off-target combinations
simultaneously in vitro for both CRISPR effector activity and specificity by
confining the complete CRISPR reaction of gRNA transcription, RNP
formation, and CRISPR target cleavage within individual water-in-oil
microemulsions. With CCR, large numbers of the candidate gRNAs (output by
computational design tools) can be immediately validated in parallel, and the
study shows that CCR can be used to screen hundreds of thousands of
extended gRNA (x-gRNAs) variants that can completely block cleavage at
off-target sequences while maintaining high levels of on-target activity. It is
expected that CCR can help to streamline the gRNA generation and validation
processes for applications in biological and biomedical research.

1. Introduction

The Clustered Regularly Interspaced Short Palindromic Re-
peats (CRISPR) and CRISPR-associated protein 9 (Cas9) sys-
tem (Figure 1) has emerged as a powerful tool for targeted gene
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editing,[1,2] allowing precise and efficient
modifications of specific nucleic acid se-
quences within a genome. The process
relies on a cofactor of the Cas9 protein
known as a guide RNA (gRNAs) that is
designed to be complementary to targeted
DNA sequences in a modular segment
of the RNA called their spacer.[3,4] Sta-
ble base-pairing between the spacer se-
quence and the target sequence activates
the Cas9’s nuclease domains to cleave the
DNA.[3–7] If Cas9 cleavage occurs within
a cell, cellular double-strand break repair
(DSB) mechanisms can introduce perma-
nent genetic changes into its genome at
the site of the break. Therefore, by sim-
ply changing the sequence of the gRNA’s
spacer, Cas9 can be used to introduce spe-
cific mutations into a gene of interest[8–11]

which often involves insertions or dele-
tions during mutagenic DSB repair[8,9] that
can cause a frameshift knockout of the
gene, making it a very useful tool for bi-
ological studies and for gene therapies.[1,2]

However, the molecular process of target
recognition and cleavage by Cas9 is com-
plex and dynamic: the Cas9 enzyme rec-
ognizes a short motif known as a PAM[7]

immediately next to the target sequence in the DNA and opens
the double helix, allowing the gRNA’s spacer sequence to dis-
place the nontargeted strand nucleotide by nucleotide,[4] forming
a structure known as an R-loop.[12,13] The formation of a stable R-
loop structure drives a conformational change in theCas9 that po-
sitions the nucleases appropriately to generate the DNA DSB. As
a result of this dynamic process, predicting the ability of Cas9 to
recognize and degrade different sequences is more difficult than,
say, the design of PCR primers which is driven largely by the ther-
modynamics of base-pairing;[14,15] instead, this process, known as
strand invasion by the gRNA, is believed to be a kinetic, nonequi-
librium process, and the ability of Cas9 to recognize and intro-
duce DSBs into DNA can vary significantly based on multiple
properties of the gRNA’s spacer sequence[16–26] and its ability to
form a stable R-loop after strand invasion.[3–5,12,13] Cas9 RNPs will
exhibit little or no nuclease activity for many gRNAs.[16–26] Signif-
icant efforts have gone into predicting the activity of Cas9 RNPs
with different gRNAs,[16–26] and machine learning models[23–26]

have emerged as useful tools for determining gRNA candidates
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Figure 1. A) Compartmentalized CRISPR Reactions (CCR) are performed
in water-in-oil emulsions containing high concentrations of Cas9 nucle-
ases and T7 RNA polymerases with nucleotide triphosphates (NTPs) for
RNA transcription, and low concentrations of DNA substrates so that in-
dividual DNA molecules are expected to be isolated within a single emul-
sion. B) Within each emulsion, unique gRNAs can be i) transcribed and
ii) assembled into RNPs with Cas9, and then the RNPs can iii) either
demonstrate or fail to demonstrate cleavage activity at an (off- or on-) tar-
get site of interest. C) If a library of different DNA molecules with differ-
ent gRNA/target/off-target combinations (different colors) are used when
generating the water-in-oil emulsions, large numbers of gRNA/target/off-
target combinations can be evaluated simultaneously. D) (above) Photo-
graph of water-in-oil emulsions in a microcentrifuge tube; (below) after
the emulsions have been broken after the CCR reaction via centrifugation
for subsequent analysis.

