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Abstract

DNA-modified particles are used extensively for applications in sensing, material science, and
molecular biology. The performance of such DNA-modified particles is greatly dependent on the
degree of surface coverage, but existing methods for quantitation can only be employed for certain
particle compositions and/or conjugation chemistries. We have developed a simple and broadly
applicable exonuclease I11 (Exo I11) digestion assay based on the cleavage of phosphodiester bonds
—a universal feature of DNA-modified particles—to accurately quantify DNA probe surface
coverage on diverse, commonly used particles of different compositions, conjugation chemistries,
and sizes. Our assay utilizes particle-conjugated, fluorophore-labeled probes that incorporate two
abasic sites; these probes are hybridized to a complementary DNA (cDNA) strand, and
quantitation is achieved via cleavage and digestion of surface-bound probe DNA via Exo I11’s
apurinic endonucleolytic and exonucleolytic activities. The presence of the two abasic sites in the
probe greatly speeds up the enzymatic reaction without altering the packing density of the probes
on the particles. Probe digestion releases a signal-generating fluorophore and liberates the intact
cDNA strand to start a new cycle of hybridization and digestion, until all fluorophore tags have
been released. Since the molar ratio of fluorophore to immobilized DNA is 1:1, DNA surface
coverage can be determined accurately based on the complete release of fluorophores. Our method
delivers accurate, rapid, and reproducible quantitation of thiolated DNA on the surface of gold
nanoparticles, and also performs equally well with other conjugation chemistries, substrates, and
particle sizes, and thus offers a broadly useful assay for quantitation of DNA surface coverage.
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INTRODUCTION

DNA-modified nano- and microparticles can specifically recognize a variety of targets,
including nucleic acids, proteins, peptides, small molecules, and metal ions.> Accordingly,
such particles have proven extraordinarily useful for bioimaging, bioseparation, diagnostic
assays, drug targeting, nanotherapeutics, and nanomaterial assembly.2-5 Different
conjugation chemistries have been used to immobilize DNA strands onto various particle
substrates, including metallic nanoparticles, semiconductive quantum dots (QDSs), inorganic
upconversion nanoparticles (UCNPs), silica microspheres, and magnetic beads.”~1° In
particular, alkanethiol adsorption has been employed for attaching thiolated DNA onto gold
nanoparticles (AuNPs).”-16 The lanthanide—phosphate interaction has been used to conjugate
unmodified DNAs onto lanthanide-doped hydrophobic UCNPs.® The streptavidin (SA)—
biotin interaction is often utilized to attach biotinylated DNA onto SA-coated magnetic
beads,7:18 QDs,12 and UCNPs.1® In addition, when analyte detection or sample separation
is being performed at elevated temperatures, amino-modified DNA has been covalently
conjugated onto carboxylated magneticl1:14 or silical® particles. Such covalently bound
DNA probes offer greater stability for assays that employ heat-induced dehybridization,20-21
as high temperatures can disrupt SA-biotin interaction.18

The extent of DNA surface coverage can profoundly influence DNA hybridization
efficiency,22-24 enzyme activity,22:25-29 assay sensitivity,3° cellular uptake efficiency,3! and
thermostability of DNA nanoparticle-assembled superlattices.11:32 Many studies have shown
that high surface coverage is associated with steric hindrance, electrostatic repulsive
interactions, and elevated surface salt concentration, whereas low surface coverage can result
in nonspecific binding of oligonucleotides to the particle surface. Both scenarios can greatly
reduce DNA hydridization efficiency and enzyme activity for surface-bound DNA
probes,33:34 and strategies for accurately quantifying the degree of surface coverage are
critical for research applications based on DNA-conjugated particles.
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Radioisotope labeling has been used to determine the number of conjugated oligonucleotides
on a variety of surfaces.1235-38 Briefly, probe DNAs are labeled at their 5" end with a
radioisotope such as 32P with T4 polynucleotide kinase before conjugation.12:3% Quantitation
is then achieved by direct measurement of the radioactivity of radiolabeled DNA-modified
particles using a liquid scintillation counter or a Geiger counter.12:35 Although 32P can be
easily incorporated into the phosphate groups of dNTPs to generate highly sensitive,
radiolabeled probes,36 the short half-life of 32P means that the labeled probes should be used
within a week of preparation, leading to increased costs. Meanwhile, radioactive hazards are
also a concern requiring personal protection and separate waste disposal procedures.

