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SUMMARY

DNA-modifying enzymes are crucial in biological processes and have significant clinical implications. Tradi-
tional quantification methods often overlook enzymatic activity, the true determinants of enzymes’ functions.
We present hydrogel Bead-based Isothermal Detection (BEAD-ID), utilizing uniform hydrogel bead-based
microreactors to evaluate DNA-modifying enzyme activity on-bead. We fabricated homogeneous oligo-con-
jugated polyacrylamide (oligo-PAA) beads via droplet microfluidics, optimized for capturing and amplifying
enzyme-modified nanosensors. By incorporating DNA oligos within the hydrogel network, BEAD-ID retains
isothermally amplified products, facilitating in situ detection of enzyme activities on-bead. We validate
BEAD-ID by quantifying human topoisomerase | (TOP1) and restriction endonuclease EcoRlI, showing a
direct correlation between enzyme concentration and fluorescence intensity, demonstrating the platform’s
sensitivity (6.25 nM TOP1, 6.25 U/uL EcoRI) and reliability in food matrix (25 U/uL EcoRI). Additionally, a
customized flow cytometry-mimicking setup allows high-throughput detection at 352 Hz with objective
assessment. BEAD-ID, offering flexibility and scalability, is a promising tool for studying DNA-modifying

enzymes.

INTRODUCTION

DNA-modifying enzymes are essential enzymes involved in
fundamental processes including DNA replication, repair,
recombination, and gene expression. In clinical practice, the
activities of DNA-modifying enzymes may serve as a biomarker,
as well as drug targets. One prominent example is human topo-
isomerase | (TOP1), which plays a vital role in resolving topolog-
ical stress generated during DNA transcription, and replication or
recombination by introducing transient single-stranded breaks
followed by rotation of the cleaved DNA strand around the
non-cleaved strand.” Upon cleavage, TOP1 remains covalently
attached to the 3’-end of the DNA and is released by religation
of the nick. Camptothecin (CPT), a mother compound of
commonly employed anticancer drug derivatives,”™ selectively
inhibits the TOP1 re-ligation step by binding to the transient sin-
gle-stranded cleavage complex (TOP1cc). The drug-induced
TOP1cc leads to cell death due to the formation of double-
stranded DNA breaks upon collision with the transcription or
replication machinery.® Restriction endonucleases (REs), also a
class of DNA-modifying enzymes ubiquitously expressed in bac-
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teria, serve to protect the host against invading viruses by
cleaving viral DNA at specific base sequences, known as the re-
striction sites.®” REs are therefore extensively utilized in applica-
tions including PCR, gene mapping, and cloning, taking the
feature of specific binding and cleavage of a given RE on the re-
striction sites. Technologies including western blotting and
quantitative reverse transcription-PCR (qRT-PCR) are widely
employed for the quantification of targeted DNA-modifying en-
zymes, however, assessment of the enzymatic activities, the
true determinants of enzymes’ biological functions, remains
challenging. The activity of enzymes may be altered by the
post-translational modifications, suggesting that the mRNA
levels or protein amounts and the enzyme activity may not al-
ways align,® as validated by techniques including cleavage-liga-
tion assays for TOP1 activity, or gel electrophoresis and fluores-
cence resonance energy transfer (FRET) for assessing the
digestion activity of REs.””'" While recent advancements have
enhanced the analytical sensitivity in enzyme detection by ex-
ploiting fast turnover rates of substrate-to-product conversions,
many reported biosensors are either limited in sensitivity or
demand costly and time-consuming processes.'® Stougaard
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Figure 1. Hydrogel Bead-based Isothermal Detection (BEAD-ID)

(A) Droplet microfluidics is employed to generate uniform hydrogel beads crosslinked with DNA oligos, serving as capturing agents of circular products and as

primers for the rolling circle amplification (RCA).

(B) BEAD-ID initiates with the circularization of DNA nanosensors containing sequences recognized by the targeted DNA-modifying enzymes. The resulting
circular products hybridize with the DNA oligos within the hydrogel network, acting as templates for the ensuing RCA using the same DNA oligos as primers. The
resulting amplified products are identified by complementary fluorescent detection probes, facilitating the fluorescent detection of the hydrogel beads through
(c) standard image analysis using corrected total bead fluorescence (CTBF) assessment or a customized flow cytometry-mimicking platform (the illustration is

created with BioRender.com).