to knock out a gene of interest, however, these models often do
not have excellent predictive power. Predictions of nuclease activ-
ity by these models have shown a correlation coefficient of only
≈0.4 with experimental results, and they depend strongly on the
experimental system to which they are compared.[32]

The nuclease domains of Cas9 can also be activated if, dur-
ing strand invasion, the gRNA is able to stably bypass mispaired
nucleotides at off-target sequences that are similar but not quite
identical to the intended target sequence. Therefore, off-target ef-
fects are also considered when determining a gRNA for a target
gene of interest to prevent unwanted mutagenesis.[16,18,25–31] In
practice, trade-offsmust often bemade between the predicted on-
target activity and the potential for off-target activities.[16,18,25–32]

For CRISPR-based knockout of a gene of interest, computational
tools will typically i) enumerate all possible target sequences
within the exon sequences of that gene by the presence of a requi-
site PAM; ii) predict activity using one of manymachine learning

models; iii) identify the possible off-target sequences by sequence
similarity to the target and for each gRNA predict nuclease activ-
ity at those sites; then iv) output the results.[32]

It can therefore be difficult to translate the output result of
computational tools, as different models for on-target, off-target,
and DSB repair outcomes can contradict one another,[32] and
multiple gRNAsmust be tested or validated in vitro by hand prior
to use in order to efficiently generate the desired mutations in
cells.[33–35] Conducting this validation for multiple gRNAs within
cells one at a time can be cumbersome,[36–39] and often in vitro
screening[34] is performed to assess nuclease activity using pu-
rified RNPs as a standard course. This too requires transcrib-
ing, purifying, and combining gRNAs individually with Cas9. As-
sessing large numbers of spacer/target/off-target combinations
presents many practical difficulties[40,41] for the purpose of de-
termining the most effective and most precise gRNA for a given
application.
Here, we present a streamlined approach, inspired by the con-

cept of compartmentalized self-replication (CSR)[41–50] to simul-
taneously assess CRISPR nuclease activity and specificity in vitro
formultiple gRNA in parallel, in a process that we call a Compart-
mentalized CRISPR Reaction (CCR) screen (Figure 1). During a
CCR screen, libraries of short (<500 bp), specially designed DNA
molecules (Figure 2) are individually confined within micron-
sized water droplets in water-in-oil emulsions along with high
concentrations of T7 RNA polymerase and Cas9 nuclease. The
emulsification process involves slowly adding the aqueous phase
in a dropwisemanner to a stirringmixture of mineral oil and sur-
factants. The DNA molecules contain the coding sequence for a
gRNA downstream of a promoter for T7 RNA polymerase, as well
as a targeted DNA sequence (or off-target) on the opposite end of
the DNA molecule. Under buffer conditions, we have identified
where both T7 RNA polymerase and Cas9 were found to be active

Figure 2. The DNA substrates are designed to contain a module for T7
RNA polymerase-based expression of a gRNA and A) a target for Cas9
with that gRNA, so that activity of the Cas9 within that emulsion with
specific gRNA can be determined from the length of the resulting DNA
substrates with that spacer sequence (red); B) a potential off-target site
(green) for a gRNA of interest (blue); or C) a combination of both, where
DNA molecules predominantly exhibiting cleavage patterns at the spacer-
distal site would imply a gRNA with significantly higher activity on-target
than at spacer-proximal off-target sites.
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(Figure S1, Supporting Information), the gRNAs encoded on the
isolated DNA molecules are transcribed and can associate with
the Cas9 nucleases to form the active Cas9 RNP, which can then
interact with the target sequence found on the same molecule
within the emulsions (Figure 1B,C). After breaking the emul-
sions (Figure 1D), removing protein, and determining the length
of the DNAmolecules and the sequence of the spacer on the seg-
ment coding for the gRNA via run-off next-generation sequenc-
ing, we can determine the activity of many gRNAs simultane-
ously, in a single one-pot reaction. Here, this allows us to, for ex-
ample, i) test the activities of all the gRNAs in the first exon of a
gene of interest experimentally, ii) evaluate activities at the likely
off-target sequences for a gRNA at the same time, and iii) screen
hundreds of thousands of gRNAs variants for those with greater
specificities and activities than a standard gRNA for a target of
interest.

