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Abstract

This thesis explores the chemical kinetics of clustered regularly interspaced short palindromic repeats
(CRISPR) enzyme systems and the design and control of micro [uidic systems based on isotachophoresis
(ITP). CRISPR systems constitute a recent addition to the molecular diagnostic toolbox and have sparked
widespread interest over the past decade due to their easy recon [gurability and high speci [city. However,
the sensitivity of such systems remains limited by low enzymatic kinetic rates and background signal, es-
pecially in ampli [cdtion-free formats. CRISPR kinetic rates have been widely and frequently misreported,
and there has been very little quantitative estimation of the background signal. This thesis addresses these
limitations through the development of quantitative kinetic models and experimental studies aimed at the
rigorous determination of the sensitivity of CRISPR-based assays. ITP is a well-established electrokinetic
technique that has been routinely used for sample puri[cdtion and preconcentration. However, despite
its versatility, its broader adoption has been limited by the complexity of assay and bu [erl design. This
dissertation introduces computational tools, methods, and experimental demonstrations to aid the design
of ITP experiments and develop complex ITP systems—including ITP-based networks for sample routing,
aliquoting, and mixing.

We [rst focus on the uncertainty associated with the determination of Michaelis-Menten kinetic rates.
We derive a closed-form solution for the [udrescence signal in typical CRISPR assays, and leverage this
to quantify how experimental errors such as pipetting variability, nonuniform sensor response, and signal
miscalibration propagate into the estimates of :yo; and --. We then investigate the background signal that
limits the sensitivity of CRISPR assays and [nd that the limit of detection is likely set by the degradation
of reporter molecules. This degradation occurs independently of enzymatic activity and imposes a funda-
mental ceiling on assay performance. Further, to improve assay sensitivity, we develop a high-throughput
micro [uidics pipeline to screen gRNA sequences for trans-cleavage activity. The pipeline combines droplet
micro [uidics, hydrogel beads, and next-generation sequencing to measure activity across a large panel of
gRNA candidates.

We subsequently turn to micro [uidic ITP as an integrable technique for sample puri [cation, preconcen-
tration, and molecular control. We present two simulation tools: BEAN, a highly parallel bu [erldesign tool,
and CAFES, a web-based partial di [erential equation solver for complex and nonlinear electrophoresis phe-
nomena. The latter enables rapid exploration and tuning of ITP chemistries and device con [gurations, and
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XiX

87



6.1

I'TP networks structure and model. A I'TP experimental setup schematic including micro [u4d

1dic chip. Shown In Inset IS a schematic of the electric [ell  (orange), conductivity T (green),

and analyte (in this work, DNA) concentration 2 (blue) along the streamwise coordinate of

the channel. The conductivity gradient at the interface between LE and ATE results In a

self-sharpening analyte concentration peak. B-C Schematic of two I TP networks with dif-

ferent structures. Vertices of the network consist of reservoirs (Llldd circles, indexed with

W), channel intersections (open circles, indexed with =), or I'TP peaks (vertical purple dashes,

indexed with ?). TP segments (indexed with @) are delimited by two vertices and [Ildd with

ATE (grey), LE (black), or a mixture of both (not shown). Quantities of interest in the de-

scription of I TP networks include voltage at the nodes (+=), local 1onic current ( ) and local

conductivity in (fg) the ITP segments, and peak positions (G-). . . . .. ....... .. ..
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A Composite of experimental Luorescence images showing the progression of | TP peaks In

a 1-to-32 multifurcation tree network. Shown are summed [udrescence Images of the peaks

taken every 15s. The composite image results from the stitching of 65 Ludrescence images

corresponding to three camera positions. B Corresponding predictions using the network

model. Shown are predicted positions of the I'TP peaks along the streamwise position of the

micro Luidic channel. The Inset shows a zoomed-in detall in the [fth-generation bifurcation.

C Measurements of | TP peak trajectories. Shown are | TP peak centers identi Led from image

data taken every 3 s. Positions of the centroids account for movement ot the sample stage

(relative to camera) using a position sensor In the microscope stage. The inset shows the

same region In the Lith-generation bifurcationasinB| . . . ... ... ... ... ... ...

96

6.3

A Composite of experimental [udrescence images showing the progression of I TP peaks in

a 32-to-1 multifurcation tree network. Shown are summed Luarescence Images of the peaks

taken every 15s. The composite image results from the stitching of 6/ Ludrescence images
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(1) to (vi) correspond to the matching panels in panel B. Shown are peak positions (open

circles) and bu Lerlcomposition of the I'TP segments (grey: ATE, black: LE, orange: ATE/LE

mixture). The dashed black box indicates the [eltl of view of the corresponding iImages Iin

panel B.. . . . .
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Measured [udrescent signal versus time tfor two CRISPR-Cas systems: AsCasl?a (a) and

AapCasl2b (b). Shown is the signal from a MiniOpticon thermal cycler (Bio-Rad Laborato-

ries Inc., CA, USA) for eight substrate concentrations. Triplicates are plotted with the same
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Comparison of the analytical solution derived in the low target limit and the full Michaelis-

Menten solution. a Fluorescent signal predicted by the full Michaelis-Menten system (sym-

bols), and the Taylor expansion In equation|3.3l The inset shows the corresponding relative
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Background time-averaged image. Shown are raw signal values from the thermal cycler

averaged over 35 min. Measurements were takenat3/°C|. . . . . ... ....... ... ..
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Initial reaction velocities of progress curves for varying RNP and varying dsDNA target

concentrations. a Limit of detection measurements for varying CaslZa orthologs. Shown

are reaction velocities measured for »(.., = 200 nM ssDNA reporter initial concentration,
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Casl3a orthologs. Shown are reaction velocities measured for »(.., = 1 uM. DiLerknt Cas13
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and measurement corresponding to the same RNP (1.e., same Cas13 ortholog and target se-
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¢ Measurements of Ludrescence signal for the same chemistries as in a, but In the absence
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Cationic ITP (A) and bidirectional I'TP (B) simulations using CAFES. Plotted are the concen-

trations of the electrolytes (left ordinate) and pH (right ordinate, light blue curve). (A) The

cationic I'TP simulation was performed using an LE cation (sodium), a TE cation (BisTrIs), a

uniform background anion (HEPES) and two analytes (Imidazole and a custom-speci [ed an-

alyte). (B) The bidirectional I'TP simulation includes anionic ITP focusing (traveling right)

of two anionic analytes (custom analytes labeled Analytes 1 and 2). Cationic I'TP i1s initi-

ated at the right and travels leftward. The interaction of the two | TP Interfaces initiates

electrophoretic separation of the analytes. | . . . . . ... ... ... .. ... .. ... ...,

E6

Grid independence of CAFES simulations. Plotted Is the relative error on the interface width

of an anionic LE-TE intertace tor three values of the cuto [ parameter U. The relative errors

converge towards zero for mesh numbers above about 3000 (log(# ) = 3.48), regardless of the

value of the parameterU.| . . . . . . . . . . . .

187

E7

Mean time step during the grid independence study. Shown are mean time steps for six

simulations using the same parameters, except for the number of mesh grid points # varied

Trom 101 to 3200. The mean time step, which results from the Runge-Kutta Dormand-Prince

method, scales linearly with the mesh size (i.e., inversely proportional to the number of grid

................................................ 188

XXV



EB

Comparison of the RK23 and RK45 time stepping schemes. A Mean time step for six succes-

sively re Lndd meshes. All simulation parameters are conserved, except for the number of

mesh grid points #, which varies from 101 to 3200. In both cases, the mean time step scales

linearly with the mesh size. RK45 typically yields slightly Targer mean time steps than RK23.

B Number of time steps for the same conditions.| . . . . . . . . . ... ... ... ... ....

189

E9

Grid Independence study for CAFES simulations using RK23 for time stepping. Shown Is

cuto [_parameter U. The relative error converges towards zero as the number of grid points

increases, regardless of thevalueofUf. . . . ... .. .. ... ... .. ... ... .. ..

190

FI

Schematic of two | TP peaks progressing In parallel channels whose Inlets and outlets are

F2
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Chapter 1

Introduction

Some of the contents of this chapter were published by A. S. Avaro and J. G. Santiago in the journal Lab on
a Chip [I]] and are reproduced here with minor modi [cations.

1.1 CRISPR-based diagnostics

1.1.1 CRISPR-Cas system for molecular diagnostics

Clustered regularly interspaced short palindromic repeats (CRISPR) enzymes have recently attracted much
attention for their gene editing capabilities [5]. A more recent and rapidly developing part of this technology
is its application to the [eltl of molecular diagnostics using CRISPR-associated (CRISPR-Cas) systems [l [7].
Such systems consist of a Cas endonuclease protein (Cas12 or Cas13 for most diagnostic assays) conjugated
with a guide RNA (gRNA), which includes a sequence complementary to a sequence in the target nucleic
acid [[6 [8]. The gRNA is relatively short (typically 40 to 60 nucleotides) and synthetic, so assays are easily
recon [gurable [6].

The [rst demonstrations were based on Cas9 systems and occurred only about 8 years from the time of
this thesis [9, [I0]. A major development in the [eltl was the application of CRISPR-Cas12 and -Casl13 en-
zymes which, after recognizing target, exhibit non-speci [c &ndonuclease activity [11} 12 [13]. By including
specialized synthetic nucleic acids as reporter molecules in the reaction, this non-speci [Chctivity can be
used as a linear (in time) ampli [cation of a conveniently measurable signal indicating presence of the target
sequence.

The recent global pandemic has sparked increased interest for CRISPR-based assays focused on the
detection of SARS-CoV-2, the virus that causes COVID-19 [14] [15, [16} [I7} 18] [19] [20]. Many of such as-
says are focused on micro [uidic devices in part because of the compatibility of CRISPR-Cas reagents with
lyophilization and the easy readout format of lateral [aw biosensors (LFB).

We note that CRISPR/Cas systems have recently been the subject of signi[cant private investment,
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commercialization e [afts, and intellectual property development [21]. Groups seeking to commercialize
new assays should consider that many of the proposed CRISPR/Cas assays discussed here may be covered
by (issued) patents. For example, the basic target recognition, transduction, and detection mechanisms
employed by all of the assays reviewed here may be collectively covered by US patents 10,253,365 [22]
and 10,337,051 [23] for DNA and RNA targets, respectively. US patents restrict manufacture and/or sale of
products in the US.

1.1.2 Basic steps of CRISPR-based diagnostics assays

We here pose a basic [va-step work [aw structure for on-chip micro [uidic assays based on CRISPR-Cas
enzymes. Figure [L.Ta shows this [va-step work [ow structure. All of the assays we mention here used
CRISPR as a means of molecular recognition of a nucleic acid sequence to catalyze a reaction which resulted
in products which are directly detectable (e.g., via optical or electrochemical sensing). We shall term this
key step a chemical transduction (summarized as “transduction”). In the top row of this [gire, we show
common examples of these assay steps that used traditional equipment, and, in the bottom row, we show
micro [uidic examples of these steps. We note that not all assays we mention here employed all steps shown
here (e.g., some do not use ampli [cadtion prior to CRISPR), but all published assays did employ at least three
of these basic steps. Assays tend to accomplish these steps sequentially, but we note that two or more of
these steps may overlap in time or be simultaneous (e.g., Steps 4 and 5 are often simultaneous). The alluvial
diagram of Figure[1.Tp summarizes characteristics of the work [aw structures of all of the studies reviewed
by Avaro and Santiago [1]. As with Figure[L.1p, the [vd sections are arranged horizontally according to the
work [aWv structure we propose here.
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Figure 1.1: a Typical work [aw steps for CRISPR-based diagnostics and examples for each step. This
structure applies to assays that use traditional equipment (examples in top row), but it is still useful for
micro [uidics-based assays (bottom row). Here, we classify LFB readout (Step 5) as a micro [uidic step. b
Alluvial diagram summarizing key aspects of each of the [wd work [awv steps for all of the studies reviewed
in Avaro and Santiago [I]. The numbers in parentheses indicate the number of studies corresponding to
each classi Lcation.

The [rst step of the proposed framework is sample extraction. PoC applications use a wide variety of
starting sample types. These include, among others, nasopharyngeal swab elutes, saliva, blood, and urine.
Such samples often contain impurities which may impair each step of the assay. Enzymatic processes in
particular are often susceptible to inhibition [24], and blood is often the most challenging starting sam-
ple [Z5]. CRISPR-based assays detect nucleic acid sequences, and so their sample preparation is typically
focused on extracting and purifying nucleic acids. Most of the “on-chip” assays do not perform on-chip
sample preparation and instead employ commercially available kits (o [=chip) prior to introducing the pu-
ri [ed sample into a chip. These kits are most often based on spin-columns or magnetic beads. Only a small



CHAPTER 1. INTRODUCTION 4

fraction of CRISPR assays include on-chip extraction techniques. Another small fraction of assays report
extraction-free protocols.

The second step of the framework of Figure[L.Th is nucleic acid ampli [cation (NAA). Most CRISPR-based
assays rely on an exponential ampli [cation step prior to (most often) or during detection, using well-known
techniques such as polymerase chain reaction (PCR) [26], loop-mediated isothermal ampli [cation (LAMP)
[27], or recombinase polymerase ampli[cation (RPA) [28]. Such techniques are either performed using
traditional equipment or have been adapted into on-chip protocols.

The next step in a typical CRISPR-based assay is the target recognition by the Cas enzyme. This step is
known as cis-cleavage and is typically very fast (e.g., completed within a few minutes) [8]29]. This crucial
sequence-recognition step determines the speci [city of the CRISPR assay.

Once it recognizes the target (and cleaves it), the Cas enzyme becomes activated. In its activated
state, the enzyme thereafter indiscriminately cleaves single-stranded nucleic acids. This is known as trans-
cleavage and enables transduction, i.e. the generation of a measurable signal. This signal is often [Udres-
cence or electrochemical potential and is further measured to conclude as to the detection of the target
nucleic acid.

Note that the vast majority of studies performed at least one essential step o [=chip using traditional
equipment (as in the top half of Figure [L.Th). This lack of integration, including of the ability to process
raw samples, is not speci [cto CRISPR-based technologies and, unfortunately, common to most “lab-on-
a-chip” systems. This trend re [edts the importance and di Cculky of research into new and improved on-
chip sample preparation methods. More than 75% of the studies leverage some sort of pre-ampli [cadtion in
order to improve sensitivity. We attribute this to the inherent current limitation of CRISPR kinetic rates
[8[2]]. Lastly, a signi [cant number of studies perform the detection step using LFBs. Most of these use it
as the only chip-related technology. On one hand, LFB-based assays o [erlconvenient (often colorimetric)
readout in a miniaturized [uidic device compatible with lyophilized reagents. On the other hand, LFB is
merely a readout of post-transduction products produced using traditional methods and the equipment of
a centralized laboratory.