Radioisotope methods have become less popular as a variety of fluorescence-based assays
have been developed for accurate quantitation of DNA surface coverage on various particle
surfaces. Fluorophore-labeled DNA is strongly quenched when bound to particles such as
AuUNPs and magnetic beads, but this fluorescence is fully recovered once the DNA is
detached from the surface. For thiolated, DNA-modified AuNPs, surface coverage is
typically determined by measuring the fluorescence of oligonucleotides liberated via ligand
displacement with mercaptoethanol33 or dithiothreitol (DTT).3° The standard DTT
displacement protocol usually requires overnight incubation of DNA-modified AuNPs with
high concentrations (~0.5 M) of DTT at room temperature.3® Although time-consuming, the
DTT displacement-based assay is recognized as a reliable “gold standard” for quantifying
surface coverage on AuNPs irrespective of DNA length or sequence. Recently, several label-
free methods utilizing PCR, OliGreen, and unimolecular beacon have been developed to
characterize DNA surface coverage.*9-42 However, these methods are only compatible with
thiol-coupled DNA-AUNPs. Fluorescent assays are also available for accurate determination
of surface coverage on SA-coated inorganic particles such as QDs, UCNPs, or magnetic
beads. In this scenario, the interaction between biotinylated probe DNAs and SA-coated
beads is disrupted in a mixture of ethylenediaminetetraacetic acid (EDTA) and formamide
via high-temperature treatment (90 °C for 10 min).1” The eluted biotinylated DNAs can then
be fluorescently measured. However, this method is not applicable to other conjugation
chemistries, such as covalent linkage of thiolated DNA to aminated particles'2 or of amino-
labeled DNA to carboxylated magnetic or silica substrates.8:14:15.35

Alternatively, dissolution of particle substrates can ensure full release of the attached
oligonucleotides for accurate quantification of DNA surface coverage. This is typically
achieved with fluorophore labeling33-37 rather than absorbance measurement at 260 nm,
which suffers two important impediments. First, such measurements are not sensitive
enough to accurately quantify DNA at low levels of surface coverage (~nM).43 Second, the
chemicals used for AUNP dissolution, such as ferrocyanide and ferricyanide, exhibit strong
absorbance at 260 nm,** and this can interfere with accurate quantitation. Dissolution-based
determination of DNA surface coverage has been reported for only two substrates: AUNPs33
and metal-organic framework (MOF) nanoparticles.3” A mixture of KCN and K3Fe(CN)g
was used to dissolve DNA-modified AuNPs for several minutes, after which the absorbance
of the CN~-released fluorescein (FAM)-labeled DNAs was measured at 494 nm.33 DNA-
modified MOF nanoparticles can be dissolved by incubating in NaOH for 18 h under
mechanical shaking, with the absorbance of the released TAMRA-labeled DNAs measured
at 566 nm.37 Such methods are constrained to specific substrates, however, due to the limited
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availability of dissolution chemistries.33:37 Thus, there is presently no simple and fast
general approach that can be employed for rapidly and accurately quantifying DNA surface
coverage across the large spectrum of commonly used particle compositions and conjugation
chemistries.

To address this need, we have developed a generalizable method based on the chemical
cleavage of phosphodiester bonds—a feature shared by all DNA-modified particles—that
consistently achieves rapid and accurate quantitation based on fluorophore release,
regardless of the conjugation chemistry employed, particle substrate, or size. Our assay
utilizes exonuclease 111 (Exo I1) to achieve cleavage and digestion at abasic sites
incorporated into surface-bound, fluorophore-labeled probe DNAs that are hybridized with a
complementary DNA (cDNA) strand. Hybridization of the cDNA prevents the surface-
bound probes from wrapping around the particle surface, rendering them accessible to Exo
I11 for digestion and enabling accurate quantitation. The presence of the abasic sites in the
probe is not strictly essential, but greatly speeds up the process of enzyme digestion, and we
have experimentally demonstrated that these abasic sites do not alter the packing density of
probes on particle surface relative to probes lacking these sites. As an initial proof-of-
concept, we have demonstrated complete fluorophore release from AuNP-conjugated, FAM-
labeled DNA using our Exo Ill-based assay after 60 min at room temperature. The results
were in very good agreement with those from an overnight DTT displacement assay for both
high and low DNA surface coverage conditions. Our assay also achieved similar sensitivity
to this “gold standard” DTT displacement approach. More importantly, our Exo Il1-based
assay proved equally effective for quantifying surface coverage of DNA conjugated to other
particles, including magnetic beads (1 xm), QDs (18 nm), silica microspheres (1 xm), and
UCNPs (25 or 76 nm). We further demonstrated that our method is effective with probes
conjugated via streptavidin—biotin interaction, covalent linkage, or electrostatic interaction.
In most instances, we observed far more efficient fluorophore release with our Exo I11-based
assay relative to existing assays. Our assay therefore delivers valuable new analytical
capabilities for accurate DNA quantitation, greatly reducing the measurement time needed
for DNA-conjugated AuNPs while also offering a general-purpose assay that can readily be
applied to various conjugation chemistries, substrates, and sizes.

We first employed our Exo I11-based assay with FAM-labeled probe DNA-modified AuNPs.
Exo Il has 3’-to-5" exonuclease activity and processes nucleic acids in a sequence-
independent fashion.*> We first exploited the exonucleolytic activity of Exo 111 to catalyze
the stepwise removal of mononucleotides from 3’-hydroxyl termini of duplex DNA as a
means to accurately determine DNA surface coverage on AuNPs. The procedure for the Exo
I11-based assay is illustrated in Figure 1.

These AuNP-conjugated, FAM-labeled probes (Figure 1A) are hybridized to a
complementary DNA (cDNA) strand (Supporting Information (SI), Table S1, cDNA-8A) to
form a perfectly matched duplex, and quantitation is achieved via Exo Il digestion of
surface-bound probe DNAs (Figure 1B). Digestion releases a signal-generating fluorophore
and liberates the intact cDNA strand to start anew until all probes have been digested from
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the particle surface, generating an AuNP aggregation-induced visible color shift from red to
blue (Figure 1C). Since the molar ratio of FAM to immobilized probe DNA is 1:1, DNA
surface coverage can be determined accurately based on the complete release of
fluorophores after enzyme digestion.