etal.'® employ on-slide anchored isothermal amplification for the

facile detection of enzyme activity of DNA-modifying enzymes,
termed Rolling circle Enhanced Enzyme Activity Detection
(REEAD), taking advantage of rolling circle amplification (RCA)
to boost up the signal produced from DNA cleavage-ligation
events. REEAD has proven a robust and reliable measure of
enzyme activity at the single molecule level, even with the sam-
ple of crude cell extracts.’*'® REEAD has been validated for
detecting the activity of various targets, including TOP1 from hu-
man cells and fruit flies,’”"'® Flp- and Cre recombinases,'® and
most recently, bacterial REs.?° Compared to existing enzyme
activity detection assays, REEAD achieves high sensitivity (10
amol/ul) owing to the catalytic properties of DNA-modifying en-
zymes.'® However, the original format of REEAD relies on
massive acquisition and analysis of images through fluores-
cence microscopy, potentially posing a limitation for further pro-
motion of enzymatic activities as a biomarker in the clinical
setting.'*?" Recent efforts have therefore focused on revising
the readout formats to for example fluorescence scanner,?
chemiluminescence,?® and colorimetric detection,>* While these
revisions may simplify the process of data acquisition, the assay
remains on a solid surface, i.e., functionalized slides or strips
supplied by specific vendors. Also, compared to fluorescence
microscopy detection, the sensitivity of these simplified read-
outs is limited to around nmol/uL for the detection of TOP1.%?
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Hydrogel beads have gained widespread popularity for
biochemical applications, such as diagnostics and drug delivery,
given the capabilities of automation together with integrated
analysis,”> ™’ the features of hydrophilicity, biocompatibility,
and tunable properties.?®?° Unlike solid and impermeable parti-
cles, hydrogel beads are highly porous and therefore permeable,
providing an expanded surface-to-volume ratio conducive to
versatile functionalization. For instance, hydrogel beads have
been instrumental in incorporating detection probes or targeting
ligands crucial for biochemical reactions.*° By tuning the ratio of
crosslinkers and polymerization catalysts, the hydrogel porosity
may be tailored for cell or biomolecule entrapment, DNA barcod-
ing, display of proteins, and utilization as nanoreactors for enzy-
matic reactions.®'*“ Last but not least, recent advancements in
microfluidics have enabled a high-throughput production of uni-
form hydrogel beads (>1,000 beads per second) at an affordable
price.*®

Herein, BEAD-ID (hydrogel Bead-based Isothermal Detection)
is developed as an integrated, and yet highly customizable, plat-
form for the assessment of enzymatic activities on-bead. Poly-
acrylamide (PAA) gels were chosen as a model to validate the
proposed BEAD-ID workflow for the characteristics of chemi-
cally inert, transparency in the visible spectra, wide accessibility,
and validated chemistry for oligo functionalization.®' As depicted
in Figure 1, uniform and oligo-functionalized PAA hydrogel
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Figure 2. Production of oligo-conjugated polyacrylamide beads

(A) Design of the flow-focusing droplet generator for the production of water-
in-oil (W/O) emulsions at flow rates of 2 uL/min and 8 uL/min for aqueous (Qa)
and the continuous oil (Qc) phases, respectively.

(B) Size distribution (n = 100) and a representative brightfield image of the
produced W/O emulsions.

(C) Size distribution (n = 100) and a representative brightfield image of the
released oligo-PAA beads. Histograms are fitted with Gaussian distribution.
Scalebars: 100 um.

(oligo-PAA) beads, as a micro-bioreactor, are firstly produced by
droplet microfluidics. The functionalized oligos serve dual pur-
poses of capturing the enzymatically modified nanosensors
and priming the RCA reactions, thereby retaining the RCA ampli-
fied products on-bead. Followed by recognition of the fluores-
cent detection probes, the amplified products, indicative of the
level of enzyme activities, are then quantified either by image
analysis or with a customized flow cytometry-mimicking setup.
The platform is validated by the detection and quantification of
TOP1 activity (sensitivity at 6.25 nM) and RE activity from
EcoRl (sensitivity at 6.25 U/uL in optimized buffer, and 25 U/uL
in milk matrix). BEAD-ID has shown promise for an analysis of
up to 7,000 beads per experiment under the customized flow
setup. Taken together, BEAD-ID is expected to serve as a new
analytic platform for the investigation of enzymatic activities in
a high-throughput and objective manner.

RESULTS

Characterization of homogeneous oligo-conjugated
polyacrylamide beads

Water-in-oil (W/O) emulsions encapsulating the acrylamide
monomers, 5'-acrydite oligos, and crosslinkers were produced
by a droplet generator as illustrated in Figure 2A.%° The size of
W/O emulsions was tuned by alternating the volumetric flow
rates of the dispersed aqueous (Qa) and the continuous oil (Qo)
phase.*® Under the optimized flow ratio (Qo/Qa = 4), the resulting
W/O emulsions were measured 31.66 + 1.27 pum in diameter
(Figure 2B), a size range suitable for biochemical reactions.®’
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Following overnight polymerization, oligos were functionalized
in the crosslinked PAA network. The oligo-PAA beads were
measured 41.70 + 1.61 um (CV = 3.9%) in diameter after the
release from the oil phase (Figure 2C). The level of swelling
was optimized to allow sufficient solute diffusion of biological
reactants such as ions, DNA circular products, and polymer-
ases, across the microporous network.*® The DNA oligos func-
tionalized within the hydrogel network were characterized to
be approximately 10 pM per bead (1.15 x 108 DNA oligos/
bead), yielding an incorporation efficiency of 50-60%, in line
with earlier observations (see Figure $1).523%40 FAM-labelled
reporter probes, complementary to the DNA oligo within the
hydrogel mesh, were introduced to further verify DNA oligo func-
tionalization and to investigate the relationship between fluores-
cence signal and bound fluorescent probes (Figure 3A). Various
amounts of reporter probes, relative to those in the oligo-PAA
beads, were tested. As depicted in Figure 3B, fluorescence in-
tensity was observed consistently increased as the reporter
probe amount rose from 0.375x to 5x (equivalent to 60 amol/
bead to 960 amol/bead). This concentration range of reporter
probe was applied according to the minimally detectable and
saturated signal under the intended settings by a fluorescence
microscope. Note that the signal was observed indistinguishable
from the background noise and over-saturated for probe con-
centrations lower than 60 amol/bead and higher than 960
amol/bead, respectively (see Figure S2A). As shown in Figure 3C,
and in Figure S2B, corrected total bead fluorescence (CTBF) was
used as a quantitative indicator of fluorescence intensity on
beads, as defined by McCloy et al.*' This result confirmed that
the acrydite DNA oligos were functionalized within the hydrogel
network and the measured fluorescence may serve as a mea-
sure of enzymatic activities with BEAD-ID.