2. Result

Approximately 90% of the water-in-oil emulsions droplets were
≈850 nm in diameter on average (+/−218 nm, standard devia-
tion (stdev.)) measured via dynamic light scattering (DLS), with
≈10% being larger (≈4.2 um in diameter, +/−1.042 um stdev.)
(Figure S2, Supporting Information,). A back-of-the-envelope cal-
culation, therefore, suggested that there were 3.5 × 10ˆ14 water-
in-oil emulsions per mL[40] and that adding ≈0.1 – 1 femtomoles
of the DNA (≈600 million to ≈6 billion molecules) per mL would
ensure a ratio of 1 DNAmolecules for every 100–1000 emulsions,
even within the large droplets. We hypothesized that these con-
ditions would essentially ensure that each DNA molecule would
be isolated within its own emulsion while still allowing us to
test a large number of gRNA/target/off-targets independently
and simultaneously (Figure 1C). To test whether these emul-
sions would successfully isolate the independent gRNA gener-
ation, RNP formation, and nuclease events, we designed a pair
of DNA molecules each containing a gRNA expression cassette,
its target on the distal end of the DNA molecule, and the target
for the paired gRNA positioned proximally between its target and
the promotor (Figure 3). This way, if each of the DNA molecules
were isolated in their own emulsion, we might expect to see
DNA with cuts only at the distal target sites, while if both species
of the DNA pair were mixed (each in the same emulsion), we
might expect to see DNA that was cut at the proximal target site
(Figure 3A,B).
We performed this in vitro reaction either under standard

in vitro reaction conditions (with no emulsions) (Figure 3A) or
within the emulsions (Figure 3B) and determined the size of the
resultingDNAmolecules after an 8-h reaction period (Figure 3C).
Those DNA molecules under standard conditions were essen-
tially all cut at the proximal target site, as both gRNAs were gen-
erated together and CRISPR RNPs could easily access both re-
spective targets on either molecule. In the emulsions, the over-
all fraction of cleaved molecules decreased, but those that were
cleaved were highly cleaved at the distal sites (Figure 3C; Figure
S3, Supporting information). This implied that most of the DNA
molecules were isolated in individual emulsions that greatly re-
duced the potential for cross-reaction between RNPs with gRNAs
generated from one DNA and the targets positioned on another
DNA molecule.

An advantage of CCR is the elimination of the need for
cloning, and the libraries of individual DNA molecules needed
for CCR can be synthesized inexpensively. These libraries can
also be easily scaled to many members of the library as a pooled
set of oligonucleotides, each containing both a unique target
candidate and its paired gRNA candidate, that can be ampli-
fied using PCR to generate the double-stranded DNA molecules
needed for CCR. Considering this, we then tested the utility
of the CCR approach for larger screens by evaluating the on-
target activity of all 18 possible spacers (Figure 4A)[16–25] that
are capable of targeting sequences within the 126 bp exon 1 of
the human gene EMX1 (Chr2:72933825-72933951 in the hg38
assembly). Of those, one gRNA (gRNA 16) has been histori-
cally well-characterized for both on- and off-target activities.[51,52]