We designed a 47-nt probe DNA with the following sequence: 5" -poly(Tg)-
ACCACATCATCCATATAACTGAAAGCCAAACAGTTTTTTTT-3". The 5" poly(Tg) acts
as a flexible linker to improve cDNA hybridization. We synthesized the probe with a5’
thiol group and a 3" FAM-label (SI, Table S1, SH probe) and conjugated it onto AuNPS via
thiol-gold chemistry3° at a ratio of 300:1. After the modification, we found that 70% of the
DNA was unconjugated and remained in the supernatant (data not shown). This large excess
confirms that these conditions ensure saturated DNA loading of the AuNPs, and indicate that
coverage would not meaningfully increase at even higher DNA:AuUNP ratios. These DNA-
modified AuNPs are stable in reaction buffer, and the resulting solution is red in color due to
the strong electrostatic repulsion of DNA-modified nanoparticles. We hybridized the
modified AuNPs with cDNA-8A, and then incubated with Exo I11. Digestion of the surface-
bound probes causes the probe-free AUNPs to become unstable in the reaction buffer,
leading to salt-induced aggregation that gives rise to a red-to-blue color change. We tracked
this response by performing time-dependent measurements of UV absorbance (Figure 2A),
specifically monitoring the ratio of absorbance at 650 to 520 nm (Agsg/ As20) (Figure 2B)
that has served as an indicator of AuNP aggregation.*6 We observed that aggregation
occurred gradually, with complete digestion of surface-bound probe DNAs achieved after
255 min. We also measured the time-dependent release of the fluorophore from AuNP-
conjugated SH probes. We found that 75% of the FAM molecules were released in the first
60 min, and fluorescence intensity subsequently achieved saturation after 180 min (Figure
2C). As expected, the fluorophore was released before the complete degradation of
immobilized probe DNAs on AuNP.

To test if our Exo Il1-based assay can quantify AuNP-conjugated probe DNA in both high
and low surface-coverage scenarios, we prepared DNA-modified AuNPs at SH probe
DNA:AUNP ratios of 60, 80, 120, 150, 200, and 300 and characterized their surface
coverage under the conditions described above. After a 255 min incubation, we separated the
supernatant from the AuNP precipitate and measured its fluorescence. We confirmed that
Exo 111 was able to cleave the 3° FAM-modified nucleotide from the probe, thereby
releasing it into solution. The fluorescence intensity increased in proportion to the amount of
DNA used for the modification (Figure 3A and S, Figure S1), and we used a standard curve
generated from unconjugated FAM-labeled, SH probe DNA with Exo 111 and cDNA under
the same experimental conditions (Figure 3B) to calculate DNA surface coverage. We
determined that AuNPs modified with DNA:AuUNP ratios of 60, 80, 120, 150, 200, and 300
respectively displayed 38 + 1,44 +1,53+1,65+1,69 + 1, and 79 £ 2 oligonucleotides per
particle, equivalent to surface coverage of 12.1 + 0.3, 13.8 £ 0.2, 16.7 + 0.2, 20.4 £ 0.3, 21.7
+0.3, and 24.7 + 0.6 pmol/cm?, respectively (Figure 3C). To evaluate the accuracy of our
Exo Il1-based assay, we performed a DTT displacement assay3? with the same set of
samples. We mixed each batch of SH probe DNA-modified AuNPs with an equal volume of
1.0 M DTT and incubated the mixture at room temperature for 12 h, after which we
centrifuged the samples and measured the fluorescence of the collected supernatant (Figure
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3A, SI, Figure S2). We used the constructed calibration curve (Figure 3B) to determine that
the surface coverage measurements obtained via DTT displacement were in very good
agreement with the values obtained via Exo 111 digestion (Figure 3C).

In addition to 3"-to-5" exonuclease activity, Exo 111 has also been reported to have apurinic
(AP) endonuclease activity that digests propanyl abasic sites inserted into DNA strands.4’
We predicted that the enzymatic digestion in our Exo Il1-based assay could be profoundly
accelerated by inserting propanyl abasic sites*” into the DNA probe, thereby exploiting both
activities of Exo Il1. Specifically, we utilized Exo I11’s endonuclease activity to generate
internal nicks at the abasic sites (marked as X in the probe sequence), with subsequent
exonucleolytic digestion at the newly created nicks considerably accelerating the assay
process. We inserted two internal propanyl abasic sites into our SH probe DNA, producing
the SH-2X probe (S, Table S1, SH-2X probe). The SH-2X probe DNA was then attached
onto AuNPs via thiol linkage (Figure 4A). When the immobilized probe hybridizes to the
cDNA strand (SI, Table S1, cDNA), it forms a duplex with an 8-nt sticky end (Figure 4B).
The two duplexed abasic sites provide binding sites for Exo 111, which endonucleolytically
cleaves the phosphodiester bond and generates two nicks with hydroxyl groups at the 3" end
(Figure 4C). This converts the SH-2X probe into three nicked duplex fragments (12, 11, and
8 bp). The FAM-labeled 8-bp strand ( 7, = 21.9 °C) readily dissociates from the cDNA at
room temperature, while the 11- and 12-bp fragments ( 7, = 27.8 and 44.5 °C, respectively)
remain hybridized to the cDNA. Exo 111 subsequently initiates 3’-to-5" exonucleolytic
digestion of the SH-2X probe DNA at these newly formed 3’ -hydroxyl termini. When the
probe is degraded, liberating the fluorophore, the intact cDNA is released (Figure 4D) to
start a new cycle of DNA hybridization and Exo 111 digestion (Figure 4E). Once all of the
attached probes have been sheared from the surface, we use the resulting fluorescence to
accurately determine DNA surface coverage (Figure 4F).