1.1.3 Brief review of CRISPR trans-cleavage kinetics

We focus here on assays using CRISPR-Cas12 and -Cas13, by far the most common CRISPR types used in
molecular diagnostics assays. Before any assay, the CRISPR-Cas enzyme is functionalized using a guide
RNA (gRNA). The gRNA is a single, synthetic molecule with typically 40 to 60 bases, and which contains
two important regions. A [rst region is a sequence designed to bind to the CRISPR enzyme to form a
ribonucleoprotein (RNP) complex. A second region of the gRNA is a recon [girable sequence that is com-
plementary to the target molecule of interest. Cas12 targets DNA, while Cas13 targets RNA. It is the RNP
complex which is used as a starting reagent in nearly all CRISPR assays and in CRISPR micro [uidic assays.

A typical CRISPR-based assay then involves two sequential cleavage reactions. First, the CRISPR-
Cas/gRNA complex (the RNP) recognizes the target that is complementary to the recon [girable portion
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of its gRNA. The target is cleaved in this so-called “cis-cleavage” reaction. This also results in the so-called
“activation” of the enzyme. Cis-cleavage determines molecular speci [city to the nucleic acid sequence of the
target. Once it is activated, the CRISPR-Cas enzyme complex repeatedly cleaves nucleic acids irrespective
of sequence in a catalytic step known as trans-cleavage. Trans-cleavage de [nds the transduction step (c.f.
Figure[L.I) wherein a molecular recognition creates a measurable result. For this reason, synthetic nucleic
acid strands are included in the reaction as reporter molecules. See Li et al. [30] and Swarts et al. [31I] for
more detailed descriptions of the cis- and trans-cleavage reactions of CRISPR assays.

The detectable signal in CRISPR-based assays is created by the reaction rate of the trans-cleavage por-
tion of the reaction. We therefore here analyze in detail the trans-cleavage kinetic rates since they represent
afundamental limitation to signal-to-noise (and signal-to-background) ratios a [ecting all CRISPR-based de-
tection assays [2]. We note that there may exist other limitations associated with integrating the enzymatic
assay into a micro [uidic system. These may include non-speci [Chinding of reagents (e.g., Cas enzyme)
to the high-surface-to-volume-ratio structures of a micro [uidic chip. A second example may be the com-
mon situation where the micro [uidic device processes smaller reagent volumes and so there exists a lower
volume-integrated number of molecules that can be detected.

The characteristic time scale for the cis-cleavage reaction is typically short [3Z] and scales inversely
with the concentration of the enzyme [8]. This is true even for trace concentrations of target [31) 32} 33}
34]. Therefore, it is widely accepted that the cis-cleavage step is not rate-limiting and that the time scales
of typical CRISPR reactions are limited by the trans-cleavage step [29]. For this reason, we here focus
on a model of the trans-cleavage kinetics of CRISPR-Cas enzymes. The trans-cleavage reaction can be
summarized as follows [35]:

O Ty (L1)

A

where s the target-activated Cas enzyme after cis-cleavage, ( is the uncleaved reporter, isan inter-
mediate complex and % is the cleaved reporter. -5 and :, are respectively the forward and reverse rate con-
stants for the formation of the complex, and :,q; is the turnover rate of the enzyme. Reporters molecules are
typically short, functionalized, synthetic single-stranded nucleic acids. Cas12 uses ssSDNA reporters while
Cas13 uses ssRNA reporters. The functional groups of the reporter molecules depend on the detection
method. The most commonly employed reporters use [udrescent-quencher pair reporters for [udrescence
detection (see, for example, Ramachandran et al. [36] or Shinoda et al. [37]). A second common functional-
ization is FAM-biotin pair reporters useful in, for example, subsequent LFB-based assays (see, for example,
Barnes et al. [38] or Azhar et al. [39]). Other examples of reporter functionalization include those for
electrochemical potential [40, [41] [42] or current-based [43] [44] [45| [46] detection techniques.

The trans-cleavage reaction above is modeled using the well-known Michaelis-Menten kinetics model.
This model comprises the following set of rate equations [35]:

3 .
3C

= I5» o 5 1A ., I200? . (1.2)
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In addition to equations[1.2)to[L5] the conservation of species for both enzyme and reporters adds the
following constraints, combined with initial conditions:

Y00 L. (16)
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Mh.o=» .0=0 (18)

The “0” subscripts indicate the initial concentration of the species. Under the reactant-stationary as-
sumption [47] and the quasi-steady state assumption [48], these equations combine to yield the Michaelis-
Menten equation:

(. _ 3. 2200?02

3 3 o (L9)

where - = % is the Michaelis-Menten constant. The vast majority of CRISPR-based assays satisfy

both simplifying assumptions, hence :,o; and the ratio :5oc -+ fully describe the temporal response of

the system. We here note that these kinetic rate parameters require controlled experiments at varying

substrate (i.e., reporter molecule) concentrations for quanti [cation. We further note that both experimental

uncertainties and bias in experimental design can lead to signi [cant errors in the quanti [cation of :yq; and
- [49].

The assay limit of detection (LoD) is typically not limited by the detector’s ability to detect a signal
(sensitivity of detector), but rather by its ability to discriminate (speci[c)lsignal from background. One
common source of background signal in the case of [udrescent reporters is the signi [cant signal associated
with imperfect quenching of [udrescence reporters. That is, uncleaved, quenched reporters also contribute
to the [udrescence signal. In fact, the cleaved-to-uncleaved signal ratio is typically only order 10-fold [29,2].

Despite their importance, CRISPR kinetic parameters have been vastly misreported in the CRISPR diag-
nostics literature. Reports of :yoc and -+ have exhibited grossly inconsistent data which violate basic laws
of mass conservation and chemical kinetics [8| 29]. Ramachandran and Santiago proposed three back-of-
the-envelope calculations which can be used to check enzyme kinetics data for self-consistency [8}29]. They
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also identi [ed published reports, including some that employed micro [uidics techniques [19,50], which in-
cluded kinetics data that was demonstrably and highly inconsistent. Following the publication of an initial
preprint of these results [5I], two seminal papers in CRISPR-based diagnostics (Chen et al. [12] and Slay-
maker et al. [13]) issued errata lowering their reporter kinetic rates by more than two orders of magnitude.
Further, Santiago [[8] pointed out that reported LoDs in some papers are di Cculk to reconcile given the ki-
netic rates of CRISPR and its background activity. For example, some assays reported sensitivities which
approached that of PCR [19] 52| 53].

Another important factor governing CRISPR activity is the temperature at which the enzyme is stored
and used. This limits the compatibility of CRISPR assays with ampli [cadtion methods that require high
temperatures, at which the enzyme degrades [18]. However, the advent of thermostable CRISPR orthologs
[54] will likely bene [T1he development of one-pot or quasi-one-pot assays, e.g. where the ampli [cadtion
step and CRISPR-based detection are performed simultaneously.

Lastly, we end this section with a positive aspect of CRISPR. CRISPR diagnostics methods are highly
recon [gurable. The CRISPR-Cas enzyme can be functionalized to recognize virtually any desired nucleic
acid target by adjusting the portion of the gRNA complementary to said target. Broughton et al. [55]
reported that CRISPR-based technologies can be recon [gured for various target sequences within days,
since the only modi [cation to a given assay is gRNA customization. Kaminski et al. [B] discussed design
considerations for gRNAs. gRNAs are typically 40 to 60 nucleotides long, and their length depend on the
chosen Cas system [6]. For example, Cas12 enzymes target both dsSDNA and ssDNA using a 40 nucleotide-
long gRNA, but require a proto-spacer adjacent motif (PAM) sequence for e [cieht targeting of dsSDNA
[56]. The high recon [gurability of CRISPR assays highlights an important potential of this technology
for multiplexed assays. One salient example is the system of Ackerman et al. [5/], who performed 169
detection reactions in parallel (each reaction using a di [erent gRNA) using droplet generation and merging
techniques.

1.2 Micro [uibic isotachophoresis (ITP)

1.2.1 ITP basics

Isotachophoresis (ITP) is a well-established electrophoretic technique that has been applied for a wide va-
riety of applications [58], including separation [59]60], puri [cation [61}62], analyte preconcentration [63],
sample preparation upstream of bioassays [L7]], or accelerating biochemical reactions [64]. The latter include
both homogeneous reactions [/, 65] (i.e., where all reagents are in solution) and heterogeneous reactions
[68] (i.e., wherein at least one reagent is immobilized on a surface).

The theoretical description of ITP, along with a description of its existing applications, has been recently
extensively reviewed by Ramachandran and Santiago [58]]. ITP can be applied to either anionic or cationic
sample ions. It uses a heterogenous bu [erl system that consists of a leading electrolyte (LE) and a trailing
electrolyte (TE). Both the LE and the TE contain at least one co-ion, i.e. one ion whose valence has the same
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sign as that of the sample ion(s) that is focused. The LE co-ion and TE co-ion are typically selected so that
they have respectively higher and lower electrophoretic mobility than the sample ions. When an electric
[eldl is applied, all co-ions migrate in the same direction, at a velocity proportional to their electrophoretic
mobility and the local electric [eltl. Species whose e [edtive electrophoretic mobility is bracketed by the
one of the LE and the TE ions are focused in a sharp concentration peak at the interface. The width of this
interface can be derived from a balance between electromigration and molecular di [usion [67]. LE and TE
chemistries can be optimized to enable selective focusing and preconcentration of speci [Csamples based
on their electrophoretic mobility [68].

1.2.2 Simulation tools for ITP

Despite its high potential for many applications, the adoption of ITP in routine micro [Lidic processes re-
mains relatively rare. We attribute this to the steep learning curve required to design and perform ITP
experiments. Indeed, ITP experiments sometimes involve more than ten di Lerknt chemical species, whose
concentrations and mobilities vary in space and time. These quantities must be properly tracked to accu-
rately predict the behavior of ITP systems (e.g., whether a sample will focus at an ITP interface or not)
[58].

Simulation tools o Lerlan e [edtive response to this challenge. Accessible numerical tools enable users
to easily understand, model, and design complex ITP processes. Several ITP simulation tools have been
developed and are currently available. We distinguish ITP zone chemistry calculators, which are based on
algebraic forms of species conservation equations [59, [69], from PDE solvers that enable the determina-
tion of the “where and when” of the various species. The latter require to solve the di [erkntial form of
the electromigration-di [udion-reaction conservation equations. One of the [rst freely accessible nonlinear
electrophoresis simulators is SIMUL [[70,[71]]. SPRESSO is a MATLAB-based tool [rst developed [[72] in 2009
(and later updated [[73, [74]) that enables the user to resolve sharp gradients (which routinely occur in ITP
processes) and to include ionic strength e [edts.

1.3 Scope of the dissertation

The objective of this thesis is to develop methods and devices for quantitative molecular diagnostics. The
dissertation is composed of [V main chapters. Chapters[Z]tofdfocus on fundamental kinetics of CRISPR-Cas
assays. Chapters[5]and 6] focus on ITP experimental design tools and networks.

In Chapter[2] we present a quanti [cation of the uncertainty inherent to the experimental determination
of kinetic rate parameters for enzymatic reactions. We study the in [ugnce of several sources of uncertainty
and bias, including the inner [Ifér e [edt, pipetting errors, number of points in the Michaelis—Menten curve,
and [aft [eldl correction. Using Monte Carlo simulations and analyses of experimental data, we compute
typical uncertainties of :,q;, -+, and catalytic e [Ciehcy :yoc ++. As a salient example, we analyze the
extraction of such parameters for CRISPR-Cas systems.
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In Chapter 3} we demonstrate that the background signal and limits of detection of most CRISPR assays
are very likely limited by the degradation of reporter molecules. This degradation is dynamic and is not
associated with enzymatic activity. We present theory and experiments to design and calibrate CRISPR
assays. We introduce a new kinetic framework to account for the degradation of reporter molecules and
derive a fundamental limit of detection for CRISPR-based assays.

In Chapter[4 we introduce a screening method for gRNA to identify sequences that result in high trans-
cleavage enzymatic activity. We [Trst screen 364 sequences. We then introduce a micro [uidics pipeline
based on droplet micro [uidics, hydrogel beads, and next-generation sequencing to screen gRNA with a
much higher throughput.

In Chapter [5} we present a rapid, highly parallelized steady-state solver for the design of bu [er elec-
trolytes in ITP experiments. This solver is designed to facilitate the evaluation and identi [cation of func-
tional bu Cerl chemistries for ITP. We also introduce a client-side web-based simulator for complex elec-
trophoresis phenomena, including isotachophoresis, along with experimental validation.

In Chapter 6] we introduce a new class of micro [iidic networks based on ITP. We present a theoretical
framework to describe these networks. We leverage this framework to create numerical simulations of
branched ITP circuits. We then build, control, and experimentally study a variety of ITP networks

Finally, in Chapter [7} we summarize the main contributions of this work, and suggest directions for
future research.



Chapter 2

Uncertainty quanti Lcaltion of
Michaelis—Menten Kinetic rates and
Its application to the analysis of
CRISPR-based diagnostics

The contents of this chapter were previously published by A. S. Avaro and J. G. Santiago [49] in the jour-
nal Angewandte Chemie and are reproduced here with minor modi [cations. Supplementary information
associated with this chapter is presented in Appendix Al

2.1 Introduction

The Michaelis-Menten set of reaction rate equations is the most used model to describe enzyme kinetics.
Since its original formulation in 1913 [35]], there has been considerable work to re [né the quanti [cation of
the kinetics of enzymatic reactions. A seminal variation of Michaelis and Menten’s work was derived by
Briggs and Haldane [48], who formulated the quasi-steady state assumption. In this framework, enzyme
kinetics are fully described by two constants: a turnover rate (o) and the Michaelis-Menten constant
( =+). Protocols to measure these parameters have been studied extensively in the past century. Some
proposed methods proport to require a single experiment to measure :oc and - [[7/5} [76, [/7]. However,
most studies recommend variation of the initial substrate concentration and measure the corresponding
initial reaction velocities. These velocities are plotted versus substrate concentration to create a so-called
"Michaelis-Menten curve" and the data is [if&d to extract :ooc and -+ [[75}[78,[79,[80,[81]]. Small errors in the
initial velocities can lead to signi [cant discrepancies in the estimation of the kinetic parameters [[/9]. To

10
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date, we know of only one study that has considered the propagation of uncertainty in the Michaelis-Menten
model for the speci [c_tase of microbial pollutant degradation [82]. The latter work quanti [ed uncertainty
due to the e [edt of [Ifing a [nite number of data points but took into account neither sources of experimen-
tal uncertainty nor their propagation. A few such experimental uncertainties have been studied separately,
including the in [uénce of the inner [Ifér e [edt on experimental Michaelis-Menten curves [[83] and the num-
ber of points in the Michaelis-Menten curve (corresponding to the number of dilutions performed) required
for the determination of -- [84]]. However, we know of no work that systematically quanti [ed the major
sources of experimental uncertainty typical of Michaelis-Menten kinetics analyses (including for clustered
regularly interspaced short palindromic repeats (CRISPR) systems). We also know of no study that performs
propagation of error analyses to estimate the combined in [ugnce of such uncertainties on the uncertainty
in :poc and

A recent and important example of Michaelis-Menten rate parameter evaluation is the quanti [cation of
CRISPR-associated (Cas) enzyme kinetics. CRISPR-Cas systems are used to detect nucleic acid sequences
with high speci [city [6) 85 b7, [86, [11], and the limit of detection of such assays is directly governed by
the kinetic rates of the enzyme [29, 2, [8]. The accurate quanti [cation of the kinetic parameters is there-
fore paramount to evaluate the reliability and regime of applicability of CRISPR-based diagnostics assays.
Despite its importance, the vast majority of CRISPR-Cas enzyme kinetics reports have exhibited grossly
inconsistent data that clearly and demonstrably violate basic laws of mass conservation and chemical ki-
netics. Ramachandran and Santiago [29] and Santiago [[8] collectively discuss over 10 examples of publi-
cations which exhibit gross errors in Kinetic rate data and/or report limits of detection which are di Cculk
to reconcile given current capabilities of CRISPR-Cas systems. At the same time, :,0; and -+ values are
often reported to three signi [cant [gures. As just one example, Santiago [[8] points out that the two high-
est values of 2y ever reported (about 4,850 s 1) agree with each other to three signi [cant [giires, despite
corresponding to two di Cerknt CRISPR-Cas orthologs.