CRISPOR, a computational tool for gRNA design, by default
reports the efficiency scores or prediction of activity from two
common machine learning approaches known as Doench ’16
(sgRNA Designer)[16] and Moreno–Mateos (CrisprScan),[17] and
it also reports prediction scores for eight other previously pub-
lished methods.[18–25] As can be seen (Figure 4A), the different
prediction methods are generally inconsistent with one another,
with no one gRNA having high predicted efficacy scores across
all methods, a situation which can complicate the interpreta-
tion of these outputs and decision-making regarding which gR-
NAs are most likely to result in an active RNP. According to
the trend observed following the CCR screen of all 18 gRNAs
simultaneously (Figures 1C and 4B), among the top perform-
ing RNPs, one includes the well-characterized gRNA (gRNA 16)
which we have confirmed is active. Furthermore, the in vitro
(using purified RNP complexes reacting individually with DNA
molecules) validation of two gRNAs with demonstrated higher
activity during CCR screen (gRNAs 12 and 10) revealed that
they indeed had higher on-target activity compared to gRNA 16
(Figure 4B inset). These results show that CCR offers a straight-
forward approach for high-throughput screening and ranking
of on-target activity, starting from a pooled oligonucleotide
library.
In some circumstances, it may be desired or advantageous

to simultaneously screen both on- and off-target propensities
(Figures 2C and 5A), because even if a gRNA is highly active,
it is not useful if it is also active at the potential off-target sites. To
do so, we could use a DNA molecule similar in design to those
used in Figures 2C and 3, with the on-target site located distally
to the gRNA expression region and the off-target located proxi-
mally. This way, after screening, the identity of the spacer with
the resulting length of the DNA molecule can be determined: if
the DNA molecule cut only at the distal target, that is evidence
that the RNP with that gRNA is active and specific since the off-
target site remains uncut; but if it is cut at the proximal off-target,
it indicates that the RNP with that gRNA is not specific enough,
even if we do not know the activity on-target (if the molecule
is uncut that is evidence of poor activity of the RNP with that
gRNA). Following this design, we also screened four of the gR-
NAs from CRISPOR[32] with low predicted off-target activities,
as well as gRNA 16 which is associated with several off-target
sites with known off-target activity, totaling 18 predicted off-target
sites (Figure 5B). The CCRmethod re-capitulated the relative off-
target activity at four known off-targets for gRNA 16 and mir-
rored its in vitro activity at these sites[52] (Figure 5B inset), further
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Figure 3. Confirmation that CCRs are performed with individual DNAmolecules isolated within separate water-in-oil emulsions. A) Two DNAmolecules
are designed: each with a target (black or white) specific to the gRNA encoded on that molecule located on the distal end of the DNA (black or white,
respectively) and the paired target for the other located proximal to the spacer (white or black, respectively). Under conditions where the two molecules
were mixed, one would expect to see all of the DNA molecules cut at the proximal sites (300 bp), as the paired gRNAs could cause Cas9 to introduce
DSBs at those sites, regardless of whether there were DSBs at the distal sites. B) Under conditions where the DNAmolecules were isolated in emulsions,
after CCR reactions one would expect mostly DNA molecules with DSBs at the distal site (≈350 bp). C) Under standard (with no emulsions) conditions
where the molecules were introduced to both Cas9 and T7 RNA polymerase after the reaction most of the DNAmolecules were determined to be cleaved
at the spacer proximal site. However, those DNA molecules that reacted within water-in-oil emulsions were found to be significantly less likely to be
cleaved at the spacer-proximal site, and the vast majority of those that had been cleaved were cleaved at the spacer-distal target, strongly implying that
individual DNA molecules were isolated during the CCR reaction (See also Figure S3, Supporting Information).