Assessment of enzymatic activities via BEAD-ID by
fluorescent microscopy
Two model DNA-modifying enzymes, TOP1 and EcoRI, were
subsequently introduced for the assessment of BEAD-ID by fluo-
rescent microscopy. As shown in Figure 4A, TOP1 may recog-
nize, cleave, and re-ligate a motif on the open double-looped
dumbbell DNA nanosensor, designed based on a TOP1-specific
DNA sequence.’® The TOP1 DNA nanosensor also contains a
sequence (blue loop) complementary to the recognition site on
the oligos conjugated on-bead. After RCA, FAM-labelled detec-
tion probes, complementary to the amplified red loop sequence
of TOP1 DNA nanosensor, are introduced for fluorescence
readout. DNA circular products produced by titrated amounts
(50, 25, 12.5, 6.25, and 0 nM) of purified TOP1 enzyme were
introduced in the BEAD-ID assay. As observed in Figure 4B
and quantified by CTBF in Figure 4C (see Figure S3), the fluores-
cent signals exhibited a positive correlation with the quantity of
TOP1. When 50 nM of heat-inactivated purified TOP1 was pre-
sented, a fluorescent signal was not observed, verifying that
the designed TOP1 DNA nanosensor measured the enzymatic
activities, instead of the enzyme quantity per se (Figure S4).
Analogous to the TOP1 sensing scheme, EcoRlI activity was
assessed by the DNA nanosensor as illustrated in Figure 5A.
The EcoRI nanosensor is composed of two DNA hairpins
each with a double-stranded stem containing the restriction
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Figure 3. Characterization of fluorescent
signal on-bead by fluorescence microscopy
(A) Schematic of acrydite DNA oligos conjugation
into the hydrogel mesh and hybridization of the

- complementary fluorescent reporter probes (illus-

tration created with BioRender.com).
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(B) Visualization of the reporter probes hybridized to
oligo-PAA beads (amount shown as the total
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bead (amol/bead)) during 1-h incubation at 37°C.
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site specific to EcoRI.?° Upon cleavage by EcoRl, the two sticky

ends, complementary to each other, may hybridize and produce
a dumbbell structure with a nick. T4 DNA ligase was subse-
quently introduced to ligate the nick, producing a closed circular
product. The red loop and blue loop, indicating the primer site
and readout site, serve for hybridizing the circular product with
the oligo-PAA beads and capturing the fluorescent detection
probes, respectively. Under optimal buffer, the fluorescence
was observed to decrease according to the titrated dilution of
EcoRlI (Figure 5B). The measured CTBF further validated that
the fluorescent signals measured across different concentra-
tions were significantly different (Figure 5C, see Figure S5A).
Given the potential of using EcoRl activity for the detection of

Amount of Reporter Probes (amol/bead)

oligo-PAA beads with reporter probes in the range
of 0-960 amol per bead. The presented data are
from three independent experiments (n = 3) with
standard deviation calculated between the mean
fluorescence intensity of each replicate. Each
experiment includes 10-image Z-stacks of at least
10 oligo-PAA beads. Statistical analysis was per-
formed using non-parametric Kruskal-Wallis test
followed by Dunn’s multiple comparison test
(*p < 0.0021, **p < 0.0002, ***p < 0.0001). Sca-
lebars: 50 pm.

240 120 60 O

foodborne pathogens, we further explored the capability of
BEAD-ID in a milk matrix. Despite the signal-to-noise (S/N) ratio
being compromised in the milk matrix (Figure 5D), CTBF re-
mained valid for the quantification of EcoRl activities in the range
of 0.25-0.5 U/pL (Figure 5E, see Figure S5B). Collectively, these
results highlight the adaptability of BEAD-ID to assess the activ-
ities of DNA-modifying enzymes in limited quantities.

Quantification of fluorescence using microfluidic flow
setup

Subsequently, a tailored microfluidic flow setup (Figure 6A), de-
signed for high-throughput detection of fluorescent oligo-PAA
beads akin to flow cytometry, was established as an objective

Figure 4. Assessment of topoisomerase |
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RCA Products
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activity via BEAD-ID by fluorescent micro-
scopy

(A) The DNA nanosensor designed for the mea-
surement of TOP1 activity contains a TOP1-specific
recognition site, where the arrow points toward the
cleavage site. The single-stranded DNA nano-
sensor may self-fold into a double-looped structure
with a nick. Upon recognition, cleavage, and re-
ligation by TOP1, a circular product is produced.
The red loop and blue loop illustrate the primer site,
complementary to the oligos on-bead, and the
readout site, complementary to the fluorescent
detection probes, respectively (illustration created
with BioRender.com).