In this work, we characterize and quantify important sources of experimental uncertainty typical of
enzymatic Kinetics analyses in the Michaelis-Menten framework. As a case study, we analyze kinetic rate
studies typical of CRISPR-Cas enzymes. To this end, we [rst derive a closed-form solution for the [udres-
cent signal intensity, the measured quantity in CRISPR-based assays. Next, we characterize each source of
input uncertainty in the processes of solution dilution, signal calibration, and other experimental methods
and variables. This includes an estimate formulation of the input probability density distributions of each
experimental variable. We then simulate experimental realizations of the kinetic rate analyses using Monte
Carlo simulations which leverage the Michaelis-Menten model with triplicate averaging. In this way, we
propagate the experimental variable uncertainty to estimate the uncertainties on the kinetic parameters
00, t,and[ =:0c -+ The analyses highlight key sources of uncertainty and strongly suggest that the
experimental measure of the catalytic e Lciehcy [ exhibits higher precision than the individual estimation
of zy0c and
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2.2 Results and discussion

We here describe the governing equations for the time evolution of signal of a wide range of assays based on
Michaelis-Menten processes. In interpreting assay signal and its associated background and uncertainties,
we consider the speci [Capplication of CRISPR-based diagnostics assays. In particular, we focus on CRISPR
assays which quantify [udrescence signal resulting from cleaving of reporter molecules. First, we derive
a closed-form solution for the concentration of cleaved reporters. Next, we consider calibration between
concentration and [udrescence signal and quanti [cation of background signal from uncleaved reporters
and the inner [fér e [edt. Lastly, we present a model for the uncertainty associated with pipetting and
typical serial dilution processes. The goal of these formulations is to provide a closed-form expression for
the [udrescence signal and a model for experimental uncertainties and bias. These uncertainties and bias
errors are then combined with Monte Carlo simulations of many Michaelis-Menten kinetics analyses to
compute corresponding distributions of :,q; and

2.2.1 Closed-form solution of the cleaved substrate concentration

We here summarize some key aspects of Michaelis-Menten Kinetics, particularly in the context of CRISPR-
diagnostics assays. CRISPR assays involve two reactions: a speci[CLis-cleavage step during which the
enzyme is activated and a trans-cleavage step where the activated enzyme indiscriminately cleaves single-
stranded nucleic acids [1T| 12 [87]. The cis-cleavage step is analogous to a second-order reaction, where
the low-abundance target is consumed. As we discuss in Section for typical detection assays, the time-
scale for completion of the cis-cleavage portion of CRISPR assays is typically signi [cantly lower than that
of the trans-cleavage [[8]. Hence, the trans-cleavage step has been identi [ed as the rate-limiting reaction in
diagnostics assays [29], and this is true even for trace amounts of target. The trans-cleavage step is here
modeled by Michaelis-Menten kinetics and is the main focus of the present work.
The trans-cleavage CRISPR enzymatic reaction can be described using the following equation:

LT iy, (2.1)

A

where denotes the target-activated Cas enzyme, ( the uncleaved reporter, an intermediate complex
and % the cleaved reporter. :5 and :, are respectively the forward and reverse rate constants for the forma-
tion of the complex, and :,q is the turnover rate of the enzyme. Typically, CRISPR assays use [udrophore-
quencher reporters whose quantum yield signi [cantly increases when cleaved. The rise in [Udrescence
signal implies the presence of activated enzyme and enables detection of the target nucleic acid. Although
an important source of background, for simplicity, we here do not consider the background non-speci [c]
cleavage activity of the non-activated enzymes [2].

The kinetic equations that describe trans-cleavage are known as the Michaelis-Menten system and are
detailed in Section Under both the reactant-stationary assumption [47] and the quasi-steady state
assumption [148]], the reaction velocity is governed by the Michaelis-Menten equation:
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where .- = 2= js the Michaelis-Menten constant. In practice [2], the kinetic rate parameters o

and - are determi5r1ed by [fing the Michaelis-Menten curve, i.e. the variations of the initial reaction
velocity Eq as a function of the initial substrate concentration »(.o. Multiple experiments are performed
with varying »(..o and measured values Ey are used to build the Michaelis-Menten curve. The best [Tbf
Equation [2.2] then yields values of :5oc and --. Note that reliable Michaelis-Menten curves should include
values of »(..o which encompass -+ [88], even though this value is initially unknown. The relatively high
value of .- of Casenzymes[Z29] ( -~ O(100 nM to 1 uM)) compel the research to use proportionally high
initial concentrations of reporters. This contributes to increase the absorbance of the solution in which the
trans-cleavage reaction takes place and the so-called inner [Ifér e [eck, which is discussed in a subsequent
section. In order to derive a closed-formed solution for all time instants, the Michaelis-Menten system can
be integrated to derive a well-known solution [89]:

»(,”0 2Co 200> 0

(L= e, 4 - AL wg 200 (2.3)

where , is the Lambert-, function that satis [est

64 =~ , 6=, ~" (24)

We here demdd A ,C;»(.g » .o Z20c - for simplicity. We show details of the latter derivation Sec-
tion[Adl

Despite the utility of the latter solution, our current analysis requires a solution to the kinetics of the
cleaved substrate concentration. The latter is required as a model of the measured [udrescence signal in
CRISPR assays. We here therefore here derive a closed-form solution for the so-called "progress curve,"
i.e. the time evolution of the concentration of cleaved reporters. To this end, we again apply the quasi-
steady state assumption and the rate of formation of product to formulate the concentration of intermediate
complex:

CRN VY G A ST (P o
T - -, ))(m "C”

We provided details of the derivation of Equation [2.5]in Section[A.T] In the latter discussion, we also
compared Equation [2.5to a numerical solution of the full Michaelis-Menten system. We then apply the

» w07

(2.5)

conservation of reporters and formulate the progress curve as follows:

A ,,C"

»%.. 0" = »(.g <AL T A

(26)
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In the next section, we quantify the [udrescence signal from uncleaved (Equation[2.3) and cleaved (Equa-
tion[2.6) reporters.

2.2.2 Error due to neglecting signal from uncleaved reporters

We now present the calibration of the progress curve, i.e. the conversion from the [udrescence signal to the
corresponding value of cleaved reporter concentration. Unfortunately, the vast majority of measurements
of CRISPR enzyme kinetics studies [6, [11, [19} [I3] do not report calibration data relating signal to product
concentration. Of those that report such data, only a few [[85] [29, 2 [L/]] report separate calibrations for
uncleaved versus cleaved reporters—even though typical cleaved-to-uncleaved signal ratios [29] are only
on the order of 10. Assuming negligible inner [fér e Cect (which will be discussed in the next section), the
actual [udrescence signal measured during a CRISPR trans-cleavage assay is well described by the following
calibration curve [L7]:

L7 = o L7, %07 2.7)

Here, =, and . are calibration parameters accounting for the signal respectively produced by un-
cleaved and cleaved reporters and ,(” is the measured [udrescence signal. Note that the reporters com-
plexed with the enzyme (noted ) are ignored in this calibration because their concentration is typically
much lower than both »(.. and »%...

We can therefore quantify the error incurred on the concentration of cleaved reporters if the [Udrescence
signal due to uncleaved reporters is ignored (as is apparently commonly done in the [eltl). From Equation
[2.7) this error can be quanti [ed as:

&, %, =U,»(o %" (2.8)

Here, »%. is the overprediction of the concentration »%... As expected, the error scales with the dynamic
range (i.e., the cleaved-to-uncleaved signal ratio) of the reporters U = ﬂu A derivation of Equation
along with the study of in [u@nce of U on the determination of 250 and -+ is detailed in Section[A.2] Brie [y
not accounting for the signal of uncleaved reporters tends to result in an underprediction of :,qc, but has
negligible e [edt on

2.2.3 Error associated with the inner Ofér e Cect and calibration between [ud-
rescence signal and concentration

In practice, CRISPR assays are performed in solutions that have nonzero absorbance. This leads to the so-
called inner [Ifér e [edt, which originates from the self-absorption of both excitation and emission photons
[G0]. This results in a non-linear calibration curve. Huyke et al. [Z] suggest the following correction to
account for this e [edt:
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22; »(nl” 0; »%..,,0"
107C0 20

WL = (2.9)

This calibration curve depends on three calibration factors. First, 2o has the dimension of a concentration
and is inversely proportional to the product of the molar extinction coe [cieht and the optical path length,
as per the Beer-Lambert law [91]. 2 2 and 0; are the parameters obtained from [Iing the calibration data.

We can then infer from Equations[2.3][2.6/and 2.9 the closed-form solution of the [udrescence signal for
a typical CRISPR assay:

” " A"
iz. ~AL, 0; (o AL Y T AT

u,C” = 10»(”0 20 (210)

The solution therefore depends on the kinetic parameters of the enzyme (5¢¢, -+), initial concentrations
(»(.g ) and the calibration parameters ( °., 2. 2).

roxD:

2.2.4 Model for the uncertainty associated with pipetting and serial dilutions

We now model the uncertainty associated with pipetting steps and the associated error propagation during
the serial dilution process typical of CRISPR assays. The construction of a Michaelis-Menten curve requires
the iterative preparation of # several solutions of varying uncleaved reporter concentration noted »(..q-
(0 = #)[36]. We derive the concentration distribution for each dilution.

We de [18 B= and G- as the random variables associated with the error in the concentration at the =
dilution (dilution factor 5) and the pipetting error associated with the =t dilution step, respectively. Simi-
larly to previous studies [92], we model G= (for a single dispensation step) as normally distributed, such that
G- ¥ N ,0 f-". We here propose that the dilution protocol imposes the following recurrence relation:

B:
b1 = ¢ 5 6= (2.12)
We can iterate for all = 1:
B =
B-= 2, 2.12)
5 4=g
B= has therefore the following distribution:
"B = 2!1 2u
B- ¥ N>—2 — (2.13)
= O

We then add an additional pipetting step to account for the dilution of the stock solution to the tube in
which the trans-cleavage reaction is performed. We can therefore conclude for0 = #:
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- !12

= f 2 «
5:—99 f (2.14)
9=1 <

L] BO
)ﬁ
«

(o= TN 2.,
Note that this result is irrespective of the assumed distribution of G- (as long as f- < 0) due to the Central
Limit Theorem. We demonstrate the accuracy of our pipetting model Equation[2.14]by benchmarking it with
a Monte-Carlo model accounting for a large number of realizations of serial pipetting in Section[A.3]
The input parameters for this model are here taken from the tabulated uncertainty values for mi-
cropipettes [93] and the typical choice of substrate concentrations [29]. Consistent with the experimental
data we will present, we take the following values:

B
fo” 0045—(; 5 =2 (2.15)

2.2.5 Estimates of uncertainty distributions of :5c and .- based on Monte Carlo
simulations

We [rst present purely computational estimates based on the previously described uncertainty and bias
errors and the closed-form solution for the [udrescence signal (Equation [2.10). To this end, we performed
Monte Carlo simulations to estimate the distribution of the kinetic parameters :,oc and -+ due to various
errors for known constant values of these parameters z,5. and ... We [Isk study the separate in [ugnce
of the phenomena described in the previous sections on the estimation of z,o; and - and we will later
examine the propagation of error if such phenomena are superposed. Here, we generated distributions
of input parameters corresponding to experimental uncertainties. For now, we consider three sources of
uncertainty, each characterized by an input parameter: the inner [Ifér e [edt (2o, see Equation[2.9), pipetting
errors (»(.o= and » .4, see Equation and the number of points in the Michaelis-Menten curve (#).
Each value of the input parameter is then used to derive a unique set of progress curves, with varying
initial substrate concentrations. Each set of progress curves is repeated three times, to simulate triplicates
(experiments repeated three times). The e [edt of replicates of the experiment is discussed in more detail
in Section[A.4] We then plotted the corresponding Michaelis-Menten curve and extracted the values of the
kinetic parameters corresponding to the input parameter. This enabled us to construct distributions of : g
and .- given distributions of the input parameter. All simulations and [fslwere performed using Python
3.7.11 [94] and SciPy 1.7.3 [95].

Figures[2.Tp-b show the bias error in [Liénce of the inner [Ifér e [edt calibration on the estimation of the
kinetic parameters. Figure [2.Ta shows a plot of Michaelis-Menten curves for six values of the absorption
parameter 2. The apparent initial reaction velocity gradually decreases with increasing values of the ab-
sorbance (i.e., decreasing values of 2q). Figure[2.1h shows the apparent values of :5oc and - for 97 values
of 2o ranging from 3 to 100 uM. True values of the kinetic parameters z,,. and .. are shown with a cross.
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The inset shows the corresponding relative error on ;o and -+ de[ndd asDr = “x— (" =:30c -*). Ne-
glecting the inner [Ifér e [edt (Equation in calibration for 2y and »(..¢ values observed experimentally
[85] results in relative errors of more than 50% on each kinetic constant. This observation is important as
at least some papers in the [eltl exhibit data with strong inner [igr e [ect but do not account for this in
calibration (see Li et al. [96] for an extreme case). Importantly, the distribution data in Figure 2.Ip also
suggests that all estimates of 25o; and - yield roughly approximately equal, and fairly accurate, values of
the ratio of these parameters which is, of course, the Michaelis-Menten kinetic e [Ciehcy [ = 2%, From
this observation we conclude that [ is insensitive to 2 and the inner [fér e [edt bias error.