demonstrating that CCR could be used to screen r a large array of
off-targets as well. The off-target activity for the other gRNAs
largely followed trends predicted by computational tools CFD and
MIT off-target scores, but surprisingly gRNA 2, which computa-
tionally is not predicted to have a high amount of activity at off-
target sites, exhibited the highest levels of activity during CCR
at those off-target sites (Figure 5B). This highlights the impor-
tance of experimentally validating the computational predictions

regarding gRNAs prior to use, which CCR makes significantly
easier.
We then tested the effectiveness of CCR in identifying highly

active and specific gRNA variants by screening a large library of
gRNAs with 8 nucleotides (nt’s) 5′- end extensions (x-gRNAs). As
previously, reported,[51,52] gRNAs with short (8–12) nt extensions
to the 5′- end immediately next to their spacer sequence are ca-
pable of eliminating the off-target activity of an RNP with that
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Figure 4. CCR to screen all gRNAs for a target gene in a one-pot reaction. A) The overlapping positions of all 18 possible gRNAs for exon 1 of EMX1,
with computationally predicted activity for Cas9 at those sequences from ten different models[16–25] to predict gRNA activity. As can be seen, there is
little agreement across models, which can make interpretation difficult. B) Observed cleavage rates for all 18 gRNAs reveal a gRNA known to be active
(gRNA 16) to be among the best performing. Error bars are binomial confidence (95%) based on the number of next-generation sequencing reads for
each gRNA/target DNAmolecule. (inset) In vitro validation using purified RNPs shows the trend observed with CCR recapitulated the results frommore
labor-intensive screening for RNP activity with different gRNAs one at a time. Error bars are standard deviations across three identical replicates (see
also Figure S4, Supporting Information).

x-gRNA while still maintaining its on-target activity as the origi-
nal gRNA. However, the task of identifying the specific sequence
of the 5′- nt’s can be challenging, as many extensions either
have no effect on specificity or also attenuate on-target activity. To
screen the x-gRNAs library, we created a DNA library encompass-
ing all possible 5′- extensions of 8 nt’s (65536 possible sequences)
for EMX1 gRNA 16, which exhibits well-documented activity at
several known off-target sites within the human genome, as re-
capitulated through CCRmethod, on a DNAmolecule which had
its target on the distal end and one each of the fourmost active off-
target sites at the proximal end (Figure 6A): a total of 262144 sep-
arate gRNA/target/off-target combinations within a single CCR
reaction. Following the CCR screen, the top five x-gRNAs were
identified from themost common x-gRNA spacer sequences with
spacer-distal cleavage patterns (Figure 5A; Figures S5 and S6,

Supporting Information). Their efficacies were further validated
in vitro using purified RNPs and it was found that they were able
to completely block activity at the off-target site while maintain-
ing on-target activity comparable to that of a high-specificity en-
gineered variant of Cas9 known as eCas9 (Figure 6B). Therefore,
CCR can be an effective tool to screen large numbers of gRNA
variants with special attributes as well.

3. Discussion

Water-in-oil emulsions technique have been useful for handling
large sets of unique DNA molecules in parallel, such as in
library preparation for next-generation sequencing (NGS)[41–43]

and in directed evolution studies,[44,46,48] and here we show
that the complete CRISPR reaction (gRNA transcription, RNP
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Figure 5. Screening different gRNAs for off-target activity simultaneously in parallel using CCR. A) A DNA molecule designed similarly to the one used
in Figure 2C, with the on-target site located distal to the gRNA expression region and the off-target located proximally. The recorded length of the DNA
molecules can be used to determine the off-target cleavage efficiency for the gRNAs. If the DNA molecule is only cleaved at the distal target, it indicates
that the RNP with that particular gRNA is active and specific in relation to that off-target site, as the off-target site remains uncut; whereas, if cleavage
occurs at the proximal off-target, it suggests that the RNP with that gRNA is not sufficiently specific in relation to that off-target site. B) Cleavage rates
at the off-target sites of the different gRNAs, predicted to have very low off-target activity (1, 2, 3, and 5) and one with known off-targets (gRNA16),
with predicted off-target scores (right, arrows, and dots). Error bars are binomial confidence (95%) based on the number of next-generation sequencing
reads for each gRNA/target DNA molecule. (inset) Off-target activity for gRNA 16 using CCR follows that pattern observed when activity at those sites
is validated one at a time using purified RNPs.[52]