We experimentally confirmed that the insertion of abasic sites accelerated DNA probe
digestion and that the number of abasic sites strongly influences the reaction rate. We
immobilized two versions of our probe DNA containing either one or two abasic sites
(Figure 5A and S, Table S1, SH-1X and -2X probes) onto AuNPs with a saturating
DNA:AUNP ratio of 300. We determined that the surface coverage for these two new probes
was essentially identical to that of the original SH-probe DNA (79 + 2 oligonucleotides/
particle), with surface densities of 77 + 3 and 79 + 3 oligonucleotides/particle for the SH-1X
and -2X probes, respectively. We then performed Exo Il digestion of these three batches of
modified AuNPs and recorded the absorbance change at 520 and 650 nm. The time course of
aggregation confirmed that the SH-2X probe DNA produced a much more rapid reaction (S,
Figure S3A) relative to the SH (Figure 2A) or SH-1X probes (SI, Figure S3B). The reaction
times required for complete aggregation of the AuNPs were 60, 230, and 255 min for
AuUNPs modified with SH-2X, -1X probes and SH probe, respectively (Figure 5B). Clearly,
the presence of two abasic sites in the 2X probe DNA enables far more rapid digestion.
Compared with the SH probe, the SH-1X probe exhibited only moderately faster digestion,
presumably because the 20-bp 3" duplexed fragment (7, = 56.9 °C) formed by cleavage at
the 5" abasic site is very stable, which prevents the cDNA from releasing at room
temperature and thereby delays further digestion steps. We therefore used the SH-2X probe
DNA for all subsequent experiments with our Exo Il11-based assay.
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Previous studies have shown that the AP activity of Exo Il is marginally influenced by the
presence of different bases at positions complementary to abasic sites.#8 We conducted
experiments to test for this effect under our assay conditions. We found that cDNAs with C
or T opposite the abasic site (SI, Table S1, cDNA-C and -T) contributed to more efficient
digestion by Exo Il relative to those with A or G opposite the abasic site (Sl, Table S1,
cDNA-A and -G) (S, Figure S4) at low enzyme concentrations (0.004 U/zL), but the
difference became negligible and did not affect the assay’s efficiency when 0.2 U/l of Exo
I11 was used (SI, Figure S5).

To verify that all fluorophore labels had been released from the particle surface at the point
of AuNP aggregation, we measured the time-dependent release of the fluorophore from
AuUNP-conjugated SH-2X probes by monitoring the change in FAM intensity. Most FAM
molecules were released in the first 15 min of the reaction, with 75% of the FAM released
into solution (SI, Figure S6). Fluorescence intensity subsequently increased slowly,
achieving saturation after 60 min, with no further increase after 18 h. Clearly, the complete
release of fluorophores is consistent with the aggregation of the AuNPs, indicating that Exo
I11 can achieve entire digestion of surface-bound 2X-probe within 1 h.

Digestion of surface-bound probes requires the formation of a duplex with cDNA, since Exo
I11 is inactive on single-stranded DNA. When hybridized with the AUNP-immobilized DNA
probe, the 3" end of the cDNA is close to the surface of the AuNPs. We believe that the 3’-
to-5" exonuclease activity of Exo Il is greatly inhibited by steric hindrance near the particle
surface. We have previously shown that cDNA concentrations as low as 2 nM can result in
complete removal of all probe DNA from AuNPs, resulting in aggregation,* demonstrating
that low concentrations of cDNA can be recycled efficiently. However, it is not necessary for
the cDNA to be recycled as long as we have sufficient cDNA in the sample. We further
investigated the effect of cDNA concentration on Exo 11 efficiency. We observed that the
initial reaction rate of Exo 1l increased with increasing concentrations of cDNA until
reaching a plateau at 200 nM (SI, Figure S7). Further increases in the cDNA concentration
up to 500 nM yielded only a slightly higher reaction rate. We therefore used 200 nM cDNA
for subsequent experiments. We also examined the effect of Exo 111 concentration, and found
that increasing the amount of Exo Il greatly increased the initial reaction rate (Sl, Figure
S8). 0.2 U/l of Exo 111 was used for subsequent experiments to achieve a rapid reaction.