Figure[2.Tc shows Michaelis-Menten curve data for 10,000 simulated realizations of the pipetting process.
Each cluster shows a distribution induced by the distributions of »(..,- (Equation [2.14) and » ., (normal
distribution). In inset are plotted progress curves for each repeat. Figure shows the corresponding
distributions of :,oc and --. Relative errors solely due to pipetting errors are as high as 10% and 20% for
2o and -+, respectively. Note that the distributions shown in this [gire include the e [edt of averaging
over triplicates. As shown and discussed in Section [A.4] the distribution of individual realizations of .- is
markedly skewed toward larger values.
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Figure 2.1: Estimates of kinetic constants given uncertainty on experimental parameters using simulated
progress curves. All simulation results are shown for [x8d kinetic parameters of :,, = 075s ! and

.. =05 uM. a and b quantify the inner [Ifér e [edt (IFE). a Initial reaction velocities vs varying concen-
tration of reporters »(..q (Symbols) and Michaelis-Menten curves (solid lines) for six values of 2y (Equation
@[). No IFE corresponds to 29 = , 1. b Distribution of 2o and -+ for 97 values of 2y (circles). :,q, and

.. are marked with a cross. Inset shows relative error of each parameter. ¢ and d quantify pipetting er-
rors. ¢ Michaelis-Menten curves for 10,000 repeats of the pipetting process (Equation [2.14). Inset shows
the corresponding progress curves. The relative error in substrate concentration for each repeat is de [néd
asD,¢, = PCoc Coser] ‘02)(“‘;’6(”‘04‘3?]
the individual repeat. d shows corresponding distributions of z,o; and --. The marginal distribution of
2o0c (resp.  -+) is plotted on the top (resp. right) axis. e and f quantify the e [edt of varying the number
of »(..o values used to generate the Michaelis-Menten curves. e Initial reaction velocities vs »(..q (Symbols)
and Michaelis-Menten [Isl(solid line) considering four to ten points of the Michaelis-Menten curve. f Cor-
responding values of z;oc and -« (circles for even number of dilutions, triangles for odd). Curved arrows

, where »(..q¢ IS target concentration and »(.q4g- IS pipetted concentration of

indicate the progression of values extracted with increasing number of »(..q values.
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Figure 2.1 shows Michaelis-Menten [sIfor seven choices for the number of dilutions of reporter (i.e.,
numbers of values of »( ..o used to generate the curve). The cardinality of the subsets of dilutions ranges from
four to ten. This simulation also includes the e [edt of simulated pipetting errors as described by Equation
Figure [2.If shows the corresponding values of :oc and --. Values of :5oc and -+ corresponding
to even (odd) number of points in the Michaelis-Menten curve are shown with a circle (triangle). Curved
arrows track the progression of the estimation of the kinetic parameters with increasing numbers of »(..
values used for the Michaelis-Menten curve. Here, the kinetic parameter estimates converge as the number
of dilutions increases. Conversely, Michaelis-Menten curves constituted of four or [vé points, as sometimes
reported in CRISPR studies [98]], yield estimates of :5o; and -+ o [hy a factor 2 compared to the theoretical
values -, and ... We therefore recommend eight points on the Michaelis-Menten curve for reliable
estimates of z;oc and --. This is consistent with the recommendation for the estimation of -- only by
Ritchie and Prvan [84].

2.2.6 Uncertainty propagation in the estimation of the kinetic parameters

We now present the results of Monte Carlo simulations to estimate the values of :;oc and -+ considering
both individual sources of uncertainty and considering combinations of such sources. Similarly to what we
presented in the previous section, we generated modi [ed progress curves using Equation[2.10]and extracted
initial velocities to build Michaelis-Menten curves. We then [Tihese curves yields values of the kinetic con-
stants z5oc and -, Figure@shows the relative error on -y (resp. -+), denotedD.,,. (resp.D ..), on the
lower (resp. upper) diagonal half using two color scales and for test cases of propagated uncertainty. These
cases involve both individual sources of uncertainty ((a)-(d)) or combinations thereof. For random sources
of uncertainty ((a) and (b)), the value shown in Figure[2.2was calculated as the averaged relative error across
1,000 realizations of the random process. Similarly to the previous section, each set of progress curves is
replicated thrice to simulate triplicates. Note that the cumulative e [edt of two sources of uncertainty is
reported at the intersection of the corresponding row and column. As expected, adding more sources of un-
certainty increases the error on the estimation of the kinetic parameters. Inclusion of three or more sources
of uncertainty results in relative errors which easily exceed 70% for each kinetic parameter. Uncertainties in

-+ are particularly ampli [ed given errors which we believe are typical of Michaelis-Menten experiments.
A good rule of thumb may be that estimates in -~ and :,q¢ values are, at best, good to within a factor of 2
for carefully executed experiments with three replicates of each progress curve.
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Pipetting error on [S]p (a)1
Pipetting error on [E]q (b)1

(a) + (b))

No uncleaved reporter signal (c) 1
No IFE correction (d) 1

4/8 substrate dilutions (e)1

6/8 substrate dilutions (f)

(@) + (b) + (d)

50 " 100
ukmr [ /O]

+
0 50 100
ug,, %] (d)

Figure 2.2: Relative error in the determination of :oc and -+ for case estimates of uncertainty. These
cases were chosen as either individual e [edts or the combinations of the e [edts of [v8 distinct sources of
uncertainty (a-d) as shown. Reported are values of relative error in z5o; (resp. -+) on the lower-left (resp.
upper-right) portion. Relative error is de [néd asD~ = A} (“ =z -)where” isthetruevalueand”
the measured value. The values of z5oc and - obtained considering two sources of uncertainty are shown
at the intersection of the corresponding row and column. Mutually exclusive cases are noted "N/A." Unless
speci [ed otherwise, we used eight points of the Michaelis-Menten curve. The following values were used:
00 =058 Y, . =05uM,» .o =1nM,Bp =2puM, 29 =7puM,U =01

2.2.7 Uncertainty quanti Lcaltion for kinetic parameters extracted from experi-
mental data

This section presents analyses of bias errors in Michaelis-Menten curves with a typical experimental setup.
As a case study, we present analyses of the raw experimental calibration, progress curves, and Michaelis-
Menten curve data for CRISPR AsCas12a and AapCas12b of Huyke et al. [2] These analyses serve to demon-
strate how three biases in [uénce the measured value of kinetic constants.
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Figure 2.3: In[uénce of non-uniform sensor response (FF) and inner [iér e [edt (IFE) on experimental
progress curves. a Cleaved reporter concentration vs time for eight di [erknt initial reporter concentra-
tions. Triplicates are shown with the same color. Data was corrected for both non-uniform sensor response
and inner [f#r e [edt. b Scaled concentration de [Cit vs time due to the omission of the [aft [eltl correction.
¢ Scaled concentration de [cit vs time due to omission of only the inner [f&r e [edt correction. d shows
the non-uniform sensor response of a recently serviced thermocycler. Shown is a histogram of normalized
intensity measured across 48 wells of the plate reader (bars) and a corresponding Gaussian [E{solid line).
The inset shows the spatial distribution of the [afl [eltl signal over the 48-well plate.

Figure [2.3p shows experimental progress curves for eight initial substrate concentrations using the
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CRISPR ortholog AapCas12b. The enzyme was pipetted at concentration » ., = 1 nM in presence of re-
porters functionalized with a [udrophore-quencher pair at initial concentration »(.,. The [Udrescence
signal was measured using a MiniOpticon thermal cycler (Bio-Rad Laboratories, CA, USA) and corrected
for optical e [edts as we shall discuss next. The sensitivity of microwell-type array [udrescence detectors is
not uniform. A single value of [udrophore concentration and a very uniform dispensing of sample volumes
results in a non-uniform measured signal. We hypothesize that this may be due to well-to-well di Cerknces
in illumination and in the light-capture optics. A signi [cant component of this non-uniformity in response
is repeatable across experiments over periods of one week or two. Hence, this non-uniformity may be cor-
rected by accounting for the non-uniform response. We here term this correction " [aft [eltl" in analogy to
the correction used to correct for non-uniform system response in [Ldrescence microscopy (which is typi-
cally mostly due to non-uniform illumination) [97]. For micro-well arrays of thermocyclers, we recommend
the following correction to the raw data:

B = (2.16)

where : and ,spa are respectively the raw signal from the thermal cycler, the background,
[afl [eltl, and corrected signals. The quantity here refers to a matrix quantity whose elements each cor-
respond to the well-speci [Chignal. The [aft [eltl signal of the aforementioned thermocycler was obtained
by [lihg each well of the thermal cycler with the same volume of the same solution of cleaved reporters
(concentration 2.5 uM). This is shown as an inset in Figure [2.3d for the recently serviced (by manufac-
turer) thermocycler array system. Figure[2.3d shows a histogram distribution of the intensity of the [af- [elt!
signal in the 48 wells of the thermal cycler and the corresponding raw signal for each well (inset).

The [afl [elt-corrected progress curve data can be compared to the uncorrected version to analyze
the well-speci [T bias errors incurred from uncorrected data. For the current data, this is shown in Figure
which plots a scaled concentration de [Cit % versus time. Here, »%.,.,, iS the product
concentration calculated using the ([udrescence signal to concentration) calibration (i.e., inverting Equation
[2.9). Accordingly, »%.,., is the concentration obtained after [afi[eltl correction and inner [lfér e [eck
correction and »%.._, is the concentration obtained after inner [f&r correction only.

Note that [afl [eltl correction and calibration (including IFE) are coupled in any analysis. To isolate the
e [edt of the IFE, Figure shows the scaled concentration de [cit % versus time observed
if the inner [Ifér correction is not applied on the experimental signal. Here, »%.,,,, IS the concentration
obtained after [afl [elt correction and inner [Ifér e [edt correction and »%.._, is the concentration ob-
tained after [aft [eltl correction only. In this case, the scaled concentration de [Cit can exceed 20% and, as
predicted by Beer-Lambert law, it is always positive and strictly increases with concentration.

The errors in concentration shown in Figure[2.3|propagate to the Michaelis-Menten curves and therefore
impair accurate determination of the kinetic parameters. As a demonstration of the combined e [edt of
various uncertainties, Figure [2.4shows the in [ugnce of the nonuniform sensor response, inner [Ifér e [edt,
and the number of points chosen to build the Michaelis-Menten curve on the experimental estimation of
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2poc and -+, Data is shown for the two orthologs AsCasl2a and AapCasl2b. We present in Section
distributions of :5oc and -+ accounting for all e [edts presented in this chapter on simulated data.
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Figure 2.4: In[uénce of non-uniform sensor response (FF), inner [f#r e [edt (IFE) and number of points
in the Michaelis-Menten curve on kinetic constants determination. a shows measured reaction velocity
vs initial substrate concentration for AsCas12a omitting [af [eltl correction (triangles), inner [Ifér e [edt
correction (crosses) and correcting for both e [edts (circles). Shown are measured velocities (symbols) and
corresponding Michaelis-Menten [Isl(solid lines). b shows corresponding values of z,o; and --. Shown
are measured values of the kinetic parameters without [aft [eldl correction (triangles), without inner [fgr
e [edt correction (crosses) and with both corrections (circles), for four to eight points in the Michaelis-
Menten curve. c-d Analogous plots for the CRISPR ortholog AapCas12b.

Figure [2.4p shows Michaelis-Menten curves for AsCas12a without [afl [eltl correction, without inner
[Ifér correction and with both corrections. Figure@p shows the corresponding measured values of :yq¢
and -+ using four to eight points of each Michaelis-Menten curve. Figures[24c and [24d show analogous
data than respectively Figures[2.4p and[2.4p for AapCas12b. Relative variations of :5oc and -+ exceed 60%
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for AsCasl2a and 80% for AapCasl2b. This compares well with the uncertainty estimation obtained in
the Monte Carlo simulations. The number and range (relative to --) of »(..¢ values used to construct the
Michaelis-Menten curve is critically important given that reported data is often limited to just a few values.
As just two examples, Shinoda et al. [37] and Li et al. [96] present data for :oc and -+« using three and [vd
»(.o values, respectively.

Pipetting error on [S]p (a)1
Pipetting error on [E]p (b)1
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No uncleaved reporter signal (c) 1
No IFE correction (d)
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Figure 2.5: Relative error in the determination of the kinetic parameters separately and for the kinetic

e [ciehcy [. The various cases analyzed (e.g., row and column labels and interpretation of intersections)
are the same as those of Figure 2.2} The lower-left portion shows reported values of the minimum of the

relative errors of 1ooc and --. Relative errors in [ are listed in the upper-right portion. Relative error is
de[@d asDr = 50 (™ =:20c, -, [)where” isthe true value and” the measured value. The following
values were used: 1,o =05s 1, .. =05uM,» .0 =1nM,Bp =2 M, 29 =7uM,U =01.

Figures[2.T]and [2:4 highlight an important trend in much of current analyses of bias and random errors
associated with Michaelis-Menten-type analyses. Namely, individually or collectively, the various sources
of uncertainty very strongly a [edt determination of :,oc and --. However, these errors have a signi [cantly
weaker in[ugnce on the estimation of the catalytical e Cciehcy parameter [ = :po¢  ++. This precision in
the quanti [cation of catalytic conversion is manifested in the approximate groupings of measured values
of 1poc and -+ along diagonals in Figures[2.4p, 2.4d and [2.4f. To further illustrate this observation, Figure
@shows the relative error on [ and the minimal relative error made on either :,q; or - for the same test
cases (i.e., column and row labels) of Figure[2.2] In most cases, the estimation of the kinetic e [iehcy of the
enzyme yields relative errors lower than or on the order of the minimum of the two uncertainties on :;q
and .- separately.

We attribute this to several aspects of the extraction of :5o;, -+ and [. For example, the inner Oigr
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e [edt more strongly attenuates measured signals for higher values of »(..,. This modi [ed the shape of the
Michaelis-Menten curve and results in lower apparent values of both ;o and --. Further, we note that
bias error resulting from a lack of [afl [eltl correction tends to a[edt :yo; and -+ in approximately the same
way. Hence, both constants are either over-predicted or under-predicted so that [ is less a [edted. Similarly,
we note that pipetting errors also tend to a[ect the estimation of :yo; and -+ in the same way, such that
the estimation of [ is, relatively speaking, more precise.

Lastly, we note that the precision of the measurement of [ relative to determination of :yq; or
individually is convenient as [ is likely much more important to the design and implementation of CRISPR-
based assays. We hypothesize that most assays based on the cleavage of [udrophore-quencher pair reporters
will employ relatively low values of »(., (compared to --) to avoid the signi[cant background due to

uncleaved reporters [2]. In the latter regime, the reaction velocity is more sensitive to [ (as Eg 010
»(.0 ¥

20 0Co g [), in contrast to the high substrate regime where Iim' Eo = Io0c» .0

(o - ¥,

2.3 Conclusion

We used analytical derivations, Monte Carlo simulations, example analyses of models and experimental
calibrations, and experimental data to estimate typical uncertainties associated with the determination of
kinetic constants of enzymatic reactions following the Michaelis-Menten model. We focused this presenta-
tion by exploring the case of measurements of the Michaelis-Menten kinetics parameters of CRISPR-Cas en-
zymes which use reporter molecules consisting of synthetic nucleic acids functionalized with [udrophore-
guencher pairs. We considered the independent and combined in [uénces of neglecting background of un-
cleaved [udrescence reporters, inner [fdr e [edt, pipetting errors (including typical serial dilutions), the
number of points in the Michaelis-Menten curve, and [aft [ell correction on the estimation of :,q; and
We constructed multi-dimensional probability distributions of these errors using our models and Monte
Carlo simulations. This included estimations of the in [ugnce of the combined e [edts of various independent
(and small groupings of the) sources of uncertainty. We also considered the e [edt of triplicate repetitions. As
an example case study, we applied our uncertainty models to the experimental uncertainty associated with
the estimation of :yo; and -+ for two CRISPR-Cas orthologs, AsCasl12a and AapCas12b. We characterized
each source of uncertainty with an input parameter.
Typical experimental distributions of input parameters led to substantial relative error for both :,o; and

. From the results of the Monte Carlo simulations, we conclude that both these constants are typically
measured within a factor 2 and that uncertainties for reported experimental conditions prevent precise
estimations of o and --. However, the measure of the kinetic e [ciehcy :yoc -+ leads to signi [cantly
more precise estimations than the estimation for either :o; or -- independently, given the same input
uncertainty. This suggests using :,o¢ -+ rather than :,oc and -+ as an index of enzymatic performance—
especially, as we have shown, for CRISPR-Cas systems.