(B) Visualization of fluorescent rolling circle prod-
ucts on-beads obtained by BEAD-ID using 0.1 uM
DNA nanosensors modified by titrated concentra-
tions of purified TOP1 enzyme (50-0 nM), following
the procedure described in the ‘hydrogel bead-
based isothermal detection (BEAD-ID)’ in the STAR
Methods section. Scalebar: 100 um.
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(C) CTBF quantification of BEAD-ID results. Data are presented as the mean + standard deviation calculated between the mean fluorescence intensity from three
independent experiments (n = 3). Each experiment includes 10-image Z-stacks of at least 10 oligo-PAA beads. Statistical analysis was performed using non-
parametric Kruskal-Wallis test followed by Dunn’s multiple comparison test (**“o < 0.0006, ****p < 0.0001).
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Figure 5. Assessment of EcoRlI activity via BEAD-ID by fluorescent microscopy
(A) The DNA nanosensor designed for the measurement of EcoRl activity is composed of two hairpin structures each with an EcoRI-specific restriction site. Upon
cleavage by EcoRl, the two sticky ends complementary to each other are ligated by T4 ligase, forming a circular structure as the template for RCA on-bead

(illustration is created with BioRender.com).

(B) Fluorescent images and (C) CTBF quantification of fluorescence on-bead of BEAD-ID amplified DNA nanosensors (1 pM of each) obtained using titrated

concentrations of EcoRI enzyme up to 0.5 U/uL in optimal buffer.

(D) Fluorescent images and (E) CTBF quantification of fluorescence on-bead for the beads subjected to DNA nanosensors (1 uM of each) modified by titrated
concentrations of EcoRIl enzyme up to 0.5 U/ulL in milk-matrix. Data are plotted as the mean + standard deviation calculated from the mean fluorescence in-
tensities from three independent experiments (n = 3). Each experiment includes 10-image Z-stacks of at least 10 oligo-PAA beads. Statistical analysis was
performed using non-parametric Kruskal-Wallis test followed by Dunn’s multiple comparison test (***p < 0.0001, ns = nonsignificant). Scalebars: 100 pm.

and automatic assessment platform. Briefly, hydrogel beads
were introduced into a microchannel in a flow rate of 10 uL/min
(equivalent to 352 Hz) controlled by a syringe pump. Upon
appropriate excitation of FAM, the emitted photons were
measured by a photomultiplier tube (PMT). A customized post-
analysis module constructed by LabVIEW and Python (see
Figure S6) was used for the characterization of fluorescence in-
tensities measured per bead. Parameters including peak height,
area under the curve (AUC), and peak width (Figure 6B) were ac-
quired according to previous studies.®® Quantification of peak
height, as shown in Figure 6C, suggests a monotonic correlation
between the measured fluorescence and the concentration of
reporter probe, corroborated with the CTBF quantification. As
a model enzyme, the activity of TOP1 on-bead was assessed
by the microfluidic flow setup. A similar correlation of fluores-
cence signal and enzyme concentration was also observed in
Figure 6D. Note that up to 7,000 beads were assessed in the

flow system per experiment, ensuring the statistical power and
thereby providing an objective analysis compared to CTBF
quantification. Representative histograms shown in Figure S7
approximating a normal distribution further validate that the
sample size assessed by the flow setup may be considered suf-
ficiently large.

DISCUSSION

Traditional methods investigating DNA-modifying enzymes often
assess the quantity per se, instead of enzymatic activities, a deci-
sive factor of their biological functions. A previously established
REEAD assay demonstrates high sensitivity on the assessment
of enzymatic activities (10 amol/uL for TOP1) through innovatively
deploying the catalytic properties of DNA-modifying enzymes,
however, the time-consuming process of image acquisition and
analysis via fluorescence microscopy limits its applicability in

iScience 27, 111332, December 20, 2024 5
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Figure 6. Quantification of fluorescence by a

. customized microfluidic flow setup
(A) Schematic of the customized detection module.
Briefly, fluorescence beads within a flow micro-
channel are excited by a 488 nm laser diode. The
-3 emitted fluorescence is collected through an
objective and guided via a dichroic mirror to a beam
splitter which then directs 70% of the light to a high-
speed camera and 30% to a photomultiplier tube.
(B) Definition of peak parameters and detection
thresholds. 1: mean of the noise from negative

(blank) samples (red dashed line) and standard
- deviation zone (red), 2: zone of maximum noise
measured from blank samples (yellow). 3: zone
above threshold for peak detection (green). Area
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to the apex of the peak. Height of the peak is
calculated from the base to the apex of the peak.
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(C) Peak height quantification of fluorescence on-
beads displaying reporter probe (960-0 amol per
bead) from a minimum of 5,727 peaks per reporter
probe concentration.

(D) Peak height quantification of TOP1 activity dis-
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played on-beads via BEAD-ID using TOP1-modi-
fied DNA nanosensor (0.1 uM). For each TOP1
concentration (50-0 nM) a minimum of 4,237 peaks

0

were applied in the analysis. Data plotted as scatterplot showing mean + standard deviation calculated from three independent experiments (n = 3) after
normalization to the mean of the highest concentration. Statistical analysis was performed using one-way ANOVA test followed by Tukey’s multiple comparison

test (***p < 0.0001).

