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Heteromultivalency enables enhanced 
detection of nucleic acid mutations

Brendan R. Deal1, Rong Ma1, Steven Narum    2, Hiroaki Ogasawara    1, 
Yuxin Duan1, James T. Kindt1 & Khalid Salaita    1 

Detecting genetic mutations such as single nucleotide polymorphisms 
(SNPs) is necessary to prescribe effective cancer therapies, perform genetic 
analyses and distinguish similar viral strains. Traditionally, SNP sensing uses 
short oligonucleotide probes that differentially bind the SNP and wild-type 
targets. However, DNA hybridization-based techniques require precise 
tuning of the probe’s binding affinity to manage the inherent trade-off 
between specificity and sensitivity. As conventional hybridization offers 
limited control over binding affinity, here we generate heteromultivalent 
DNA-functionalized particles and demonstrate optimized hybridization 
specificity for targets containing one or two mutations. By investigating the 
role of oligo lengths, spacer lengths and binding orientation, we reveal that 
heteromultivalent hybridization enables fine-tuned specificity for a single 
SNP and dramatic enhancements in specificity for two non-proximal SNPs 
empowered by highly cooperative binding. Capitalizing on these abilities, 
we demonstrate straightforward discrimination between heterozygous cis 
and trans mutations and between different strains of the SARS-CoV-2 virus. 
Our findings indicate that heteromultivalent hybridization offers substantial 
improvements over conventional monovalent hybridization-based methods.

Specific hybridization between complementary nucleic acids enables 
many sensing and diagnostic methods1–4. For example, polymerase 
chain reaction (PCR) assays rely on specific hybridization between 
primers and templates. However, there is often a fundamental trade-off 
between maximizing specificity, also referred to as the false positive 
rate in clinical diagnostics, and sensitivity, or true positive rate5. High 
binding affinity results in improved sensitivity, the lowest detectable 
oligonucleotide concentration, but also leads to enhanced off-target 
binding and decreased discrimination between similar targets. Con-
versely, lowering the target affinity can enhance specificity for the com-
plementary target, but lowers the limit of detection of an assay. Thus, 
there is an affinity ‘sweet spot’ that maximizes the ratio between on- and 
off-target binding6. Realizing this optimal affinity is difficult, often 
resulting in poor discrimination for targets containing mismatches, 
such as single nucleotide polymorphisms (SNPs), which are biomedi-
cally relevant and challenging to identify5,7,8. One common way to tune 

affinity to maximize specificity is by changing the probe length. How-
ever, the problem with this strategy is that adding or removing a single 
base pair drastically changes the affinity, resulting in low-precision 
affinity tuning6,9. Adjusting the temperature and ionic strength can 
precisely optimize the probe affinity for SNP targets, but this approach 
fails when detecting multiple SNPs simultaneously in a multiplexed or 
microarray-type assay10. Therefore, a fundamental problem in the field 
pertains to developing facile strategies to fine-tune the target affinity 
and enhance the specificity.

To overcome this challenge, we tested the hypothesis that mul-
tivalent binding can be used to optimize the specificity of hybrid-
ization and hence boost the performance of nucleic-acid sensing 
assays. In many assays, target binding occurs on DNA-functionalized 
surfaces or particles to allow a more rapid and simple readout11–14. 
These DNA-coated structures, which we refer to as homomultivalent 
(homoMV; Fig. 1a, top), typically hybridize ‘monovalently’, forming a 
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strains also requires optimizing specificity for unique mutations. 
However, detecting two mutations on a target is difficult to achieve, 
as monovalent binding probes bind either both sites and the region 
in between (R′) with low specificity (Fig. 1c), or bind each mutation 
separately with no cooperativity. To address this challenge, we engi-
neered heteroMV binding to hybridize cooperatively to two muta-
tions with a non-complementary spacer in between (Fig. 1c). With 
heteroMV binding, overall affinity for a desired target is enhanced 
while maintaining low affinity for single mutant or wild-type targets, 
similar to ‘AND’ logic gates and proximity assays20–22. Moreover, due to 
the additive effect of each mismatch, we hypothesized that specific-
ity substantially increases when two mutations are targeted through 
heteroMV binding. Overall, we aimed to demonstrate that heteroMV 
binding greatly expands the potential of DNA hybridization-based 

single duplex with each target. There are a few examples of homoMV 
structures binding targets multivalently; however, this approach is 
only applicable for repetitive targets15,16. We recently demonstrated 
that heteromultivalent (heteroMV) structures presenting multiple 
distinct oligonucleotide sequences (Fig. 1a, bottom) can bind multi-
valently to non-repetitive targets with high avidity17. Here, motivated 
by this past work, we investigated whether presenting a tuning oligo 
(T) alongside a SNP-binding oligo (S) can precisely tune the target 
binding affinity and achieve high specificity for a SNP without relying 
on buffer optimization (Fig. 1b).