Chapter 3

Degradation of reporter molecules
Imposes a fundamental limit of
detection on CRISPR diagnostics

The contents of this chapter were previously published by A. S. Avaro, A. D. Gri [Thg and J. G. Santiago
[98] in the journal Analytical Chemistry and are reproduced here with minor modi Lcdtions. Supplementary
information associated with this chapter is presented in Appendix [B]

3.1 Introduction

Clustered regularly interspaced short palindromic repeats associated enzymes (CRISPR-Cas) have raised
signi [cant attention in the [eltl of molecular diagnostics in the past few years [, [7, 99, [1. CRISPR-Cas
systems typically consist of a Cas endonuclease (e.g., Cas12 [100} [12] or Casl13 [11]) conjugated to a syn-
thetic guide RNA (gRNA), which includes a sequence complementary to the target nucleic acid. The enzyme
[rst recognizes and cleaves target in a speci [C tis-cleavage step which activates the enzyme. The activated
enzyme subsequently exhibits a non-speci [c_tollateral trans-cleavage of single-stranded nucleic acid (e.g.,
DNA for Cas12 and RNA for Cas13) [6, 99} [30]. A great variety of strategies have been developed to lever-
age this mechanism for diagnostic purposes. The majority of these assays use synthetic single-stranded
nucleic acid reporters labeled with a [udrophore on one end and a quencher on the other [12, (10T} [102]. In
such assays, a rise in [udrescence signal is used to detect enzymatic trans-activity and this signal informs
on the presence of target, the target’s initial concentration, and/or the reaction kinetics of the enzyme.
CRISPR-based detection methods are often presented as an alternative to exponential molecular ampli =]
cation methods such as quantitative polymerase chain reaction (QPCR) and loop-mediated isothermal am-
pli [cation (LAMP) [103] [104} [I05]. The latter methods are robust, but can be prone to false positives and

26
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often require bulky and expensive equipment for target quantitation. By comparison, CRISPR-based meth-
ods are highly speci [c,Jeasily recon [gurable, and do not require thermal cycling, and this makes them an
increasingly popular addition to the molecular diagnostics toolbox [I, [10Z] [Z06].

An important disadvantage of CRISPR-based assays over molecular ampli [cation techniques is their
limited sensitivity [Z}[Z07], which is limited by both their kinetic rates and observed non-speci [cackground
activity. Early reports [12] [I3] claimed CRISPR catalytic rates exceeded 1,000 turnovers per second, but
these and other similar reports are now known to be gross errors [2, 29, [8]. Catalytic rates are typically
on the order of 1 turnover per second [2]. Further, CRISPR-Cas systems that leverage the cleavage of
[udrophore-quencher reporters exhibit [nike background activity [, 8] [108, [109]: a measured [udrescence
signal increases with time even in the absence of target molecules. These limitations constitute a major
obstacle to the detection of trace concentrations of nucleic acids [8]. Despite the fundamental importance
of the background activity on the limit of detection of CRISPR assays, there has been, to our knowledge, no
kinetics description nor model that accounts for this phenomenon.

In this work, we report on and present experimental evidence of the essential role played by the non-
enzymatic degradation of [udrescent reporters. We show that this degradation happens independently of
CRISPR activity. Yet, because it becomes the dominant reaction mechanism at low target concentrations, it
has immense consequences on CRISPR assay sensitivity. Further, the kinetics of this reporter degradation
imply that the traditional Michaelis-Menten kinetic system does not capture empirical observations. We
use our model to derive an analytical expression for a fundamental limit of detection imposed by reporter
degradation on CRISPR assays. We provide a novel approach to calibrate CRISPR assay signals which in-
corporates a modi [ed kinetic framework (di Cerknt from Michaelis-Menten). We also present a controlled
experimental study demonstrating this degradation, and experimental validation of our model and how this
degradation directly limits the sensitivity of a Cas12 assay.

3.2 Methods

3.2.1 Reagents

LbCas12a (a Cas12 ortholog from Lachnospiraceae bacterium ND2006) at a concentration of 100 uM and NEB-
u Lerlr2.1 were purchased from New England Biolabs (MA, USA). NEBu [erlr2.1 is composed of 50 mM NacCl,
10 mM Tris-HCI, 10 mM MgCI2, and 100 pg/ml recombinant albumin (pH 7.9 at 25°C). Reporter molecules
were purchased from Euro [nd Genomics (France) and resuspended at 100 uM. All other oligonucleotides
reported in Table[B.T](Section|B.7) were obtained from Integrated DNA Technologies (IDT) and resuspended
at 100 uM. All [udrescence measurements were performed using a CFX384 Touch Real-Time PCR Detec-
tion System (Bio-Rad Laboratories). In all experiments, [udrescence measurements were taken at 37°C and
every 30 s.
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3.2.2 Trans-cleavage kinetics experiments

We [rst prepared a solution of 1 uM ribonucleoprotein (RNP) by incubating 1 uM synthetic gRNA and
Casl2a at 37°C for 30 min. RNP were [Tst diluted to 80 nM in NEBu [erl r2.1 before activation with 20
nM synthetic dSDNA target at 37°C for 30 min. The kinetics of cis-cleavage have been extensively dis-
cussed elsewhere [49) [34] [110] 31} 33], and we here consider the reaction complete after incubation. We
then performed trans-cleavage Kkinetics assays using 1 nM activated RNP and varying synthetic reporter
concentrations (ranging from 14 to 900 nM in 2-fold dilutions). The reactions were bu [erkd in 1X NEB-
ulerdr2.1. All mixing steps prior to data acquisition were performed on ice. Three replicates were taken
for each reporter concentration. Fluorescence values were converted to concentrations using the models
described in this chapter and the calibration curves reported in Section [B.8] The initial reaction velocities
were computed using a linear [fio the [rst 3 min of the reaction progress curves. Kinetic rates :,q; and

= were computed using a nonlinear Michaelis-Menten [fuising GraphPad Prism 10 (Graph-Pad Software,
CA, USA). Note the Michaelis-Menten model here is su Lcieht as target concentrations are su Lciehtly high.

3.2.3 Reporter degradation experiments

We conducted similar experiments to what was performed in the trans-cleavage kinetic experiments omit-
ting one or several critical component(s) of the CRISPR reaction. For the no target experiment (Figure[3.3p),
we prepared a solution of 80 nM RNP following the same protocol as described above. We then diluted the
RNPs to 5 nM ([nal concentration) and mixed them with solutions containing varying synthetic reporter
concentrations (ranging from 14 to 900 nM in 2-fold dilutions). For the no gRNA experiment (Figure 3.3c),
we mixed 50 nM Cas12a with 1 nM dsDNA target and the same varying concentrations of sSDNA reporters.
For the no Cas experiment (Figure [3.3d), we mixed 10 nM gRNA with 1 nM target, and varying concentra-
tions of reporters. Finally, for the reporter-only experiment (Figure 3.3g), we diluted the sSDNA reporter
stock to varying concentrations ranging from 14 nM to 900 nM in two-fold serial dilutions. Three replicates
were taken for each reporter concentration for all cases.

Inall cases, we then proceeded to [udrescence measurements. Reactions were performed in 1X NEBu [erl
r2.1. Initial reaction velocities were computed using a linear [iflo the [rst 15 min of the reaction progress
curves. The value of :x4»> was computed using a linear [Iuising GraphPad Prism 10.

3.2.4 Limit of detection experiments

We [rst prepared a solution of 1 pM ribonucleoprotein (RNP) by incubating 1 pM synthetic gRNA and
Casl2a at 37°C for 30 min. RNP were [rst diluted to 80 nM in NEBu Lerlr2.1 before incubation with 110 nM
reporters and concentrations of synthetic target dsDNA ranging from 1 fM to 10 nM in 10-fold dilutions.
Reactions were performed in 1X NEBu [erlr2.1. Fluorescence values were converted to concentrations using
the calibration process described in chapter 3 The initial reaction velocities were computed using a linear
o the [rst 500 s of the reaction progress curves.
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3.3 Results and discussion
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Figure 3.1:; CRISPR diagnostic [udrescent signals. a Schematic for DNA detection using CRISPR-Cas12. The
Cas12/grRNA complex (ribonucleoprotein, RNP) [rst recognizes a specic1 20-nucleotide DNA sequence
complementary to the gRNA. This activates the enzyme (shown in yellow color), triggering non-speci [
cleavage of ssDNA [uarophore-quencher reporters. b Schematic of three sources of [udrescent signal. In
addition to background signal (e.g., from plastic thermocycler tubes, not shown), photons are emitted by
reporters cleaved by the Cas12 enzyme upon activation; uncleaved reporters that are imperfectly quenched;
or reporters that are degraded non-enzymatically. ¢ Schematic of [udrescence signals versus time from a
positive sample (with target), a negative sample (no target), and the prediction by a (commonly used) naive
model for a negative sample.

3.3.1 Signal kinetics in the low target concentration limit

Figure [3.Th summarizes a typical CRISPR-Cas12 diagnostic assay. The assay involves two sequential re-
actions [12| [30]. First is a relatively rapid [49] [34] [110] [3T]] reaction called cis-cleavage during which the
enzyme is activated by recognizing and cleaving a speci [ctarget DNA sequence complementary to the
gRNA. Second is the rate-limiting step called trans-cleavage where the enzyme indiscriminately cleaves
single-stranded nucleic acid reporter molecules. The vast majority of the published Cas12 assays use short,
dually-labeled ssDNA [udrophore-quencher reporters whose quantum yield signi [cantly increases when
cleaved [6} 12 [I11]. Anincrease in [udrescence signal is used to detect enzyme activation, and the presence
of target nucleic acid is deduced from this signal.

The most successful model to describe the trans-cleavage kinetics of the Cas enzyme is the Michaelis-
Menten model [29,[I17]. In this framework, the rate of production of cleaved reporter is proportional to the
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activated enzyme concentration, and this can allow the quanti [cation of initial DNA target concentration.
For such questions, we often want relations between measured signals and kinetic rates of the reaction.
However, as reported by Santiago [8], a large fraction of all CRISPR diagnostics studies [12, [L3| 109 [111}
113) [114] report absolutely no calibration method nor calibration data. This de [cit in reporting can make
it impossible to verify and even reproduce studies. It can also lead to gross errors in Kinetic rates [115
116]. We summarize in Section [B.1]a brief history of kinetics model formulations and calibration methods
(including successive improvements) for CRISPR-based diagnostics methods. To our knowledge, the most
comprehensive calibration has been reported by Blanluet et al. [85] Here, we derive a closed-form expression
for the [udrescence signal in the limit of low initial target concentration, as predicted by the Michaelis-
Menten framework.

Under the quasi-steady state and the reactant-stationary assumptions [4/]], we [rst adapt the calibration
equation (10) from Avaro and Santiago [49] (equation[2.10]from the current thesis) and include the extension
proposed by Blanluet et al. [85] We present a detailed derivation of this approach in Section [B.I} This
calibration yields the following relation:

»( Al
Sl 0" =10E L AL 0 ey AL g (31)
where:
A "=, »(;Oexp »(_0 ﬂ» OC (32)

Here, 2 .C;» .o" denotes the so-called “ [afilelti-corrected” [4Y,[85] [Ldrescence intensity at time C as
predicted by the Michaelis-Menten model. 0;, 22;, and 2 are calibration constants, :;oc and -~ are the ki-
netic rates of the enzyme, » ., =» ..,0 =07 is the initial activated enzyme concentration, »(.; = »(.. .0 =0”
represents the total concentration of reporters in the reaction, and , is the Lambert-, function [89]. We
note that the model represented by equation [3.1) accounts for the signal originating from uncleaved re-
porters, the so-called “inner- [Ofér e [ect”, and the well-to-well (i.e., position-to-position) variation in [ud-
rescence detector response [85]. In the limit where the target concentration » .., is low, this closed-form
solution is well approximated at the [rst order by:
ar byt 10 (e %1 —2c0 0 p g P b (33)
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The derivation of equation [3.3]involves a Taylor series expansion of the Lambert-, function and we
discuss these details in Section [B.2]

Next, we discuss the rates of increase of signal of these systems. We often want a signal which is a weak
function of initial signal value and initial background value. As such, we consider the [Tst derivative with
respect to time of equation 3.3}
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As expected, this model of signal rate is proportional to the initial velocity predicted by the Michaelis-

Menten model: e s
T M 0T (3.5)

We here refer to equations[3.3]to[3.5]as the “naive” model for CRISPR kinetics which we seek to criticize
and expand upon in this chapter. This naive model is consistent with the prevalent theory of CRISPR
reactions which assumes that the target concentration limits the maximum value of » .y; and, if » ., =0,
the signal is not expected to increase in time.

As we shall discuss and demonstrate with quantitative experiments, the prediction and interpretation
that signals will not increase for negative samples (i.e., lack of target molecules) is incorrect. There is in fact
published experimental data showing that reaction velocities (as interpreted from [udrescence signals and
calibration) plateau to a constant, nonzero value as target concentrations approach zero [2,[29] 108 109, [11/].
The mechanism behind this non-speci [csignal rise has not been explained, but the evidence implies that
there exists another source of [Udrescent signal that is unaccounted for by the aforementioned models or
calibrations and not predicted by the Michaelis-Menten framework.

Figure [3.Tb summarizes the three di[erent sources of [udrescence signal of a CRISPR reaction. The
[rst source consists of reporters cleaved by the enzymatic trans-cleavage. The second source involves the
imperfectly quenched, yet uncleaved reporters ( naivenC; 0”), Which was introduced and accounted for in
equation [3.1 above and which we detail in Section The third source of signal is the e [edt upon which
is the focus of this work: The degradation of reporters independent of the CRISPR enzyme. The latter two
sources of signal are not directly related to the activated enzyme concentration, and are therefore usually
considered as background signal for any diagnostic assay or enzyme kinetics measurement. However, we
know of no published work that accounts for the observed degradation rate of reporters. Figure[3.1c shows
schematic progress curves (i.e., evolution of [udrescence signal versus time) that result from the summation
of the three sources of signal listed in Figure[3.Th. Shown here are progress curves in the presence of target
(light green) and absence of target (negative, dark green). We also show the prediction by the naive model
(equation for the negative case. As mentioned earlier, the naive model predicts zero signal increase in
absence of target molecules.

3.3.2 Proposed modi Lcations to Michaelis-Menten kinetics to include [rst order
reporter degradation

We now introduce an important factor in the interpretation of CRISPR kinetics which we recently discov-
ered and quanti [ed as part of the current study. The discrepancy between the experimental observations
and the naive Michaelis-Menten predictions implies the existence of an underlying complexity in the kinet-
ics description of any CRISPR system that involves the [udrescently-labeled reporters. Namely, a critical
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source of background signal originates from reporters which can degrade in the absence of target and/or
the CRISPR-Cas enzyme.