formation, and target cleavage) can be reconstituted within indi-
vidual emulsions to screen large libraries of gRNAs/targets/off-
targets in a streamlined and experimentally simplified manner.
Whenever considering screens starting from oligonucleotide
libraries, there is always a concern with library generation; an
advantage here is that in the specific case of CCR experiments,
those variations can be normalized as a result of whether the
sequencing reveals each target as “cut” versus “un-cut,” divided
by the total number of reads related to that oligonucleotide. This
means that even if subtle variations in the library exist as a result
of synthesis, the relative activity of an RNP with a specific activity
can still be determined from the results of a CCR experiment.
We expect CCR can be applied to screen large sets of gRNAs
for other CRISPR effectors as well, particularly considering that
the available computational tools for gRNA design are currently
advanced for only a select few effectors, while new effectors with
diverse properties are increasingly discovered.[53]

CCR represents a powerful yet accessible method to easily
screen many candidate gRNAs (provided from the outputs of
computational tools for gRNA design) for both activity and speci-
ficity and as a way of rapidly identifying highly active and specific

gRNA variants from large sets of gRNA/target/off-target com-
binations. Furthermore, CRISPR biotechnologies have not only
been used for applications of gene editing but also diagnostics
and other specific applications like RNA knockdown.[54,55] We
have no reason to believe that, with small modifications, the CCR
technique cannot be used for rapid screening of gRNAs for these
other applications. Diagnostic applications, for example, can also
require examining large numbers of potential candidates for nu-
clease activities, and CCR can help to play a role in reducing the
burden of labor in this regard. Beyond the application of identify-
ing efficient gRNAs in a parallelized manner, the CCR technique
can be utilized for conducting large-scale studies on CRISPR
biochemical kinetics from an intriguing biophysical chemistry
perspective. Additionally, exploring the effects of various factors
such as temperature and salt concentrations across numerous se-
quences simultaneously could provide valuable insights, particu-
larly considering that sequence diversity is often a confounding
variable under each condition.
Lastly, and perhaps most importantly, is to understand how

the results of CCR might predict the activity of a CRISPR RNP
within a cell of interest. The activity of an RNP with a specific
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Figure 6. CCR to screen hundreds of thousands of gRNA variants for high activity and specificity. A) gRNAs with 5′ extensions of 8 nucleotides (x-gRNAs)
are known to be capable of increasing the specificity of the gRNA, although identifying the precise sequence of the x-gRNA can be difficult. With CCR,
all 4ˆ8 x-gRNA sequences can be evaluated simultaneously. B) Validated in vitro one at a time, x-gRNAs identified by having the most common specific
and active (spacer-distal) cleavage pattern all exhibited on-target (ON) activities comparable to an engineered high-specificity Cas9 (eCas9) while not
having any detectable nuclease activity at their off-target site (OT1).

gRNA is very much depends on the specific cell line and its deliv-
ery method.[56,57] For example, differences in chromatin state can
significantly influence CRISPR activity[58] at that site. However,
without RNP catalytic activity, those experiment-specific factors
are rendered moot, and so a rapid and simple evaluation of that
activity can help to streamline the more complex and expensive
experiments downstream.