point-of-care testing. To address these challenges, we developed
BEAD-ID, a platform designed to enhance flexibility and scalability
in enzyme activity assessment. BEAD-ID incorporates a bead-
based microreactor, which confines the biochemical reactions
and integrates the workflow on-bead. As measured by the
CTBF, BEAD-ID has demonstrated high sensitivity, comparable
to previous surface-based REEAD results.’”>* However, a large
variation from the CTBF analysis has been observed, most likely
ascribed to the relatively small sample sizes, limited by the im-
age-based analysis, as reflected in the calculated S/N ratios of
192, 21, and 6 for TOP1 and EcoRl in optimal buffers and EcoRlI
in food matrix, respectively. Additionally, the dataset acquired
from CTBF is not normally distributed, as verified against the
normality tests of Shapiro-Wilk, another indicator that the sample
size may be a limiting factor. Integration of a customized flow
cytometry-mimicking platform has therefore been introduced to
increase the throughput, and has shown improved S/N ratios of
427 for the reporter probe and 240 for TOP1, providing significantly
larger datasets with reduced variation. The incorporation of this
customized optical detection platform allows a collection of suffi-
cient amount and normally distributed datasets, and enable the
extraction of minimum detectable concentrations, as exampled
in Figure 6 for the reporter probe signal and the TOP1 enzyme ac-
tivity. Determined by the widely employed 3¢ approach,*” where
limit-of-detection (LOD) is defined as the blank mean plus three
times the standard deviation of the blank sample. The LOD was
estimated to be 0.99 amol/bead for the reporter probe and
0.72 nM for TOP1. Overall, the improved S/N ratios and LOD indi-
cate robust and reliable fluorescence-based detection of enzyme

6 iScience 27, 111332, December 20, 2024

activity with the customized optical flow system. Together with the
previous verifications on the specificities of DNA nanosensors de-
signed for the activities of Flp and Cre recombinases,'* TOP1 from
Mycobacterium smegmatis*®> and Plasmodium species,'® and
EcoRI,*° we anticipate that BEAD-ID will be immediately appli-
cable in foodborne pathogen detection or a wide range of
biochemical applications, featured in high-throughput, objective
assessment, and tailorable properties of the hydrogel beads.

Limitations of the study

The size and porosity of PAA microgel beads, as well as the oligo
functionalization protocols, used in this study have been opti-
mized to accommodate isothermal amplification by Phi29 DNA
polymerase with the designed DNA nanosensors. However,
the parameters reported may not be universally applicable, given
that the polymerases, macromolecules, and various lengths of
oligos may vary in size and charges in different buffers under
different pH or contain various additives. To extend the
applicability of the BEAD-ID setup to widespread biochemical
reactions, fine-tuning of beads size, porosity, and/or materials
may be necessary. With this said, a set of generalizable design
rules is anticipated to promote BEAD-ID for applications beyond
the assessment of DNA-modifying enzymes’ activities.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

1H,1H,2H,2H-perfluoro-1-octanol Sigma-Aldrich Cat #370533

Acrylamide/BIS 30% (37.5:1) Bio-Rad Cat #1610158

Ammonium persulfate Sigma-Aldrich Cat #17874

Formamide Thermo Fischer Scientific Cat #17899

Glycerol Beyotime Biotechnology Cat #ST1353

HFE-7500 3M™ Novec™ Fluorochem Cat #F051243

PBS pH 7.4 Gibco™ Thermo Fischer Scientific Cat #10010023

Pico-Surf® (5% in Novec™ 7500) Sphere Fluidics N/A

Polydimethylsiloxane prepolymer Dow Corning Cat #1317318

Sodium chloride Sigma-Aldrich Cat #S9888

SU8 3025 photoresist Fischer Scientific Cat #NC0057282

SU8 developer Fischer Scientific Cat #NC9901158

SSC, 20X Thermo Fischer Scientific Cat #15557036

T4 DNA ligase Petersen et al.”® N/A

Topoisomerase 1 Keller et al.*® N/A

Critical commercial assays

ATP solution (100 mM) Thermo Fischer Scientific Cat #R0441

dNTP set (100 mM each), PCR grade

Thermo Fischer Scientific

Cat #10297-018

Deposited data

Negative code, NC This paper Data S1

Positive code, PC This paper Data S2

Oligonucleotides

DNA oligo This paper N/A

Reporter probe This paper N/A

TOP1 DNA nanosensor Stougaard et al.'® N/A

EcoRI DNA nanosensor (blue) Petersen et al.° N/A

EcoRI DNA nanosensor (red) Petersen et al.”° N/A

Detection probe Stougaard et al."® N/A

Forward primer (QPCR) This paper N/A

Reverse primer (qPCR) This paper N/A

DNA template (QPCR) This paper N/A

Software and algorithms

CAD software Autodesk https://www.autodesk.com/
GraphPad Prism 10.0.3 GraphPad https://www.graphpad.com/

Imaged software
LabVIEW 18.0.1
Python 3.10.9

National Institutes of Health

National Instruments
Python

https://imagej.en.softonic.com/
https://www.ni.com/en.html

https://www.python.org/

Other

EcoRlI (10 U/uL)

EvaGreen® Dye, 20x in Water
Exonuclease | (20 U/uL)
Exonuclease Il (200 U/ul)

Thermo Fischer Scientific
Biotium

Thermo Fischer Scientific
Thermo Fischer Scientific

Cat #ER0271
Cat #31000

Cat #EN0581
Cat #ENO191

(Continued on next page)

iScience 27, 111332, December 20, 2024 el


https://www.autodesk.com/
https://www.graphpad.com/
https://imagej.en.softonic.com/
https://www.ni.com/en.html
https://www.python.org/

¢? CellPress iScience
OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Phanta Max Super-Fidelity DNA Vazyme Cat #P505-d1
Polymerase

Phi29 DNA Polymerase (10 U/uL) Thermo Fischer Scientific Cat #EP0092
Photomask MicroCAD Photo-Mask Ltd. N/A
Hole-puncher (1.0 mm) Integra LifeSciences Cat #33-31AA
Tubing (1.06 mm, PFTE) Cole-Parmer N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Experiments were conducted using purified enzymes. Human topoisomerase 1 was expressed and purified by transforming the
RS190 yeast strain Saccharomyces cerevisiae with the expression plasmid pHT143. The EcoRl restriction enzyme, obtained from
Thermo Fischer Scientific, was sourced from E. coli containing the cloned ecoRIR gene from Escherichia coli RY13.