To account for this observation, we here introduce a so-called “augmented” (as opposed to “naive”) ki-
netics framework to describe enzymatic assays with [rst order reporter molecule degradation. We select a
[rst-order model to keep the model as simple as possible while capturing essential experimental observa-
tions. We describe this reaction system using the following equations:

NG T (36)
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Here, equation3.7|corresponds to the observed degradation of reporters that is not mediated by the Cas
enzyme. The corresponding system of rate equations is then more fully described as:

3.
:;)(S = 59 o0, 0 . KreprYl (3.8)
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With the following initial conditions:

(0 =0" =0 3.12)
» L0 =0"=» . (3.13)
» .,0=0"=0 (3.14)
»..,0 =0"=0 (3.15)
Similar to the Michaelis-Menten system, we de[nd - = % Closed-form solutions [[118] for similar

systems of rate equations have been derived, but they rely on transcendental functions that are specially
de[ndd for these systems and that are not available in most scienti [Computing packages. Under the
reactant-stationary assumption and the quasi-steady state assumption [89], we can derive an analytical
expression for the initial reaction velocity analogous to the naive Michaelis-Menten case (equation [3.5):

% L=0"= 00 . ”(—S(O 22 (g (3.16)
In the special case where » ., = 0 (no target), equations[3.8to[3.11] collapse to:
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3x(. 3%.,
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Equation [3.17)then yields an analytical solution for the [Ldrescence intensity in the no-target case:

»
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Inequation(3.18) and  are respectively the [aflleltl and background signal arrays (associated with
the array of reaction-tube-speci [ctetectors). Unlike equation (1) in Blanluet et al. [85], the quantities
and are here time-dependent arrays and not averages in time. The time rate of change of the signal is
then:

3 2>AA

2 .
it RO R O s (319)
where 2;{*35 is the [afllelt-corrected [udrescence intensity in the no target limit. This corresponds

to the following characteristic time scale gs:

1
U3 = - (3.20)
Ve

Here, the subscript “3” denotes “degradation”. For characteristic observed rates, as we will show below,
this characteristic time is much longer than typical experiments (e.g.,gs j 8 daysfor zas» =14 10 6s 1),
We indicate with g4 the characteristic duration of the experiment (5min g4 2 h for typical trans-cleavage
experiments). Assuminggs s, then the rate of increase of the background signal, as derived in equation
[3.19 is approximately constant throughout the measurement:

3 34%\8 2o 0 0 ;
—ar 10 2 7 .y (g (3.21)

We will later in this chapter refer to this estimate of the initial rate of signal growth.

Before validating our model with experimental data, we present simple visualizations of the theory.
Speci [cally, Figure[3.Za shows plots of the predicted, initial (linear) portions of the progress curves. Shown
are product concentration pro [Ies (»%..,0") for seven concentrations of the target (i.e., » .¢). We show two
sets of predictions. First, the solid lines are predictions by the naive Michaelis-Menten model. Second, the
data symbols show results from our augmented model (equations [3.8to [3.15). Note the data symbols are
color coded to the corresponding curves of the naive model. Figure[3.2b shows a subset of [vé of these curves
in the low product concentration region (»%..,.” 1 nM) for clarity of presentation. As derived in equation
[3.5 the initial reaction velocity predicted by the naive model is proportional to the target concentration,
and therefore approaches zero as » .g approaches zero. However, unlike the naive model, the augmented
model curves converge towards a nonzero, linear increase in product concentration as target concentration
approaches zero (shown using cross data symbols). This corresponds to the zero-target limit derived in
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equations [3.17] to [3.19] where the degradation of reporters dominates the production of cleaved reporters
over the enzymatic trans-cleavage reaction. We indicate with shading in Figures[3.2a and [3.2p the region
where detection is extremely di Cculk for the speciled values of :x47 and »(.g. In this low-target regime,
accurate detection would require precise knowledge of the degradation of reporters and would require that
this degradation be extremely repeatable from experiment to experiment. Note the degradation of CRISPR
reporters has analogies to qPCR TagMan probes which we discuss brie [yin Section[B.7]
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Figure 3.2: Comparison of naive versus augmented models. a Example cleaved reporter concentrations ver-
sus time for a [Xad initial reporter concentration (»(.., = 110 nM) and seven values of target concentration
» ..o- Shown are numerical solutions to the full Michaelis-Menten system (equations[3.8]to[3.15), with (sym-
bols) or without (naive model, lines) reporter degradation. b Selected curves from a, in the zone of low
product concentrations. As target concentration (» ..;) approaches zero, the curves converge to a minimum
signal rise determined by reporter degradation (and not by trans-cleavage by CRISPR). The shaded region
highlights the region that is practically inaccessible in the augmented kinetic framework. We used the fol-
lowing values for this example: :5 =10°M s ! 1o =20s !, - =36pM,and 1j4» =14 10 s 1,



CHAPTER 3. DEGRADATION OF REPORTER MOLECULES IN CRISPR-DX 35

3.3.3 A fundamental limit of detection for CRISPR [udrescence-based assays

We here derive a simple algebraic expression describing a fundamental limit of detection for any enzy-
matic assay given [rst order reporter degradation. As an important reference value, we del[ng » ., 4> as
the theoretical initial target concentration for which trans-cleavage with no reporter degradation exactly
matches an observed signal increase due solely to reporter degradation (sans target). » .q - can therefore
be interpreted as an apparent target concentration that would, in the framework of the naive model, explain
a signal that is actually due solely to reporter degradation. To this end, we set equal the right-hand sides
(RHSs) of equations[3.4/and and derive the following:

e (3.22)
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The latter also corresponds to the situation where each of the two terms in the RHS of equation [3.16
have an equal contribution to the cleaved reporter production. We will term this condition as a signal-to-
background ratio of unity. » .q ;> isanextremely useful estimate for the design of all CRISPR kinetics and
CRISPR diagnostic assays which rely on reporter molecules. First, this concentration is directly proportional
to reporter degradation rate :j4,—highlighting the great importance of this reporter degradation e [eck.
Second, this concentration is a linear function of reporter concentration. Depending on the magnitude of

-+, increasing reporter concentration »(.., can have a strongly deleterious e [edt on sensitivity.

3.3.4 Late readout e [ect on the reaction velocity

In this section, we introduce a scaling argument to evaluate the reliability of experimentally measured
reaction velocities as approximation of initial reaction velocities. The characteristic timescale of completion
the Michaelis-Menten reaction g---- is determined by the kinetic rates of the enzyme [29, [8]:

greer = — (3.23)
1200 w0

However, the trans-cleavage reaction is initiated upon mixing reagents and there is a time delay before
signal acquisition begins. This delay corresponds to the time necessary to mix reagents into a reaction vessel,
load the vessel (tube or well-plate) into a detection instrument, heat the vessel to incubation temperature,
and initiate data collection. We denote this time delay g-a4 (Where the subscript denotes “preparation time”
or “pre-data-collection”). In our experience, g-a4 is typically on the order of a few minutes (gop4 5 min).
For high values of » ¢, the characteristic time of completion of the reaction g---+ can be on the same order
of magnitude than g-x4. For instance, for » .., = 10 nM and typical measured values for the kinetic rates for
LbCas12a (:o0c =20s %, = =36 uM),g--=- 3 min. In this case, the measured reaction velocity (after
a delay g-x4) substantially underpredicts the real initial reaction velocity (as depicted in Figure 3.1f). We
will here term this underprediction of the reaction velocity the “late readout e [edt”. As an illustration, we
provide in Section[B.5|example estimates of the apparent reaction velocity for varying target concentrations
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for [vd values of the time delay g-a4 ranging from 0 to 7 min.

Of course, at low target concentrations, g---- is much larger than g-a4, and the late readout e [edt is
negligible. For instance, for » .o = 1 pM, g-=+- j 20 days. In such cases, the measured reaction velocity
over the [rst minutes (even hours) of reaction is a very good approximation of the initial reaction velocity.

We can also de [nd a characteristic target concentration » .. .o¢4 for which the [nike reaction time goas
prior to signal recording a [edts estimates of reaction kinetics:

Y w0 ;004 (3.24)

=200972p4

We approximate the value of = :,q; as the value ultimately estimated from the kinetics experiments (e.g.,
at the [nal incubation temperature of interest). This limit makes exploring high target concentrations
di Cculk. Equation[3.24]should be interpreted as an order of magnitude estimate that is nevertheless helpful
in designing CRISPR experimental protocols.

3.3.5 Experimental validation of the kinetic model

We now present an experimental validation of the model presented in equations [3.6to [3.19} Figure 3.3
shows progress curves, i.e., the typical measurement of cleaved reporter concentration as deduced using the
calibration equationB.5] Figure[3.3a shows the progress curves for trans-cleavage experiments in presence
of 1 nM target. As expected, the concentration of cleaved reporter increases with time and this increase
varies with initial substrate concentration. In parallel to trans-cleavage experiments, we measured the
increase in [udrescence of solutions containing the same concentrations of reporters as those reported
in Figure [3.3p, but omitting one (or several) critical component(s) of the CRISPR reaction. Figures [3.3p,
[3.3c, and [3.3d respectively show progress curves in absence of either dsDNA target, gRNA, or LbCas12a
enzyme. Figure[3.3e shows progress curves corresponding to reporters incubated in bu [erlat 37°C in absence
of Cas enzyme, DNA target, and gRNA (i.e., only in reaction buler). Strikingly, all cases resulted in a
slow, yet measurable increase in cleaved reporter concentration with time and, as expected for a [rst-order
reaction, the rate of increase depends on the initial reporter concentration »(..,. Further, this increase is
similar in magnitude regardless of the presence of Cas enzyme, dsDNA target, or gRNA. This suggests
that the observed rise in [udrescence is mainly due to the non-enzymatic reporter degradation. We also
note that the deviation from linearity in Figures[3.3p-e may originate from photobleaching after prolonged
exposition, which is not captured by our simple model. Importantly, all cases shown in Figures[3.3p to e
correspond to the case » ..q =0, resulting in no predicted [udrescence signal increase in the naive Michaelis-
Menten framework. Note signal versus time curves of CRISPR reporters in absence of CRISPR enzymes are
extremely rare and to our knowledge have never been discussed (see Section|B.8§).
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Figure 3.3: Measurements of [udrescence signal from CRISPR assay reporters. a Progress curves with a
target concentration of 1 nM (i.e., maximum value of » .o = 1 nM) and eight representative values of the
initial reporter concentration »(..o. b Progress curves for the same chemistries as in a, but in the absence
of target DNA. ¢ Progress curves for the same chemistries as in a, but in the absence of gRNA. d Progress
curves for the same chemistries as in a, but in absence of Cas enzyme. e Progress curves for the same eight
reporter concentrations as in a in buLedonly. The [udrescent signal is governed by reporter degradation
at 37°C. These experimental data were used to quantify reporter degradation rate constant :4».
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Figures [3.4a and [3.4p show initial reaction velocities corresponding to the progress curves shown in
Figures to e, as function of initial reporter (a.k.a. substrate) concentrations. Figure shows data
in a linear-linear plot, while Figure 3.4p shows the same data in a log-log plot for clarity. Initial reaction
velocities in presence of 1 nM target dsDNA (red circles) were further [féd using the Michaelis-Menten
model (equation to extract values of :,o; and -+ for this speci [CHRNA sequence. The best [for this
data yields 1poc =20s Yand - =36 uM. These values are consistent with previously reported values
for LbCas12a [12, [29]. Also plotted in Figures [3.4p and are initial reaction velocities measured in the
di Cerknt cases reported in Figures[3.3p to e. Each data set was [flising a linear regression (see equation
[3.17). Regardless of the presence of Cas enzyme, dsDNA target, or gRNA, the reaction velocity is well ap-
proximated by a single linear function of the initial reporter concentration. The collapse of the bottom four
curves in Figure 3.4 constitutes further evidence that the background reaction velocity originates from a
degradation of reporter molecules which is not mediated by the Cas enzyme. A linear regression of the
reaction velocities shown for reporters only (green squares) yields zp4» =14 10 %s 1. To our knowl-
edge, this measurement is the [rst quanti [cdtion of the degradation rate of reporters in absence of CRISPR
enzyme. We also investigated the in[uénce of temperature and [udrescence acquisition settings on this
kinetic rate (see Sections [B.9)and [B.10), and found that the reporter degradation rate increases both with
incubation temperature and frequency of [udrescence readouts.
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Figure 3.4: Comparison of naive versus augmented models. a Example cleaved reporter concentrations ver-
sus time for a [Xad initial reporter concentration (»(.., = 110 nM) and seven values of target concentration
» ..o. Shown are numerical solutions to the full Michaelis-Menten system (equations[3.8]to[3.15), with (sym-
bols) or without (naive model, lines) reporter degradation. b Selected curves from a, in the zone of low
product concentrations. As target concentration (» ..q) approaches zero, the curves converge to a minimum
signal rise determined by reporter degradation (and not by trans-cleavage by CRISPR). The shaded region
highlights the region that is practically inaccessible in the augmented kinetic framework. We used the fol-
lowing values for this example: :5 =10°M 1s ! 150 =20s !, - =36pM,and 1p4» =14 10 s L,

3.3.6 Experimental validation of the limit of detection of CRISPR-based assays

Next, we experimentally investigate the e [edt of the reporter degradation on the limit of detection of
CRISPR-based assays. Figure [3.5 shows the measured reaction velocities for target concentrations rang-
ing from 1 fM to 10 nM in our limit of detection experiments. To highlight the limiting e [edt of reporter
degradation, reaction velocities were normalized using the product : 47 »(..q, Where 2p4» =14 10 651
(as measured earlier) and target concentrations were normalized using » .y , as estimated from equation
and the enzymatic rates measured above (:5oc =20s !, - =36 uM). We also show in Figure
the corresponding predictions using three kinetic models: the naive Michaelis-Menten model (green dashed
line, equation [3.5), a simple version of our augmented model (orange dashed line, equation [3.16), and our
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augmented model further corrected for a late readout of the reaction velocity (black solid line). The latter
model is computed using a numerical solution to the full augmented ODE system (equations [3.§] to
wherein the reaction velocity is evaluated 5 min after the reaction has started (i.e., g.,4 =5 min). The latter
is estimate is consistent with our experimental protocol.

Importantly, the reaction velocity measurements shown in Figure 3.5 exhibit the expected leveling o [
of signal as target concentration decreases; a feature typical of sensitivity curves of many assays. As high-
lighted in the [gure, the curve exhibits three regimes associated with low, intermediate, and high initial
target concentrations. As a reference, we include in Figure [3.5/two vertical dashed lines to delineate these
three regimes of the sensitivity curve.