4. Experimental Section
Protocol for Single Pot in Vitro CRISPR-Induced Cleavage Reactions:

DNA oligonucleotides were purchased from Integrated DNA Technolo-
gies (IDT) and then resuspended to a stock concentration of 100 μm. DNA
oligonucleotides were further diluted to a concentration of 300 fmol which
is visible in agrarose gel stained with SYBR Safe dye. All the reagents were
then mixed in the following order to set up CRISPR-mediated cleavage re-

action: 7 μL nuclease-free water, 1 μL DNA Oligonucleotides (300 fmol),
2 μL NEB r 3.1 Buffer (10X), 1 μL RNAse Inhibitor (New England Bio-
labs #M0314S), 0.4 μL (2.5 mm) ribonucleotide triphosphate mix (NEB:
N0466S), 3 μL (1000 nm) Cas9 nuclease, S. pyogenes ((NEB; M0386T),
2 μL T7 RNA polymerase (New England BioLabs). The reaction mixture
was then incubated for a duration of 3 h at 37 °C. This was followed
by proteinase K digestion, where 1 μL of proteinase K (ThermoFisher
kit #EO0491) was added, and the mixture was incubated at 56 °C for
10 min. Subsequently, 2 μL of RNAse A was added to degrade the sgRNA
molecules. The resulting products were then separated on a 3% agarose
gel, stained with SYBR Safe, and analyzed using ImageJ.

Protocol for Single Pot CRISPR-Induced Cleavage Reactions in Emulsion:
Water-oil emulsions were produced using the bulk mixing of water and oil
phase following the procedure outlined by Williams et al.[41] The oil phase
was prepared by thoroughly mixing the following components, 2.25 mL
-Span 80 4.5% (vol/vol), 200 μL -Tween 80 0.4% (vol/vol), 25 μL- Triton X-
100 0.05% (vol/vol) and Mineral oil to 50 mL. A modification in the proto-
col was introduced for the aqueous phase, which comprised the following
reagents for the CRISPR-induced cleavage reaction: Table 1.
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Table 1. Composition of the Aqueous phase.

Reagents Vol [μL] added in solution

DNA oligonucleotides 0.1 femtomoles

NEB r3.1 Buffer (10x) 26 μL

RNAse Inhibitor (40,000 u/mL) (New England
Biolabs #M0314S)

5 μL

Ribonucleotide triphosphate mix (NEB: N0466S) 5.2 μL

Cas9 nuclease, S. pyogenes (1000 nm) (NEB;
M0386T)

1 μL

T7 RNA polymerase (50,000 u/mL) (NEB; M0251S) 5.2 μL

Nuclease-free water Up to a Total Vol. of 260 μL

In a cryovial with a magnetic stir bar on a magnetic plate at an interme-
diate setting (1150 rpm), 400 μL of the oil phase was placed. Subsequently,
200 μL of the aqueous reaction mixture was slowly added to the oil phase
over a 5-min duration. It was important to note that the entire setup was
maintained in a cold room at 4 °C during the emulsification process. Af-
ter this step, a stable water-oil emulsion was formed, followed by an 8-h
incubation at 37 °C. The emulsion was then disrupted by centrifugation
(15 000 rpm, 10 min) to recover the water phase, while the oil phase was
pipetted out. Next, 1 μL of proteinase K (∼20 mg/mL; ThermoFisher kit
#EO0491) was added to degrade the RNP, and the mixture was incubated
at 56 °C for 10 min. Following this, 2 μL of RNAse A was added to degrade
the sgRNA molecules. The DNA library from the aqueous phase was then
extracted through a cleanup process with magnetic beads added in a 0.9X
ratio to the aqueous phase. The purified DNA library was subsequently
enriched using the NEBNext Ultra II DNA Library Prep Kit for Illumina
(NEB# E7645S), followed by PCR with NEBNext Multiplex Oligos for Illu-
mina (NEB# E7730S). The schematic of the process is depicted in Figure
S7 (Supporting Information). The resulting products were also separated
on a 3% agarose gel, stained with SYBR Safe, and then submitted for NGS
sequencing.