METHOD DETAILS

DNA oligonucleotides

Human TOP1 DNA nanosensor was synthesised by Integrated DNA Technology (Hong Kong SAR). DNA oligo, EcoRI DNA nanosen-
sors (blue and red), reporter probes, and detection probes were purchased from BGI Genomics (Hong Kong SAR). Sequences were
listed as the following, where the lower cases mark the preferred human TOP1 recognition sequence and restriction sites of EcoRl:
DNA oligo

5’-/Acr/CCA ACC AAC CAA CCA AAT AAG CGA TCT TCA CAG T-3'. Reporter probe: 5°-/FAM/ACT GTG AAG ATC GCT TAT TTG
GTT GGT TGG TTG G-3’. TOP1 DNA nanosensor: 5'-aga aaa att ttt aaa aaa CTG TGA AGA TCG CTT A ttt ttt aaa aat ttt tct aag tet ttt
aga tc CCT CAATGC ACATGT TTG GCT CC gat cta aaa gac tta ga-3’. EcoRl DNA nanosensor (blue; contains primer binding site):
5'-/AmC6/ATT CAC T gaattc AGC GCT TAG GAG TGC ATA TAC GAT GCA CTG TGA AGA TCG CTT ATG CAT CGT ATATGC ACT
CCT AAG CGC T gaattc AGT GAA T/AmC6/-3'. EcoRl DNA nanosensor (red; contains detection probe binding site): 5'-/AmC6/ATT
TGA C gaattc GTC GTA TAG GAA CTT CGA ACG ACT CGC CTC AAT GCA CAT GTG GCT CCC GAG TCG TTC GAA GTT CCT ATA
CGA C gaattc GTC AAA T/AmC6/-3'. Detection probe: 5’-/FAM/CCT CAA TGC ACA TGT TTG GCT CC-3'. Specificity of the TOP1
sensor design has previously been demonstrated using various TOP1 enzymes of different origins.'*'*“® EcoRI sensor specificity
was verified by cross-reactivity assessment against similar restriction endonucleases.”® Forward primer (QPCR): 5-TCG TCG
GCA GCG TCA GA-3'. Reverse primer (QPCR): 5'-GCC TAC CGC CCA TTT GC-3'. DNA template (QPCR): 5'-TCG TCG GCA GCG
TCA GAT GTG TAT AAG AGA CAG (N4o) GCA AAT GGG CGG TAG GC-3'.

Microfluidic chip designs and fabrication

The microfluidic devices were fabricated using standard soft photolithography process.** The patterns were designed by a CAD
software (Autodesk, USA) and printed on a photomask (MicroCAD Photo-Mask Ltd., China). According to the manufacturer’s instruc-
tions, the printed patterns were transferred onto a silicon wafer spin-coated using an SU8 3025 photoresist (Kayaku Advanced
Materials, Fischer Scientific, USA). Following exposure, development, and post-exposure bake, the uncrosslinked photoresist
was removed by the SU8 developer (Kayaku Advanced Materials, Fischer Scientific, USA). The prepared SU8 molds were measured
approximately 25 pm and 50 pum in channel heights for the droplet generation device and the flow microchannel, respectively. Poly-
dimethylsiloxane (PDMS) prepolymer was prepared using the base and curing agent in a 10:1 ratio (w/w) (Dow Corning, USA). The
fully mixed mixture was poured onto the SU8 mold and cured overnight at 65°C. Crosslinked PDMS was peeled off from the SU8
mold and cut into slabs. Fluidic inlets and outlets were generated by a hole-puncher of 1.0 mm in diameter (Integra LifeSciences,
USA). The PDMS slabs were thoroughly cleaned with ethanol and bonded onto a piece of cover glass through a layer of semi-cured
PDMS (a base and curing agent at a weight ratio of 2:1). The bonded assembly was baked at 65°C overnight to further strengthen the
bonding.

Fabrication of oligo-conjugated polyacrylamide beads

A polymer mix was prepared in an aqueous solution containing 1% (w/v) ammonium persulfate (Sigma-Aldrich, USA), 10%
acrylamide, and bis-acrylamide solution (29:1) (Bio-Rad, USA) and 15 uM 5’acrydite DNA oligo. The solution was loaded into a
1-mL syringe. The oil solution containing 0.5% Pico-Surf (Sphere Fluidics, UK) in HFE-7500 3M Novec (Fluorochem, UK) was loaded
into another 1-mL syringe. The two syringes were connected to the oil and aqueous inlets of the droplet generation device
(Figure S8A) by 1.06 mm tubing (Cole-Parmer, UK). The flow rate of the aqueous solution and the oil solution were set at 2 uL/min
and 8 pL/min, respectively. The droplets were collected from the outlet connected to a collection tube and covered with a layer of
mineral oil. Droplets were left for the polymerization overnight at 22°C. The oligo-PAA beads were then released by adding the droplet
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destabilizing agent, 1H,1H,2H,2H-perfluoro-1-octanol (final concentration 33% v/v, Sigma-Aldrich, USA), to the emulsion phase. The
functionalized oligo-PAA beads were retrieved after eight consecutive washes in 1 mL H,O and stored at 4°C.