The left-most vertical dashed line of Figure 3.5 highlights the value of » ..q,, as computed using the
kinetic rates determined in the previous section. For target concentrations lower than » .4, , the contri-
bution of the reporter degradation to the signal is larger than that due to enzymatic trans-cleavage. In this
regime, the reaction velocity becomes independent of the initial target concentration, e [edtively rendering
detection of target impractical. In this regime, the measured saturation velocity is well approximated by the
predicted noise [adr reporter cleaving rate of z 4> »(.. (again, using the measured value of zy4> =14 10 ©
s 1). This behavior is well captured by both our augmented kinetics model (equation[3.16) and the numer-
ical solution to the full ODE system including late readout. This experimental saturation is, of course, not
captured by the naive Michaelis-Menten model, which predicts a proportional relationship between target
concentration and reaction velocity (see equation 3.5).

The second vertical line of Figurehighlights the value of » ..4.qc4, @s computed using the kinetic rates
and g-p4 = 5 min. For target concentrations between » .oy, and » .g.oc4, the trans-cleavage enzymatic
activity dominates over reporter degradation and target concentration is low enough that the late readout
e [edt is negligible. In this intermediate regime, all three models and the experimental measurements agree.

For target concentrations larger than » g .oc4, the late readout e [edt becomes signi [cant on the mea-
surement of the reaction velocity. As detailed earlier, this typically results in an underprediction of the mea-
sured reaction velocity compared to the expected initial reaction velocity. As expected, only the augmented
model corrected for late-readout e [edt correctly captures the observed in [edtion in reaction velocity.

Finally, as additional experimental validation of our model, we compared our model to the experi-
mental data published by Huyke et al. [2] The latter work reported sensitivity curves for three di [erknt
Cas12 orthologs and eleven di Lerent gRNA sequences, and two di Lerent Cas13 orthologs. They performed
Michaelis-Menten-type kinetics measurements for each one of the 11 RNP with both dsDNA and ssDNA
targets for Cas12, and for four di Cerent Cas13 RNP. Critical to the current comparison, their sensitivity mea-
surements used a single [udrophore-quencher reporter type and a single reporter concentration (»(.., = 200
nM across all Cas12 sensitivity measurements, »(., = 1 uM for Casl3 measurements). We provide in Sec-
tion[B.11] the superposition of all sensitivity curves for Cas12 and Cas13. The fact that Huyke’s sensitivity
curves asymptote to approximately the same signal plateau at low target concentrations and across all Cas12
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orthologs and 11 gRNA sequences, and across all Cas13 orthologs, is further strong evidence that the mea-
sured limits of detection are determined by reporter degradation and not by the kinetic rates of the various
CRISPR enzymes.

S 1
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Figure 3.5: Measurements of maximum velocity of progress curves for LbCas12a activated by varied dsDNA
target concentrations. The latter experimental measurements (circles) are compared to a prediction using
the naive Michaelis-Menten model (green dotted line, equation[3.5), the Michaelis-Menten model augmented
with reporter degradation (orange dashed line, equation[3.16), and the augmented model with the e [edt of
a “late readout”, i.e. the e [ect of starting data acquisition delayed after the reaction starts (black solid line).
At low target concentration, the apparent reaction velocity is governed by the reporter degradation rate
za42 »(..o. Hence, reporter degradation imposes a limit of detection on the CRISPR assays.

Last, we note that DNA is usually very stable and typically not subject to cleaving in sterile solutions.
However, there is strong evidence that dark quenchers are highly prone to degradation [119, [120, [121]. For
example, Black Hole quenchers (BHQ) and lowa Black FQ quenchers contain azo functional groups, which
may undergo reduction [122], oxidation [123]], or photodegradation [124, [I25]. Hence, such degradation
may result in the dynamic degradation of the reporter molecules which we observe.

3.4 Conclusion

We presented a new kinetics model for CRISPR trans-cleavage assays which use reporter molecules as a
readout. The model captures the rise in [Udrescence signal measured even in absence of target molecules
(and in the absence of CRISPR enzyme). We attributed this persistent rise in background signal to the kinet-
ics of the degradation of the reporter molecules at 37°C. Despite its immense importance and consequence
in limiting the sensitivity of CRISPR assays, we know of no quantitative e [afts to incorporate this e [edt
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into the interpretation of CRISPR assays. First, we modeled this degradation as a measurable, [rst-order
decay. We also developed a novel kinetics model to account for the coupling between this degradation re-
porters and the kinetics of trans-cleavage. The coupling of these reactions directly implies that the kinetics
of cleaved reporters does not follow Michaelis-Menten kinetics. Second, we used our model to derive an an-
alytical expression for a fundamental limit of detection of CRISPR assays which use [uérophore-quencher
probes. Third, we validated our new model using experimental measurements of reporter cleaving rates.
We also showed comparison of our model with existing published data (in Section[B.11). The model shows
excellent agreement with experimental data and shows that CRISPR assay limits of detection can be limited
directly by reporter degradation.

The measurable rate of degradation of reporter molecules presents a fundamental limit to the sensitivity
of any CRISPR-based assay which uses such probes. This has important consequences as the vast major-
ity of published studies use [udrophore-quencher type probes as the primary signal readout for CRISPR
activity, including bulk assays, but also droplet and microwells assays. It is likely that the reporter degrada-
tion rate depends on a variety of factors including sequence, length, [udrophore type, and quencher type.
Future work could also investigate degradation mechanisms of the reporter probes, including using spe-
cialized analysis technigques such as mass spectrometry. Moreover, assays that rely on the collateral activity
of CRISPR-Cas enzyme but use di [erknt reporter compositions may also be subject to similar background
noise [adr. This may include, for instance, lateral- [QWv assays that use biotin-labeled probes to distinguish
positive from negative samples. The current results imply that the development of probes with repeatable
and low degradation kinetic rates should be a major topic of research for studies aimed at increasing the sen-
sitivity of CRISPR assays. Other possibilities for improvements include increasing the cleaved-to-uncleaved
[udrescence ratio and increasing the catalytic e [ciehcy of trans-cleavage.



Chapter 4

Preliminary screening of gRNA for
CRISPR-based diagnostics

The research presented in this chapter was carried out in collaboration with J. K&llberg, P. Ibafiez, J. Baudry,
and A. D. Gri Supplementary information associated with this chapter is presented in Appendix|C]

4.1 Introduction

Clustered regularly interspaced short palindromic repeats associated enzymes (CRISPR-Cas) have sparked
signi Lcant interest in the past several years [6l[7,[99, [I]]. In particular, CRISPR-based methods have emerged
as new approaches for speci[Chnd sensitive detection of nucleic acids, and aim to complement [LT, [L7]
or replace [103] [104] [105] traditional nucleic acid ampli[cation-based (NAA) techniques. Such methods
typically leverage subtypes of the Casl2 [100, [12], Cas13 [L3], or Casl4 [1Z6] enzymes to design pro-
grammable detection systems. However, in the absence of pre-ampli [cation (e.g., using PCR or LAMP),
CRISPR-based tools often fall short of the detection levels required for diagnostically relevant target concen-
trations [[2,[29)8]. Strategies to improve the sensitivity of the CRISPR assay component include micro [idic
techniques [L,[106} [127][128], protein engineering [129,[130], and guide RNA (gRNA) modi [cations [131}[132].
Another approach is to target multiple loci of the activator oligonucleotide simultaneously using several
gRNASs [19]. However, variations in gRNA sequence result in variations in enzymatic activity for both Cas12
and Casl13 [Z/[19]. The relationship between gRNA sequence and trans-cleavage kinetic rates, which set the
limit of detection of CRISPR-based assays [2], remains an open question.

In this chapter, we present two preliminary studies around methods to screen a large number of gRNA
sequences based on the resulting trans-cleavage activity for Cas12a. We [rst introduce a simple pipeline to
produce and screen 364 gRNAs using an automated liquid handling platform and identify high-performing
gRNAs (i.e., associated with rapid trans-cleavage). We then design a micro [uidic pipeline to increase the

43
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throughput of our gRNA screening. The objective of this second pipeline is to test enough gRNAs to identify
trends between gRNA sequences and trans-cleavage activity. Preliminary experimental results are presented
for both methods.

4.2 Materials and methods

4.2.1 Screening of 364 gRNA sequences using robotic liquid handling
4.2.1.1 Reagents

LbCas12a (a Cas12 ortholog from Lachnospiraceae bacterium ND2006) at a concentration of 100 uM, NEBu Cerl
r2.1, and the HiScribe T7 High Yield RNA Synthesis Kit were purchased from New England Biolabs (MA,
USA). Reporter molecules were purchased from Euro [nd Genomics (Germany) and resuspended to 100 puM.
All other oligonucleotides listed in Section[C.T)were obtained from Integrated DNA Technologies (IDT).

Three 384-well plates containing the target sequences (“TS”), the corresponding reverse-complementary
sequences (hereafter referred to as the non-target sequence, “NTS”), and ssDNA precursors (see Figure
[4.7), were purchased from IDT. All sequences corresponding to the same target sequence were assigned to
the same well position across well-plates. The T7 promoter sequence was purchased in tube format. All
purchased oligonucleotides were normalized to 10 uM and aliquoted prior to use.

All pipetting steps described in this section and shown in Figure[4.T)A were carried out using the Freedom
EVO liquid handling unit (Tecan), except for RNA puri [cation.

4.2.1.2 Annealing of TS, NTS, and DNA precursor

TS and NTS were mixed in equal volumes, heated to 95°C, and slowly cooled to 20°C (at the rate of 0.1°C/s)
to promote annealing. This yielded 5 uM target dsDNA for each of the 364 sequences (shown as “Target
dsDNA” in Figure [A.I]A). The ssDNA precursor was similarly annealed with the T7 promoter to form a
double-stranded promoter region in the precursor prior to the in-vitro transcription (IVT) reaction. The
resulting product is shown as “DNA precursor” in Figure [4.TA.

4.2.1.3 In-vitro transcription

IVT kit components were [rst combined into a master mix according to the manufacturer’s instructions. 8
ul of the 5 uM DNA precursor was mixed with 22 pl of the IVT master mix. The reaction was incubated at
37°C overnight. The resulting RNA was puri [ed using RNAClean XP beads (Beckman Coulter, CA, USA)
according to the manufacturer’s standard protocol. RNA products were resuspended in 30 pl nuclease-free
water, and aliquoted into two 384-well plates.
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4.2.1.4 CRISPR-Casl2 assay

An aliquot of the RNA products was mixed with the Cas12a enzyme and incubated for 30 min at 37°C to
form ribonucleoproteins (RNPs) at a [nal concentration of 100 nM. The RNPs were incubated with the
annealed dsDNA target at 37°C for 30 min (activated RNP concentration: 50 nM). Finally, dually labeled
[udrophore-quencher ssDNA reporters were added to two aliquots of the activated RNP. The [nal activated
RNP concentration was 3.3 nM and the [nal reporter concentration was 1 uM. Fluorescence measurements
for both replicates were then performed every 30 s at 37°C for 210 min using a CFX384 Real-Time PCR
Detection System (Bio-Rad Laboratories). Initial reaction velocities were estimated using a linear [Iiip to
100 min.

4.2.2 Bulk veri Lcation of the molecular biology pipeline
4.2.2.1 Reagents

Reporter molecules were purchased from Euro [nd Genomics (Germany) and resuspended to 100 uM. All
other oligonucleotides listed in Section [C.T] were obtained from IDT. Q5 High-Fidelity DNA Polymerase,
Nt.BspQlI, Q5 Reaction Bu [er] NEBu [erlr3.1, and deoxynucleotide solution mix were purchased from New
England Biolabs. The PowerTrack SYBR Green Master Mix gPCR kit was purchased from Thermo Fisher
Scienti [C{MA, USA).

4.2.2.2 PCR and nicking bulk reactions

Bulk polymerase chain reaction (PCR) with the Q5 polymerase were performed using 0.5 uM forward and
reverse primers and 1.25 ng DNA template. The forward primer (“Bead primer”, see Table includes
a spacer region and binding site A (forward annealing site for the PCR). The template contains binding
site A, the T7 promoter sequence, the crRNA sequence, a 20-nt variable region, and binding site B. The
reverse primer consists of the reverse complement of binding site B, a unique molecular identi Ced (UMI)
sequence, binding site C, a spacer region containing two repeats of the recognition sequence for the nicking
enzyme Nt.BspQl, and binding site D. Primer and template sequences are reported in Table[C.T} and PCR
thermocycling conditions are detailed in Section|[C.2} PCR product size was estimated on a 3% agarose gel
(Figure[d.3A). PCR products were puri [ed using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel,
Germany) according to the manufacturer’s protocol. PCR product concentration and purity after clean-up
were estimated using spectrophotometry (NanoDrop, ThermoFisher). The sequences of the PCR products
were further validated with Sanger sequencing (Euro [nd GATC, Germany).

PCR products were then diluted to 20 ng/ul and nicked using 5 U of Nt.BspQlI, in either 1X NEBu [erl
r3.1 (recommended bu [erl for Nt.BspQI) or 1X T7 reaction bu [erl (from the HiScribe T7 High Yield RNA
Synthesis Kit). The nicking reaction was performed at 50°C for 1h, followed by heat inactivation at 80°C for
20 min.
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4.2.2.3 IVT-CRISPR reaction with [udrophore-quencher reporters

The nicked products were then used as a template for the one-pot IVT-CRISPR reaction. IVT reaction
components were used at the recommended concentrations per the manufacturer’s instructions. The [nal
concentrations were 10 nM for LbCas12a and 1 pM for the [udrophore-quencher reporters. The reaction
was incubated at 37°C and [udrescence measurements were taken every 30 s for 100 min.

4.2.2.4 IVT-CRISPR reaction with gPCR readout

For the quantitative PCR (QPCR) experiments, the IVT-CRISPR reaction was performed using 2 nM LbCas12a
without [udrophore-quencher reporters at 37°C for 90 min. Serial dilutions of the products were used as a
template for gPCR. qPCR was performed according to the manufacturer’s protocol, using binding site A as
the forward primer, and either binding site C or D as the reverse primer. gPCR thermocycling conditions
are detailed in Section

4.2.3 Hydrogel bead fabrication

Polyacrylamide hydrogel microbeads were fabricated using a process similar to that described by Zilionis
et al. [I33] Micro [uidic polydimethylsiloxane (PDMS) devices were fabricated and silanized using standard
soft lithography methods. We produced a water-in-oil emulsion composed of monodisperse 10 pl droplets.
The oil phase was composed of 2% Krytox and 0.4% N,N,N’,N’-Tetramethylethylenediamine (TEMED) in
HFE-7500 (Novec). The composition of the aqueous phase (“Bead production mix”) and various bu [erk
is detailed below. Acrydited primers were purchased from IDT (see Table [C.I). All other reagents were
purchased from Sigma-Aldrich.

Initial concentration | Volume | Final concentration
Tris-HCI pH 8.0 1M 100 pl 10 mM
NaCl 5M 274 ul 10 mM
KCI 1M 27 pl 10 mM
EDTA 500 mM 200 ul 10 mM
Triton X-100 100% 100 pl 10 mM
NFW 9.3ml 10 mM

TBSET | loml |
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Initial concentration Volume | Final concentration
Acrylamide 40% (wt/wt) 382 ul 10.32%
Acrylamide/Bis-acrylamide | 40% (wt/wt), molar ratio 19:1 | 258 pl 14.4%
NFW 360 pl
AA/BA solution ‘ 1ml ‘
Initial concentration | Volume | Final concentration
NFW 68.75 ul
TBSET 1X 31.25 pl 0.75X
4X AA/BA 4X 78.1 ul 1X
Acrydited primer 1mM 125 pl 400 uM
Ammonium persulfate (APS) 10% 9.4 ul 0.3%
Bead production mix ‘ ‘ 3125l ‘

All aqueous solutions were [fdred through a 0.2 um membrane and stored at 4°C prior to use.