In Vitro Digestion Reactions: DNA targets containing the target se-
quences were synthesized by Twist Bioscience. Subsequently, they were
PCR amplified using the provided universal primers, purified, and resus-
pended in nuclease-free water to a concentration of 100 nm. For each reac-
tion, three technical replicates were prepared in the following order: 7 μL
of nuclease-free water, 1 μL of the target DNA substrate (100 nm), 1 μL
of 10x Cas9 Nuclease Reaction buffer (composed of 200 mm HEPES, 1 m
NaCl, 50 mmMgCl2, and 1 mm EDTA with a pH of 6.5 at 25 °C), and 1 μL
of Cas9-RNP (1mm). The assembled reactions were then incubated for 1 h
at 37 °C, followed by digestion with proteinase K (ThermoFisher enzyme
#EO0491) (1 μL) at 56 °C for 10min. The resulting products were resolved
on a 3% agarose gel stained with SYBR Gold and analyzed using ImageJ.
For analysis of the gel image in Image J, the fluorescence intensity was
normalized by the length of the DNA fragments, and the fraction cleaved
was calculated using Equation (1):

Fraction cleaved =
(

Normalised cleaved band intensity∑
Normalised Cleaved and Uncleaved band Intensities

)
× 100 (1)

Dynamic Light Scattering (DLS) Measurement: The size of water
droplets in water-oil emulsions was measured using a dynamic light scat-
tering (DLS) instrument, Zetasizer Nano ZS90 (Malvern Instruments,
Malvern, UK). The average value of 3 runs was taken as a final result.
The stability of the water–oil emulsion was tested by measuring the wa-
ter droplets immediately after emulsion formation and after an interval of
8 h.

Analysis of the Next-Generation Sequencing Data: TheNGS sequencing
data had sequences with pre-trimmed adaptors and barcode sequences.
The paired-end was then merged into longer, single reads using FLASH
(Fast Length Adjustment of SHort reads)[59] bioinformatic tool. A script
was written in Python that used the Bio-python[60] package for reading the

FASTQ files. Each dataset here is a combination of three identical repeat
experiments. The algorithm begins by checking the sequence length of
each read from the input data to ensure it meets a certain criterion. Next,
the sequences that pass the length check undergo alignment using the
Smith–Waterman algorithm[61] with reference sequences, which include
a complete list of different targets and off-targets present in the DNA li-
brary. Once the alignment scores are obtained, the algorithm evaluates the
alignment score threshold and selects sequences that exceed the thresh-
old. This step ensures that only sequences with high alignment scores,
indicating a good match, are considered for further analysis. Following
this, based on their alignment scores the sequences are assigned to cate-
gories (Spacer–Distal /Spacer-Proximal/ Uncut) with respect to different
targets or off-targets present. The algorithm then checks the occurrence of
sequences in each category by counting how many times each sequence
appears within its assigned category. To calculate the percentage cut, the
ratio of the number of sequences in the cut state (spacer-proximal or dis-
tant) to the number of uncut sequences in each category was taken. Finally,
the algorithm selects the top hits, which were the sequences with the high-
est percentage cut ormost frequent occurrences. For the analysis of results
from the extended guideRNAs (x-gRNAs) screening experiment, a Python
script was written to extract 8-nucleotide sequences (extended gRNA ex-
tensions) adjacent to the (T7 Promoter + off-target) sequence from the
filtered large fragments list and stored them as a CSV file.

The reference code used for the analysis of the NGS data is pro-
vided at https://github.com/neelarka/CCR-Analysis. The complete work-
flow for the analysis of the NGS data is shown in Figure S8 (Supporting
Information):

Statistical Analysis: For the in vitro CRISPR cleavage assay using the
standard protocol three technical replicates were used as listed in their
respective figure captions. Statistical analysis such as the generation of
confidence intervals was performed using a Python Script. Each Next-
Generation Sequencing (NGS) dataset comprises three identical repeated
experiments. The error bars depicted were binomial confidence intervals
(95%) determined by the number of next-generation sequencing reads for
each gRNA/target DNA molecule.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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