Specificity is also important in applications that require detecting 
multiple mutations in a single target. For example, haplotype phas-
ing analyses involve distinguishing cis and trans mutations located 
on the same or different chromosome copy18,19. Differentiating viral 
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Fig. 1 | Hypothesized advantages of heteromultivalent hybridization and 
modelling key applications. a, General illustration of a homoMV DNA-coated 
structure containing only one unique oligonucleotide sequence, A, and a 
heteroMV DNA-coated structure containing two unique oligonucleotide 
sequences, A and B. b, Scheme illustrating the difficulty in tuning the binding 
affinity by adding an additional base pair to a homoMV binding interaction and 
the hypothesized ability of a heteroMV structure to more precisely tune the 

binding affinity of hybridization to achieve maximum specificity. c, Scheme 
illustrating the hypothesized effect of the distance between two SNPs on 
homoMV and heteroMV hybridization specificity. d–g, Schemes and modelling 
predictions describing the specificity for one SNP (d), cooperativity (e), cis/trans 
discrimination (f) and specificity for two SNPs (g) of homoMV and heteroMV 
particles presenting oligos with the Keq values provided.
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assays and DNA nanotechnology by offering highly tunable specificity 
and cooperativity.

Results
Modelling heteroMV hybridization specificity and 
cooperativity
To predict the impact of heteroMV binding on hybridization specific-
ity and cooperativity, we focused on an n = 2 particle (n corresponds 
to the number of unique oligosequences anchored to the particle) 
modified with 50% S and 50% T oligos. Binding of the target to the par-
ticle was modelled as a two-step reversible reaction, where S and T 
bind their complements with association binding constants Keq, S and 
Keq, T, respectively. The particle–target complex can form three distinct 
binding states where only S binds, only T binds or both segments bind 
(Extended Data Fig. 1). The equilibrium constant for the target bound 
to both segments can be described as

Keq = Keq, S × Keq,T × ceff (1)

where ceff is the effective concentration of the unbound second oligo 
within the volume accessible to the target after binding the first oligo, 
as described previously23–26. Thus, the total affinity of all three states 
for the particle binding a complementary SNP-containing target is 
(see the Modelling section of the Methods for further justification)

Keq, S+T, SNP = Keq, S + Keq,T + Keq, S × Keq,T × ceff (2)

To incorporate specificity into the model, we also derived a binding 
constant for a wild-type target (WT) containing a mismatch in S′ (Fig. 1d,  
scheme). To account for the decreased affinity of the mismatched S 
oligo–WT target duplex, a mismatch factor (MM) is multiplied by each 
Keq, S term in equation (2). Therefore, the total binding affinity for the 
particle binding the WT target is given by

Keq, S+T,WT = MM × Keq, S + Keq,T +MM × Keq, S × Keq,T × ceff (3)

We next derived an equation to calculate the equilibrium binding 
occupancy, Θ, of the oligos immobilized on the particle surface (see 
Modelling section of the Methods) and converted Θ to an arbitrary 
assay signal, I, using inputted maximum and background assay signals 
with the equation

I = Imax ×ϴ + Ibg (4)

By calculating I when the particles bound the SNP target or the WT 
target, the discrimination factor (DF), a common metric for specific-
ity6,27, was calculated using the equation

DF = ISNP/IWT (5)

Moreover, by calculating I when a particle with only the S oligo 
(IS), only the T oligo (IT) or both oligos (IS + T) bound the SNP target 
(Fig. 1e), the cooperativity factor (CF) was calculated using the fol-
lowing equation to quantify the enhancement in binding due to 
heteromultivalency:

CF = 2 × IS+T/(IS + IT) (6)