The emulsion was collected in a tube containing 1 ml mineral oil. Once the emulsion was produced, we
incubated the tube at 65°C in a dry bath overnight. The next day, the emulsion was brie [yIentrifuged at
5,000 6. The [udrinated oil (bottom phase) and mineral oil (top phase) were removed using syringes. Equal
volumes of TBSET and 10% (vol/vol) 1H,1H,2H,2H-per [udrooctanol in HFE-7500 were added to the beads
(1 volume of TBSET per volume of emulsion) and vortexed for 30 s between each addition. Tubes were
then centrifuged at 5,000 6 for 30 s. The PFO phase was then removed and replaced by an equal volume of
fresh PFO. This step was repeated until the milky bead phase turned into a solid, translucent mass. 1 ml
of 1% (vol/vol) Span 80 (Sigma-Aldrich) in hexane was then added. The tubes were then vortexed for 30
s and centrifuged at 5,000 6 for 30 s. The supernatant was carefully aspirated, and the hexane wash was
repeated once. Subsequently, 4 ml TBSET was added. The beads were vortexed for 30 s and centrifuged
at 3,000 6 for 3 min. The supernatant hexane phase was aspirated. TBSET washes were repeated until the
top hexane phase was no longer visible. Finally, the bead solution was passed through a 40 um cell strainer
using ice-cold TBSET to facilitate the passage of the beads.

4.2.4 PCR on hydrogel beads

The acrylamide/bis-acrylamide beads were used as forward primers in PCR. We adapted the protocol from
Diehl et al. [[134] for PCR on microparticles. As a preliminary test, we performed PCR in bulk rather than
in water-in-oil emulsions. We used the following PCR mix:
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Initial concentration | Volume | Final concentration
NFW 15.54 pl
Q5 bulen 5X 10 pl 1X
dNTP 10 mM each 1pl 200 uM
Beads 300/l 16.6 pl 5,000 beads/reaction
Template DNA 33nM 1pl 660 pM
Fluorescent reverse primer 5uM 5ul 0.5uM
Forward primer (non-acrydited) 5uM 0.5ul 0.05 uM
Q5 High-Fidelity enzyme 2 U/l 0.36 pl 0.014 u/ul
Total pre-mix ‘ ‘ 50 pl ‘

PCR thermocycling conditions are described in Section [C.2] After the reaction, 10 ul of the product
solution was dispensed into a cell-counting slide (Kova) and imaged with an epi [udrescence microscope
(Nikon Eclipse Ti2-E) equipped with a 10 magni [cation objective (Plan Apo _, NA: 0.45) and a CMOS
camera (Hamamatsu Orca-Flash 4.0).

4.3 Results and discussion

4.3.1 Screening of 364 gRNA using automated liquid handling

Figure[4.T)A shows the pipeline to screen 364 distinct gRNA sequences. As an internal control, we included
repeats of 20 sequences, bringing the total to 384 parallel reactions. We [rst designed ssDNA precursors
consisting of three DNA regions. The [rst sequence is the T7 RNA polymerase promoter [135] (orange),
followed by the DNA sequence encoding the gRNA. The latter comprises the Cas-speci [C§RNA sequence
(hereafter referred to as crRNA, shown in green in Figure[4.1A) and a variable region of 19 to 23 base pairs
(shown in blue in Figure[d.T)A). We designed 364 ssDNA precursors, each corresponding to a di [erknt target
region. In parallel, we designed the corresponding target DNA library, containing the corresponding 364
target DNA sequences [anked by constant regions (shown in black in Figure A.TA).

We [rst annealed TS to NTS to form the double-stranded target DNA for the cis-cleavage step. Similarly,
the T7 promoter reverse complement was annealed to the ssDNA precursor to form a double-stranded pro-
moter region required to initiate IVT. The resulting product, which we refer to as “DNA precursor”, is then
used as template for IVT. We then puri[ed the produced gRNA using standard solid-phase reversible im-
mobilization (SPRI) magnetic beads. Finally, we combined the Cas12a enzyme, gRNA, and target to produce
activated RNPs. The Cas enzyme concentration was set as limiting to ensure that the [nal RNP concentra-
tion was uniform across all sequences, independent of IVT and puri [cation e [ciehcy.

Figure [.ZA shows the 384 resulting progress curves, i.e. cleaved reporter concentration evolution over
time. We converted raw [Udrescence signals to cleaved reporter concentrations with a calibration that
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corrects for non-uniform illumination, inner- Of@r e [edt, and background signal from uncleaved reporters
(see Chapter [3). We show in red the progress curve corresponding to the sequence with the largest kinetic
e [ciehcy reported in the study by Huyke et al. [2], LbCas12a-1, which we use as a reference gRNA sequence.
Figure[4.2B shows the distribution of the measured initial reaction velocity. Once again, we show in red the
value of the reaction velocity measured for Huyke’s LbCasl12a-1 sequence. As expected, and as reported
previously [2], there are substantial variations in the trans-cleavage activity of the Cas enzyme depending
on the gRNA sequence. We observe that a large fraction of the gRNAs yields low to no activity. Conversely,
78 sequences yielded higher trans-cleavage activity than Huyke’s LbCas12a-1 sequence. These sequences
represent strong candidates for further diagnostic applications.

Figure [4.2C shows the relative contribution of each nucleotide, per position, to the gRNA activity. For
a given nucleotide and position, the letter size in Figure [£.2C corresponds to the di [erknce between the
average reaction velocity of gRNAs that contain this nucleotide at this position and the mean reaction
velocity across all screened gRNAs. Figure[4.2D shows the C-statistic from a two-sided Student’s (-test that
evaluates whether there is a statistically signi [cant di [erknce in reaction velocities between gRNAs that
contain this nucleotide at this position and those that do not. Figure [4.ZE shows the corresponding log-
transformed ?-value. We observe that gRNAs rich in A and U tend to result in stronger trans-cleavage
activity than those rich in G and C. However, as shown in Figure [4.2E, there is low statistical signi [cance
for most of the nucleotide-position pairs. We attribute this to the small number of sampled sequences
(order 10%) per nucleotide-position pair, compared to the number of possible gRNA sequences (order 4%°
10'2). Therefore, even though this method allowed us to identify sequences with high kinetic e [Ciehcy, its
throughput remains far too low to support generalizable design guidelines for high-performing gRNAs. In
the next section, we introduce a high-throughput micro [uidic pipeline to screen a much larger number of
sequences.
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Figure 4.1: A Overview of the molecular biology pipeline for the screening of 364 gRNA using automated
liquid handling. The pipeline includes annealing, IVT, and the CRISPR-Cas assay. B Overview of the mi-
cro [uidic pipeline for the high-throughput screening of gRNA. This pipeline uses polyacrylamide beads to

perform the IVT-CRISPR reaction in droplets.



CHAPTER 4. PRELIMINARY SCREENING OF GRNA FOR CRISPR-BASED DIAGNOSTICS 51

B Reference gRNA

N WA oo N

o O o © O o

S & & & o© o
Count

Cleaved reporter concentration [nM]
=
o

0 50 100 150 200 ' 1 2 3
Time [min] Reaction velocity [nM/min]

C 5' > 3

Relative contribution
[nM/min]
& o o
o o o
& =) 1]

1 23456 7 8 91011121314 151617 18 19 20 21 22 23
Position

Nucleotide
onsnels}

10 11 12 13 14 15 16 17 18 19 20 21 22 23
Position in sequence

-3

Nucleotide
(anjea-d)°‘6o|-

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Position in sequence

Figure 4.2: A Progress curves for 384 parallel CRISPR reactions. Shown in red is the progress curve cor-
responding to the gRNA sequence associated with the highest kinetic e [ciehcy reported in Huyke et al.
[2] B Distribution of initial reaction velocities corresponding to the progress curves shown in A. C gRNA
sequence logo showing position-speci [C tleviations in average reaction velocity relative to the global mean
across all gRNAs. D (-statistic from a two-sided Student’s C-test comparing reaction between gRNAs with
or without a given nucleotide at each position. E Corresponding log-transformed ?-values.
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4.3.2 Hydrogel bead-based screening of gRNA

In this section, we describe a micro [widic pipeline to scale up the number of gRNAs that can be screened
per experiment. Here, we run the IVT and CRISPR reactions in nanoliter-size water-in-oil droplets, so
that up to millions of reactions can be performed in parallel. To screen gRNAs, we must ensure that each
droplet contains at most one DNA precursor sequence. However, a single DNA precursor molecule will only
activate a single RNP per droplet, which does not yield su Lcieht signal to be detected. To overcome this
issue, we [Tst produce hydrogel beads that carry a high number ( 10%) of DNA precursors using droplet-
based PCR. We also design the amplicon so that part of it may be cleaved by the activated Cas enzyme.
The DNA carried by the bead therefore serves three purposes: template for IVT, target for cis-cleavage, and
substrate for trans-cleavage. IVT and CRISPR reactions are then performed in droplets containing at most
one bead. Once the reactions are performed, the sequence of the molecules on the bead informs both on
the screened gRNA sequence and the corresponding activity.

Figure[4.1B shows the working principle of the micro [uidic pipeline. First, we fabricate 10 pl hydrogel
beads functionalized with an acrydited oligonucleotide primer (step (i)). This primer consists of an adapter
sequence, a restriction site, and a PCR binding site denoted “A”. The beads are then encapsulated in water-
in-oil droplets along with a single DNA template molecule and the necessary reagents for droplet PCR.
The template molecules contain an adapter sequence, binding site A, the DNA precursor (similar to the
previous pipeline i.e., T7 polymerase promoter sequence, crRNA sequence, and a 20-bp variable sequence),
and reverse binding site “B”. The reverse primer consists of the binding site B, a 15-base UMI (i.e., a stretch
of random bases), and binding sites “C” and “D” separated by a spacer region. The latter region includes
two repeats of the recognition site of the nicking enzyme Nt.BspQI.

After the PCR, the hydrogel beads are coated with double-stranded amplicons (step (ii)). The emulsion
is broken, and the beads are pooled into a common aqueous phase. They are then subjected to nicking with
Nt.BspQI. The reaction results in three nicks on the amplicons. The [rst nick is shown in Figure [4.IB on
the bottom strand (i.e., the template strand for the T7 polymerase) and terminates transcription after the
variable section. This prevents the rest of the amplicon from being transcribed during IVT and appended to
the gRNA. The remaining two nicking sites generate short DNA fragments with low melting temperatures
(50-53°C). After stringent washes, these fragments are cleaned o [the hydrogel beads. The latter are then
coated with partially single-stranded templates (step (iii)).

The beads are then re-encapsulated in aqueous droplets, together with T7 and LbCas12a enzymes and
the necessary reagents for both reactions. As shown in panel (iv), the gRNA is produced by the IVT reaction,
complexes with the Casl12a enzyme, and the single-stranded region of the bead DNA template serves as the
substrate for the Cas trans-cleavage reaction. The trans-cleavage occurs at an a priori unknown and variable
locus.

After the CRISPR reaction, the emulsion is broken. The beads are washed and undergo [lihg of ss-
DNA and adenylation using Taq polymerase. This results in dSDNA molecules bound to the beads with
A-overhangs (step (v)). An adapter with a complementary T-overhang is then added and ligated. Step
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(vi) shows the [nal product, which is [anked by two sequencing adapters and sequenced. For each DNA
molecule bound to the beads (identi[ed by its UMI), we can infer from the sequence whether it has un-
dergone trans-cleavage and, if so, at which position. These molecules can then be pooled by gRNA se-
guence. For each gRNA, the ratio of cleaved molecules to total sequenced molecules serves as a proxy
for trans-cleavage activity. Alternatively, sequencing using D and C binding sites for adapter addition and
ampli [cation allows the estimation of the ratio of intact over degraded reporters on bead targets.

4.3.3 Preliminary results for the high-throughput screening of the gRNA

In this section, we show preliminary results from the development of this pipeline. First, Figure[4.3]shows
the results of preliminary testing of the molecular biology steps. Here, we ran all chemical reactions up to
the CRISPR reaction using two gRNA sequences (“E” and “7”) of known activity: the “E” sequence exhibits
stronger trans-cleavage activity than the “7” sequence [2]. Figure shows gel electrophoresis of two
amplicons from the PCR step ((i) to (ii) in Figure[4.I), and for seven serial dilutions of the target from 33 nM
to 33 fM. An important di Lerknce between these results and the [nal pipeline is that the forward primer
here is in solution and not bound to a hydrogel bead. Gel electrophoresis con [rmhs that the PCR produces the
amplicon at the right size. Sanger sequencing of the amplicon con [rmed that the PCR yielded the expected
products.

We further cleaned the amplicons using standard post-PCR clean-up protocols and used them a template
for nicking, IVT, and CRISPR reactions. As a preliminary experiment, we veri [ed that the Cas enzyme was
properly activated by introducing [udrophore-quencher reporters. We performed the nicking reaction in
either NEBu [erl r2.1 (recommended bu [er for the Cas enzyme), NEBu [erl r3.1 (recommended bu [er for
Nt.BspQl), or the IVT bu [erd(recommended bu Cerlfor the T7 polymerase). We then ran the IVT and CRISPR
reactions simultaneously, either in NEBu [erlr2.1 (following nicking in NEBu [erlr3.1 or r2.1), or in IVT bu [erl
(following nicking in NEBu [erlr3.1 or IVT bu [er). We show the corresponding [udrescence measurements
in Figures [4.3B and [4.3C. Brie [y,]we observed no di Lerence between the no-template control (NTC) and
all other conditions when the IVT-CRISPR reaction was run in NEBu [erlr2.1. Conversely, we observed a
signi [cant increase in [udrescence signal over time when the IVT-CRISPR reaction was performed in IVT
bu Cerl The rise in signal was greater when the nicking reaction was run in IVT bu [erlthan in NEBu [erl
r3.1. Further, consistently across both nicking bu [erlconditions, the “E”-target sequence resulted in faster
trans-cleavage activity than the “7” target sequence. This is consistent with the expected order of kinetic
e Lciehcy reported by Huyke et al [2].

Finally, we used gPCR to assess whether the CRISPR enzyme cleaves the single-stranded region (step
(iv)). We detail the process in Figure[4.ID. Brie [y,Jwe ran the nicking reaction, followed by the IVT-CRISPR
reaction in the absence of [udrophore-quencher reporters. We then performed two sets of gPCR reactions
using two di Lerknt reverse primers: one corresponding to binding site “C” (shown in green) and the other
to binding site “D”. Binding site “C” remains intact after both reactions, whereas binding site “D” lies in
the single-stranded region that may be cleaved during trans-cleavage. If an activated Cas enzyme cleaves
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