We confirmed the accuracy of the Exo Il1-based assay utilizing SH-2X probe modified
AuUNPs under both low and high surface coverage conditions. We conjugated SH-2X probe
DNA with AuNPs at DNA:AUNP ratios of 60, 80, 120, 150, 200, and 300 under the same
modification conditions described above and characterized the surface coverage of the six
batches of AuNPs with the Exo Il1-based (S, Figure S9) and DTT displacement (SI, Figure
S10) assays. We found that the measurements in high and low surface coverage scenarios
obtained via both methods were in very good agreement (SI, Figure S11). However, the Exo
I11-based assay can be performed in a far shorter time relative to the DTT displacement
assay, especially when using abasic site containing probes (1 h vs 12 h). Since the surface
coverage values of the SH-2X probe (SI, Figure S11) were essentially identical to those
obtained with the SH probe (Figure 3), we conclude that the inclusion of the abasic sites
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speeds up the enzymatic reaction without altering either the DNA packing density on the
particle surface or the accuracy of quantitation.

The Exo Ill-based assay also demonstrated a comparable limit of quantitation (LOQ) to the
DTT displacement assay. We performed Exo 11 digestion using SH-2X probe DNA-
modified AuUNPs with maximum surface coverage at particle concentrations ranging from 31
fM to 3.1 nM, equivalent to a concentration of SH-2X probe DNA ranging from 2.5 pM to
250 nM. Our results demonstrated good linearity, with a LOQ of 34.6 pM probe DNA (8.3 x
108 oligonucleotides) (Figure 6). This demonstrates the high sensitivity of the Exo I11-based
assay; based on the small testing volume of our assay (40 /1), only 1.4 fmol DNA—or a
subfemtomole quantity of AuNPs—is required for accurate quantitation. We observed a
similar LOQ (26.3 pM, 6.3 x 108 oligonucleotides) for the DTT displacement-based assay
using the same set of samples.

Our Exo Ill-based assay achieves rapid and accurate determination of DNA surface coverage
due to the high efficiency of Exo Il and increased enzyme accessibility resulting from
cDNA hybridization. DNase | digestion offers an alternative nuclease-based method>1:52 that
cleaves fluoro-phore-labeled DNA from gold surfaces for subsequent quantification. DNase

I is an endonuclease that nonspecifically cleaves single- and double-stranded DNA to release
di-, tri-, and oligonucleotide products with 5’-phosphorylated and 3’-hydroxylated ends.53
To compare the digestion efficiency of Exo 1l and DNase I, we monitored the time course
for digestion of SH-2X probe DNA-modified AuNPs with maximum surface coverage with
80 nM Exo 111 (0.2 U/zL) or 80 nM DNase | (0.125 U/4) as reported optimized condition®1
in the presence of 200 nM cDNA. After 60 min, Exo 111 achieved 100% probe digestion
whereas DNase | digested only 42% of the probe DNA (Figure 7A). We further compared
the capacity of the DNase I-based assay to quantify DNA at different levels of surface
coverage relative to Exo I11. We mixed six batches of SH-2X probe DNA-modified AuNPs
displaying various DNA surface coverage with DNase | and incubated the mixture at room
temperature for 16 h, then collected the supernatants to obtain fluorescence spectra (SI,
Figure S12A). We used a standard curve established with different concentrations of
unconjugated FAM-labeled, thiolated 2X probe DNA and 0.125 U/l of DNase | to
calculate the DNA surface coverage on these modified AuNPs (SI, Figure S12B). The
performance of the DNase I-based assay was generally inferior to that of the Exo Il1-based
assay, with estimates of surface coverage for all six batches of DNA-modified AuNPs that
were significantly smaller than those obtained by our Exo I11-based assay (Figure 7B and SI,
Table S2).

This incomplete digestion by DNase | could be attributable to two reasons. First, DNase |
activity is highly dependent on salt concentration, and digestion can be inhibited when DNA
surface coverage is high due to an elevated local salt concentration.2 In contrast, Exo 1l is
robust against high local salt concentrations. Furthermore, the wrapping of immobilized
single-stranded probe DNAs around particles®* typically reduces the accessibility of the
probes to enzymes, %56 impairing accurate quantitation with DNase |—especially when
DNA surface coverage is low. The persistence length of ssDNA is around 8 nm (~24
nucleotides),>” and this lack of stiffness makes it easy for the probe to bind to the particle
surface. When cDNA binds with the probe to form a duplex, however, the persistence length
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of dsDNA increases to 50 nm (~150 nucleotides),®® which is much longer than our probe-
cDNA duplex (14 nm/41 nucleotides). Thus, the duplexed probe would be predicted to not
bend and wrap around the curved particle surface, and should extend perpendicularly to the
AuNP>9 regardless of the degree of surface coverage.