To predict the impact of Keq, S and Keq, T on DF and CF, we ran numeri-
cal analyses using a series of affinities for each oligo with values span-
ning up to eight orders of magnitude. To roughly approximate the 
impact of adding one additional base pair to a DNA duplex, the ratio 
of consecutive values for Keq was chosen to be 20. Mock values of I, DF 
and CF were then generated for each combination of Keq, S and Keq, T, 
using ceff = 50 µM and MM = 0.025 (Extended Data Fig. 1). As described 

previously for monovalent hybridization6, the relationship between 
DF and Keq follows a Gaussian distribution, where a specific Keq value 
(Keq, optimal) maximizes DF (DFmax) and any Keq value less than or greater 
than Keq, optimal results in a diminished DF (Extended Data Fig. 2). For 
example, our modelling predicts that for an S-only particle, increasing 
Keq, S from 20 to 400 pM−1 (representing the addition of one base pair to 
the duplex) overshoots Keq, optimal and thus DFmax is not achieved. How-
ever, adding a T oligo with Keq, T = 0.03 pM−1, instead, precisely increases 
the total affinity from 20 to 40 pM−1 and yields a DF greater than that 
of any of the n = 1 particles in the series (Fig. 1d). Note that the model 
predicts that the T oligo will not enhance DFmax and also that if Keq, T is 
too large (regardless of Keq, S), then DFmax will decrease (Extended Data 
Fig. 1).The second major prediction from this simple model is that CF 
will be greatest when Keq, S ≈ Keq, T. Specifically, when Keq, S = 20 pM−1 and 
Keq, T = 10 pM−1, the model predicts that the n = 2 particle will bind ~50 
times more targets than the average of the two corresponding n = 1 
particles (Fig. 1e).

We next sought to predict whether heteroMV DNA-coated struc-
tures can be used to determine whether two mutations are located on 
the same or different chromosome copies. Of the ten unique combina-
tions of two mutations on two chromosome copies (Modelling section 
of the Methods), heterozygous cis and trans mutations are the most 
difficult to distinguish (Fig. 1f)28,29. To predict the ability to differenti-
ate two cis or trans mutations, the model was modified so that both 
oligos are complementary to a SNP (S1 and S2 instead of S and T) by 
applying an MM factor to Keq, S1 and Keq, S2 when binding a target lacking 
the corresponding SNPs. This modification then yields equations for 
total affinity to the SNP1/SNP2, SNP1/WT2, WT1/SNP2 and WT1/WT2 tar-
gets (Modelling section of the Methods). Equal mixtures of SNP1/SNP2 
and WT1/WT2 targets or SNP1/WT2 and WT1/SNP2 targets were used to 
represent heterozygous cis or trans mutations, respectively. DFcis/trans 
values were then calculated using

DFcis/trans = Icis/Itrans (7)

Using the same individual oligo binding affinities as used in  
Fig. 1d,e, the DFcis/trans values were generated for each combination of 
Keq, S1 and Keq, S2 (Extended Data Fig. 3). These modelling calculations 
predicted that two oligos with roughly equal binding affinities, each 
slightly weaker than those predicted to give the best CF, will result in the 
highest DFcis/trans, yielding a value of 8.4 (Fig. 1f). Alternatively, according 
to our calculations, to achieve a maximum DFSNP1 + SNP2 (ISNP1/SNP2/IWT1/WT2)  
value of ~300, the total affinity should be weaker than that which maxi-
mizes CF, and stronger than that which maximizes DFcis/trans (Fig. 1g and 
Extended Data Fig. 3). Note that DFSNP1 + SNP2 is greatly enhanced due to 
both binding interactions being impacted by the presence of SNPs. 
Overall, the mathematical model predicts that a T oligo with lower 
affinity than the S oligo will give the highest specificity for a single 
mismatch, a T oligo with similar affinity to the S oligo will maximize 
cooperativity, and two S oligos with equal but weak affinity will offer 
the highest cis/trans discrimination or specificity for targets contain-
ing two mutations.

Measuring heteroMV hybridization specificity and 
cooperativity
To test the modelling predictions, we designed five S oligos (7–11 nt 
long, 7S–11S) and seven T oligos (4–10 nt long, 4T–10T) complementary 
to a 25-nt region of the KRAS genetic sequence that contains the G12C 
mutation (Fig. 2a and Supplementary Fig. 1). We focused on this target 
because KRAS is an important oncogene and a driver of lung, pancreatic 
and colorectal cancers when mutated30. The G12C mutant target was 
perfectly complementary to the S and T oligos, whereas the WT target 
lacking the mutation binds the S oligo with a single base mismatch and 
the T oligo with no mismatches. Both targets were modified at their 3′ 
termini with an Atto647N fluorophore (Supplementary Figs. 2 and 3). 
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Each of the S and T oligos contained a T10 polynucleotide linker and 
a 5′ thiol group to enable conjugation to silica beads (Supplementary 
Fig. 4). Beads were modified with each possible combination of the S 
and T oligos, generating a library of 48 unique DNA-coated silica beads. 
The density of the oligos on the beads was measured to be ~4.1 × 104 oli-
gos µm−2 with an average oligo spacing of ~5 nm, allowing S and T oligos 
to bind multivalently to the same target (Extended Data Fig. 4).