Hydrogel bead-based isothermal detection (BEAD-ID)

The human TOP1 reaction was carried out in a 10 pL reaction volume containing a standard 1x TOP1 reaction buffer (5 mM CaCl,,
5 mM MgCl,, 10 mM Tris-HCI pH 7.5) supplemented with 0.1 uM TOP1 DNA nanosensor. Addition of titrated amounts of purified
human TOP1 enzyme (in-house purified, Aarhus University, Denmark) initiated the circularization reaction, producing the TOP1
circular products. The reaction was carried out at 37°C for 2 h and halted by moving the reaction tube —20°C.

The EcoRl endonuclease cleavage was carried out similarly as by Petersen et al.?® 1 uM of each EcoRI DNA nanosensor was mixed
in a 1x EcoRl buffer (Thermo Fischer Scientific, USA). Cleavage of the DNA nanosensors was initiated by addition of titrated EcoRl
enzyme (Thermo Fischer Scientific, USA). The reaction was carried out at 37°C for 2 h followed by heat inactivation at 65°C for 20 min.
Ligation of the nick was performed by the addition of 10 unit/uL of T4 DNA ligase (in-house purified, Aarhus University, Denmark) and
0.25 mM ATP (Thermo Fischer Scientific, USA) for 60 min at 16°C followed by inactivation of the ligase at 95°C for 10 min. Non-cir-
cular products were removed by incubating with 2 units of both exonuclease | and lll (Thermo Fischer Scientific, USA) for 1 h at 37°C.
Exonuclease digestion was inactivated for 10 min at 95°C. The produced EcoRlI circular products were cooled on ice and moved
to —20°C.

Oligo-PAA beads were soaked in either 1x TOP1 reaction buffer or 1x EcoRI buffer for 20 min at 22°C depending on the hybrid-
ization with human TOP1 or EcoRlI circular products, respectively. The beads pellet was spun down at 500 x g for 1 min and the
excess liquid was discarded and beads desiccated by vacuum. TOP1 or EcoRlI circular products were supplemented with NaCl
(Sigma-Aldrich, USA), reaching a final concentration of 250 mM and 300 mM, respectively, prior to their addition to the tube contain-
ing desiccated oligo-PAA beads. The ratio employed involved a fixed quantity of oligo-PAA beads, with the number of circular
products varying depending on the available enzyme amount during the enzymatic reaction of the nanosensors. Hybridization of
the circular products to the oligo-PAA beads was performed for 3 h at 37°C followed by three consecutive washes in 1x Phi29 buffer
(Thermo Fischer Scientific, USA). The washed beads were centrifuged at 500 x g for 1 min to remove the supernatant. RCA of the
circular products hybridized onto the oligo-PAA beads was performed at 37°C for 2 h in a solution containing 1x Phi29 buffer sup-
plemented with 0.5 ng/uL BSA, 625 uM dNTP (Thermo Fischer Scientific, USA), and 0.5 U/uL Phi29 DNA polymerase (Thermo Fischer
Scientific, USA). The RCA reaction was stopped by washing the beads three times in 1x PBS (Gibco, Thermo Fischer Scientific,
USA). The excess liquid was removed in between the washes by centrifugation at 500 x g for 1 min. Fluorescence detection was
achieved through hybridization of 0.2 uM FAM detection probes in a hybridization buffer containing 20% formamide (Thermo Fischer
Scientific, USA), 2x SSC (Thermo Fischer Scientific, USA), and 5% glycerol (Beyotime Biotechnology, China) for 1 h at 37°C followed
by three consecutive washes in 1x PBS for 5 min.

Hybridization of reporter probes to oligo-PAA beads and microscopic observations

Titrated concentrations of 5’FAM labelled reporter probes (960, 480, 240, 120, 60, and 0 amol per bead) were incubated with the
oligo-PAA beads for 1 h at 37°C under 300 mM NaCl. Following five consecutive washes in 1x PBS pH 7.4, the beads were visualized
by fluorescence microscopy (THUNDER Imager Live Cell & 3D Assay, Leica Microsystems, Germany). Fluorescent images were ac-
quired with LED excitation at 475 nm and emission filtering at 535 nm, utilizing an exposure time of 200 ms. Ten z stack images were
taken across a total thickness of 25 um for every field of view. CTBF, as defined in Equation 1,' was used as a measure of fluorescent
intensities on-bead for the microscopic observation:

CTBF = Integrated Fluorescent Density — (Area of Selected Bead X Mean Fluorescence of Background), (Equation 1)

where the integrated fluorescent density was obtained by integrating the fluorescent intensities obtained from the z stack. The
reported CTBF for every replicate was averaged from at least 10 beads.