We predicted that duplex formation between surface-bound probe DNA and cDNA should
minimize surface adsorption in the DNase I-based assay and thus enhance the accuracy of
the measurements. To confirm this, we incubated our SH-2X probe DNA-modified AuNPs
with 0.125 U/yL of DNase | and 200 nM of cDNA for 16 h. The supernatants were collected
and recorded (SI, Figure S13A). We used a standard curve (SI, Figure S13B) established
with different concentrations of unconjugated SH-2X probe DNA, 200 nM of cDNA, and
0.125 U/pl of DNase | to calculate DNA surface coverage on these modified AuNPs. As
expected, the presence of the cDNA improved the performance of the DNase | assay,
yielding measurements that were in good agreement with our Exo 111-based assay for AUNPs
with relatively low surface coverage (Figure 7B and Sl, Table S2). This suggests that the
duplexed probe DNAS provide more access to DNase I, thereby facilitating complete
digestion. However, the DNase I-based assay still produced lower measurements when DNA
surface coverage was greater than 56 oligonucleotides/particle (Figure 7B and Sl, Table S2),
presumably due to inhibition of DNase I by high local salt concentrations at the surface.28

To demonstrate the generalizability of our Exo I11-based method for determining DNA
surface coverage on various substrates with different conjugation chemistries and sizes, we
first quantified surface coverage of biotinylated 2X probe DNA (SI, Table S1, biotin-2X
probe) on SA-coated magnetic beads (MB-SA, 1 um diameter). We modified the beads with
equal volumes of 5 ¢M biotinylated DNA in binding buffer, and then washed and separated
the DNA-modified beads from unbound DNA using a magnetic particle concentrator. Using
the same Exo I11 digestion procedure described above, we could readily obtain complete
fluorophore release after 60 min, with no measurable increase of fluorescence after an
overnight reaction (Figure 8A). Based on the corresponding standard curve (SI, Figure S14),
we measured an average (3.4 + 0.1) x 10° DNA molecules per MB-SA, equivalent to a
surface coverage of 18.0 + 0.6 pmol/cm?. Heat-treated elution in a mixture of EDTA and
formamide has been used to measure DNA surface coverage under such conditions by
disrupting SA-biotin binding.1” Using this approach, we obtained a value of 16.1 + 0.6
pmol/cm? (S, Figure S15A and C). This is 10% less than the Exo I11-based measurement,
indicating that not all of the biotinylated DNA was successfully dissociated under such
conditions. Employing the same conjugation method, we attached the biotin-2X probe DNA
onto SA-coated quantum dots (QD-SA, 18 nm diameter) and performed Exo 111 digestion
with the DNA-modified QDs. We used the established standard curve (SI, Figure S16) to
calculate surface coverage on the DNA-modified QDs after 60 min (Figure 8B), measuring
an average 34 + 1 oligonucleotides per QD-SA, equivalent to a surface coverage of 5.6 + 0.1
pmol/cm?2. We obtained a comparable value using the heating-based elution assay, finding an
average of 32 + 1 oligonucleotides per QD-SA (5.3 + 0.1 pmol/cm?) (SI, Figure S17A,B).

Our method was equally successful in quantifying amino-labeled DNA (SI, Table S1,
NH,-2X probe) covalently conjugated onto carboxylated magnetic beads (MB-COOH, 1 y/m
diameter) and silica microspheres (SiO,-COOH, 1 u4m diameter). We used
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ethyl(dimethylaminopropyl) carbodiimide (EDC) to activate the carboxylic acid groups on
the surface of MB-COOH or SiO,-COOH in MES buffer, and incubated with NH,-2X probe
DNA. The DNA-modified magnetic beads were collected with a magnetic particle
concentrator, and the DNA-modified silica microspheres were separated from unbound DNA
by several rounds of centrifugation and resuspension. We mixed the modified beads with 0.2
U/l of Exo 111 and 200 nM of cDNA and incubated for either 1 or 16 h. After centrifuging
the samples, we collected the supernatants and obtained the sample fluorescence. Based on a
standard curve (SI, Figure S18) established with different concentrations of unconjugated
NH,-2X probe DNA, 200 nM of cDNA, and 0.2 U/zL of Exo 11, we determined that the
surface coverage was (1.1 + 0.1) x 10° DNA strands per magnetic bead (Figure 8C) and (7.4
+0.2) x 103 DNA strands per silica microsphere (Figure 8D), equivalent to surface coverage
of 5.8 + 0.3 and 0.39 + 0.01 pmol/cm?, respectively. We noted that overnight incubation was
required to achieve complete digestion with covalently conjugated DNA particles. The
reason for this is still unclear, but one possibility is that nonspecific adsorption of Exo Il
onto the surface of these nonprotein-coated microparticles6%-61 greatly reduces the enzyme’s
ability to access the conjugated oligonucleotides. This limitation aside, it is important to note
that our Exo Il1-based assay represents the first published fluorescence method capable of
accurately quantifying coverage for such covalently conjugated DNA probes.

Finally, we demonstrated successful determination of DNA surface coverage on UCNPs.
DNA-modified UCNPs have gained considerable attention in the field of DNA-based
bionanotechnology because of their distinctive properties, such as exceptional photostability,
suppression of autofluorescence, and low in vitro and in vivo toxicity.5263 DNA can be
attached to UCNPs through either SA-biotin binding or direct adsorption. Therefore, we
prepared 2X probe DNA-modified UCNPs by attaching biotin-2X probe DNA onto SA-
coated UCNPs (UCNP-SA, 76 nm diameter)1? or directly conjugating 5" -unmodified 2X
probe DNA onto oleic acid-capped UCNPs (UCNP-OA, 25 nm diameter)? via the
electrostatic interaction between phosphoric acid groups on the DNA and lanthanide ions on
the UCNPs.54 Employing the Exo I11-based assay, we readily obtained complete
fluorescence recovery after 60 min, with no measurable increase of fluorescence after an
overnight reaction (Figure 8E,F). Based on the corresponding standard curves (Sl, Figures
S14 and S19), we measured an average of 30 £ 1 DNA molecules per UCNP-SA and an
average of 19 = 1 DNA molecules per UCNP-OA, equivalent to a surface coverage of 0.27
+0.01 pmol/cm? and 1.6 + 0.1 pmol/cm?, respectively. We obtained a comparable value
using the heating-based elution assay, finding an average of 25 + 1 DNA molecules per
UCNP-SA, equivalent to a surface coverage of 0.22 + 0.01 pmol/cm? (SI, Figure S15B,C).

CONCLUSION

We have demonstrated a general-purpose method for the quantitation of DNA surface
coverage that targets the phosphodiester bonds of DNA probes—a feature shared by all
DNA-modified particles. Our system exploits the distinct dual enzymatic activities of Exo

I11 (with the assistance of a hybridized cDNA) to achieve efficient probe digestion and
complete fluorophore release. The resulting fluorescence serves as a reporter for accurately
quantifying DNA conjugated onto particles of diverse sizes and compositions via a variety of
different chemistries.
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Using DNA-modified AuNPs as an initial proof-of-concept, we demonstrated that our Exo
I11-based method can deliver accurate and reproducible quantitation for both high- and low-
surface-coverage scenarios, with results closely comparable to the “gold standard” DTT-
displacement assay, yet much faster. Importantly, our method generated essentially identical
measurements from AuNP conjugation experiments with probes that either contain or lack
abasic sites, and both probes achieve equivalent coverage on the AuNP surface after the
modification. However, the addition of abasic sites to the probe significantly accelerates
enzymatic digestion. Note that we obtained equivalent surface coverage measurements for
both unmodified and abasic site-containing probes, indicating that the effects of any
alterations in cDNA hybridization in the latter scenario are minimal in terms of assay
performance. Additionally, our assay proved effective with other particle substrates, such as
QDs, UCNPs, magnetic beads, and silica microspheres, delivering accurate quantitation of
both noncovalently and covalently bound DNAs with results that were comparable to or
superior to other standard assays (SI, Table S3). Although the fluorophore-labeled DNA
probes and excess amount of complementary DNA are required to complete the
characterization of DNA surface coverage in the Exo I11-based assay, we believe that our
Exo Ill-based assay has the potential to provide simple and accurate measurement of surface
coverage for virtually any class of DNA-particle conjugates.

EXPERIMENTAL SECTION

Quantitation of DNA Surface Coverage on AuNPs via Exo Ill-Based Assay

1.25 z of SH-2X probe DNA-modified AuNPs (final concentration 3.1 nM) was mixed
with 36.75 gL of reaction buffer (20 mM Tris-Ac, 50 mM KAc, 25 mM NaCl, 20 mM
CaCly, 3mM MgCly, 1 x BSA, pH 7.9), 2 zL of 4 M cDNA and 3 gL of 2.7 U/l Exo 1l
(both diluted with reaction buffer). After 60 min incubation at room temperature, the
solution was centrifuged at 21,130 rcf x 10 min to remove the AuNP precipitates, after
which 40 gL of supernatant was transferred into a 384-well microplate to record
fluorescence intensities of fluorescein label using a Tecan Infinite M1000 PRO with Agy =
495 nm and Ay = 520 nm. To establish the standard calibration curve, 38 gL of reaction
buffer containing known concentrations of SH-2X probe DNA was mixed with 2 /1 of 4 ¢M
cDNA and 3 L of Exo 111 (2.7 U/fL) to obtain probe concentrations ranging from 0 to 250
nM. These samples underwent the same incubation and centrifugation process as the
modified AuNP samples, with 40 4L of each solution used for measurement. To investigate
the effect of cDNA concentration on the reaction time, SH-2X probe DNA-modified AuNPs
with a surface coverage of 79 oligonucleotides/particle were mixed with various
concentrations of cDNA (0, 10, 20, 50, 100, 200, and 500 nM) and Exo 111 (0.01 U/yL) in 40
4L reaction buffer. The mixtures were loaded into a 384-well microplate and the time-
dependent fluorescence changes (Agy = 495 nm and Agm = 520 nm) were recorded. The
initial reaction rate was determined by the slope of the exponential fitting curve at 0 min.

Quantitation of DNA Surface Coverage on Different Particles via Exo lll-Based Assay

1.25 z1 of 2X probe DNA-modified particles (final concentration 3.1 nM) were mixed with
36.75 i of reaction buffer, 2 gL of 4 MM cDNA, and 3 yL of 2.7 U/l Exo 111 (both diluted
with reaction buffer). After incubation for 60 min or 16 h at room temperature, the solution

Bioconjug Chem. Author manuscript; available in PMC 2017 October 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yuetal.