QUANTIFICATION OF OLIGOS IN OLIGO-PAA BEADS

A standard quantitative PCR (QPCR) reaction was performed using 1x Phanta Buffer (Vazyme, China), supplemented with 0.2 mM
dNTPs, 0.2 uM forward primer, 0.2 uM reverse primer, 0.02 U/uL Phanta Max Super-Fidelity DNA polymerase (Vazyme, China), 1x
EvaGreen (Biotium, USA), and either 3% (v/v) oligo-PAA beads or 10% (v/v) DNA template. The oligo-PAA beads (Npeags) Were varied
at 30, 60, 120, 240, 480, or 960 per sample. The DNA template concentrations ranged from 0.01 to 10 nM. The thermocycling con-
ditions included an initial inactivation step at 95°C for 3 min, followed by 25 amplification cycles consisting of denaturation at 98°C for
15 s, annealing at 62°C for 20 s, and extension at 72°C for 20 s. To calculate the number of oligos conjugated in each oligo-PAA bead,
the following Equation 2 was used:

2(X2 —x1) 'ntemplate 'NA

Oligos per oligo — PAA bead = (Equation 2)

N, beads

where x; and x, are the critical values of oligo-PAA beads and template obtained from qPCR, respectively; Niempiate is the number of
moles of template used; N, is Avogrado’s constant; and Npeaqs is the total number of oligo-PAA beads in the reaction.
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Setup of the microfluidic flow setup

Schematic representation of the microfluidic flow setup is shown in Figure 6A. A blue diode laser emitting at 488 nm (MDL-11-488L/
1~50mW, Changchun New Industries, China) was directed to an inverted fluorescence microscope (Eclipse Ts2R, Nikon, Japan) and
used as the excitation source. A 20x objective (NA = 0.95, Nikon, Japan) was used to focus the laser beam pointing to the sample
within the microfluidic flow channel (see Figure S8B). The emitted fluorescence from the hydrogel beads was collected through the
same objective, passed through a pinhole, and separated from the excitation laser by the dichroic mirror before going through a 30:70
beam splitter. 70% of the light was passed to the high-speed camera (pco.dimax CS3, PCO, Germany) and 30% of the light was
passed through a 500-550 nm bandpass filter to a photomultiplier tube (PMT, PMMO02-1, Thorlabs, USA). The fluorescence signal
was acquired by a data acquisition board (PCle-6321, National Instruments, USA) at 1 MSPS and processed using both LabVIEW
and Python.

Data processing by LabVIEW and Python

LabVIEW (Version 18.0.1, National Instruments, USA) and Python (Version 3.10.9, USA) were employed for data acquisition and anal-
ysis, as shown in Figure S6. The LabVIEW module offered direct control for fluorescence detection, real-time display, and data saving
with a graphic user interface (GUI). The controls include the on/off control of the 488 nm laser and digitized control of PMT gain
voltage based on the intensity of signals. The acquired raw data underwent multiplication by the PMT gain, resulting in calibrated
values. These calibrated values, along with the raw data, were saved in a TDMS file at a user-specified location. For subsequent
data processing in Python, the nptdms library was utilized to read the TDMS file, followed by baseline calculation and signal analysis.
The program was bifurcated into two distinct codes: one for analysing the negative (blank) sample (Negative Code, NC, see Data S1)
and the other for the positive samples (Positive Code, PC, see Data S2). Both codes extracted the calibration column and saved it as
an array of floating points using the numpy library. Firstly, the NC pathway was utilized to extract the noise baseline using the blank
sample. This involved computing the mean and standard deviation based on 1,000 data points of the blank sample to establish the
threshold for noise peak detection. Further refinement of noise peaks from the blank sample was conducted using ROUT outlier
removal (Q = 0.5%)"° in GraphPad Prism (Version 10.0.3, USA). The highest noise peak identified served as threshold for peak iden-
tification within positive samples via the PC pathway. For peak characterization, the scipy library was employed. As delineated in
Figure 6B, the peak characteristics were defined as follows: the peak height was measured from the mean of the baseline obtained
from the noise sample to the apex of the peak, while peak width was determined from the widest part of the peak immediately above
the mean of the baseline. Peaks wider than 30 were filtered out as potential noise or faulty readings. The area under the curve (AUC)
was computed by trapezoidal integration of the peak from the baseline mean to the apex of the peak. These characteristics were then
visualized through histograms using matplot library, with peak height serving as the sole fluorescence measurement in this study.

QUANTIFICATION AND STATISTICAL ANALYSIS

Limit-of-detection (LOD) was estimated by the 3¢ approach.*” Here, the LOD is calculated using the mean blank response plus three
times the standard deviation of the blank measurements. Data was assessed for normality using a Gaussian fit, either through the
Shapiro-Wilk test or by visually inspecting histograms fitted with a Gaussian curve. Statistical analysis of the mean of three or
more groups was obtained using non-parametric Kruskal-Wallis test with Dunn’s multiple comparison test when data were not char-
acterized as normally distributed. For normally distributed data, one-way ANOVA and Tukey’s multiple comparison test were applied
with significance levels (p values) indicated in the figure legends, showing **, p < 0.0021; ***. p < 0.0002; ****, p < 0.0001; ns, nonsig-
nificant. Data were plotted using GraphPad Prism (Version 10.0.3, USA) and expressed as mean + standard deviation, calculated
from the mean of three independent experiments, following standardization with the mean of the group containing the highest con-
centration of reporter probes or enzymes.

The sample size required for the detection of TOP1 activity was estimated by statistical power analysis based on Cohen’s effect

size (f) (Equation 3),
(=) .
f = R (Equation 3)

where k is the number of groups, u; is the group mean, u is the overall mean, and ¢ is the standard deviation. The smallest estimated
effect size was 0.092. With a desired power level of 80% and a significance level () of 0.05, and considering a total of 5 groups, the
maximum required sample size was determined to be 1,411.
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