Page 12

was centrifuged at 21,130 rcf x 10 min to remove the particles, after which 40 L of
supernatant was transferred into a 384-well microplate to record the fluorescence spectra
from 504 to 850 nm (Agx = 495 nm). To establish the standard calibration curve, 38 /L of
reaction buffer containing known concentrations of biotin-2X probe DNA (for SA-coated
magnetic beads, QDs or UCNPs), NH,-2X probe DNA (for carboxylated magnetic or silica
beads), or 5”-unmodified-2X probe DNA (for oleic acid-capped UCNPs) was mixed with 2
UL of 4 ;M cDNA and 3 gL of 2.7 U/l Exo 111 to obtain probe solutions ranging from 0 to
250 nM. These samples underwent the same incubation and centrifugation process as the
DNA-modified AuNP samples, with 40 s of each solution used for fluorescence
measurement. Since DNA-modified QD-SA particles cannot be completely removed by
centrifugation and DNA-modified QD-SA particles did not significantly quench FAM
fluorescence, we directly collected the fluorescence spectra from 504 to 850 nm (Agx = 495
nm) from samples of DNA-modified QD-SA particles. The same amount of unmodified QD-
SA particles was added for calibration before Exo Il digestion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Scheme of the Exo Ill-based assay for quantifying surface coverage of probe DNA on
AUNPs. Fluorophore-labeled, AuNP-coupled DNASs (A) are hybridized with a
complementary cDNA and subsequently undergo exonucleolytic digestion by Exo 111 (B).
This releases fluorophores and intact cDNA strands, allowing multiple rounds of digestion
until all fluorophores are released (C). The resulting aggregation of the probe-free AuUNPs
produces a visible red-to-blue color change.
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Figure2.
Exo 11 digestion of DNA-conjugated AuNPs modified at a DNA:AuUNP ratio of 300. Time-

dependent absorbance spectra (A) and absorbance ratio (Ags0/As20) (B) and fluorescence
intensity (C) of the SH probe-modified AuNPs in Exo I11-based assay. The Agsg/ A5y of SH
probe DNA-modified AuNPs reached saturation after 255 min.
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Comparison of the Exo Il1-based and the DTT displacement assays with SH probe DNA-
conjugated AuNPs prepared at different DNA:AUNP ratios. (A) Fluorescence intensities of
supernatants after Exo I11 digestion (black) and DTT displacement (red). (B) Standard
calibration curve obtained with known concentrations of FAM-labeled, thiolated probe DNA
after Exo Il digestion (black) and DTT displacement (red). (C) Surface coverage of SH
probe DNA-modified AuNPs as characterized by Exo 111 digestion (black) and DTT
displacement (red). Error bars show standard deviations obtained from three measurements.
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Figure 4.
Schematic illustration of our Exo Ill-based assay for quantifying the surface coverage of

SH-2X probe DNA conjugated with AuNPs. AuNPs are modified with DNA probes
containing two abasic sites (A). These are hybridized to cDNA (B) and then incubated with
Exo Il (C). The enzyme introduces internal nicks at the abasic sites, and then performs
exonucleolytic digestion of the remaining probe fragments (D). The cDNA is released intact
for further rounds of digestion (E), until all probes have been stripped away and the released
fluorophores can be quantified to assess surface coverage (F).
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Figure5.
Effect of the number of abasic sites on the rate of digestion for DNA-modified AuNPs in the

Exo Ill-based assay. (A) Scheme of Exo 11 digestion for cDNA duplexes formed with
AuUNP-conjugated SH-2X, SH-1X, and SH probes. (B) Time-dependent absorbance changes
(Ags0/As20) of AUNPs modified with SH-2X, SH-1X, and SH probe DNA.
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Figure 6.
Sensitivity of the Exo Il1-based (black) and DTT displacement (red) assays. (A)

Fluorescence intensities at 520 nm for supernatants from different DNA concentrations of
SH-2X probe DNA-modified AuNPs (79 oligonucleotides per particle) after performing
both assays. (B) We determined the limit of quantitation (LOQ) for both assays based on a
signal-to-noise ratio of 10 (ref 50). Error bars show standard deviations obtained from three
measurements.
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Figure7.
Reaction kinetics for Exo 111 digestion and DNase | hydrolysis of SH-2X probe DNA-

modified AuNPs. (A) Time-dependent fluorescence changes for AUNPs modified with 79
oligonucleotides per particle upon addition of either 80 nM Exo 111 (0.2 U/¢L) or DNase |
(0.125 U/g) in the presence of 200 nM cDNA. (B) Surface coverage measurements
obtained for DNA-modified AuNPs with different amounts of SH-2X probe DNA, as
characterized by Exo 111 digestion with 200 nM cDNA (black) or DNase I hydrolysis with
(pink) or without 200 nM cDNA (blue). Error bars show standard deviations from three
measurements.
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Exo Ill-based quantification of DNA surface coverage on various particles. Fluorescence
spectra of unmodified beads (black), undigested modified beads (red), and supernatants from
Exo Ill-treated, DNA-modified (A) streptavidin-coated magnetic beads (MB-SA), (B)
streptavidin-coated quantum dots (QD-SA), (C) carboxylated magnetic beads (MB-COOH),
(D) carboxylated silica microspheres (SiO,-COQH), (E) streptavidin-coated UCNPs
(UCNP-SA), and (F) oleic acid-capped UCNPs (UCNP-OA). Assays were conducted for 1 h
(blue) or 16 h (magenta) with 200 nM ¢cDNA and 0.2 U/uL Exo I11.
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