We next designed a flow cytometry-based assay to measure the 
relative binding of targets to each of the 48 beads. In this assay, the 
DNA-coated beads were incubated with 1 nM of target in 1× saline 
sodium citrate (SSC) and 0.1% Tween20 buffer, after which unbound 
targets were removed through centrifugation and the fluorescence 
intensity of each individual particle was measured using a flow cytom-
eter (Fig. 2b and Supplementary Fig. 5). As expected, the median fluo-
rescence intensities (MFIs) generally increased when the S and/or the 
T oligo increased in length, confirming that increasing binding affinity 
results in higher surface occupancy (Θ) (Fig. 2c,d and Extended Data 
Fig. 5). To quantify the specificity, DF values were calculated for each 
bead mixture by dividing the G12C and WT MFIs (Fig. 2e). Consistent 
with the modelling predictions, the beads presenting the 9S oligo 
alongside the 5T, 6T or 7T oligo had the highest DFs. Specifically, the 
5T–9S beads yielded ~37% higher specificity compared to the 9S beads 
(Fig. 2i), which had the greatest DF of the homoMV beads tested. Impor-
tantly, this enhancement was enabled by precise fine-tuning of Keq, as 

the 5T–9S and 6T–9S beads yielded MFIs between those of the 9S and 
10S beads (Fig. 2g). In further agreement with the modelling, the screen 
showed that the 8T–8S beads bound most cooperatively to the G12C 
target, with almost 40 times greater target binding than the average 
of the 8T and 8S n = 1 beads (Fig. 2f,h,j).

Impact of spacer length on heteroMV hybridization
Next, to assess the ability of heteroMV beads to bind with high coopera-
tivity to two non-adjacent regions of a target, several spacer-containing 
targets were designed and tested. Previously, the impact of long, flexible 
spacers/linkers on multivalent binding avidity has been a controversial 
topic. Some studies reported that flexibility leads to poor cooperativ-
ity due to loss of conformational entropy upon binding31, while others 
noted minimal impacts of spacer length on avidity and cooperativity15,26. 
Hence these experiments were designed to test whether hybridization 
cooperativity and specificity are maintained when the spacer length 
increases. We therefore introduced a tri-ethylene glycol (short) or a 
hexa-ethylene glycol (long) modification between the T′ and S′ bind-
ing regions (internal) or, as a negative control, at the 5′ terminus of the 
targets (terminal) (Fig. 3a). Thus, a total of ten targets were tested with 
the 8T–8S beads using the flow cytometry-based assay.

The results showed that as the internal spacer length increased, 
more G12C targets bound the beads (Fig. 3b). Inserting a short spacer 
also enhanced binding to the WT target, although the long spacer did 

a

c e

d f

G12C MFI

WT MFI

DF

CF

g

h

i

j
No S 7S 8S 9S 10S 11S

No T

4T
5T
6T
7T
8T
9T

10T
0

10

20

30

40

No S 7S 8S 9S 10S 11S

No T

4T
5T
6T
7T
8T
9T

10T
0

10

20

30

40
No T

4T
5T
6T
7T
8T
9T

10T
0

50,000

100,000

150,000

200,000

250,000

No S 7S 8S 9S 10S 11S

No S

T’
T

7S 8S 9S 10S 11S

No T

4T
5T
6T
7T
8T
9T

10T
0

50,000

100,000

150,000

200,000

250,000

0

10

20

30

40
**

*** *
*

*
NS

D
F 

(G
12

C
 M

FI
/W

T 
M

FI
)

0

9S

8T 8S 8T-8S

5T-9
S

6T-9
S

10
S

20,000

40,000

60,000

80,000

At
to

64
7N

 M
FI

T’ S’

A C C A T C A A C C T C G A A C A C C G C

A A C C T C G A A C A

T G G T A G T T G G A G C T T G T G G C G T A G G
G/

4T 7S

SNP: KRAS G12C (G→T)

10T

S’
S

Atto
647N

11S

b

Hybridize 
beads to

fluorescent 
target

Wash to 
remove 

unbound 
targets

Measure 
fluorescence 

with flow 
cytometry

9S

6T-9S
G12C

WT

–103 –102 102 103

Atto647N fluorescence intensity
104 105 1060

–103 –102 102 103

Atto647N fluorescence intensity
104 1050

8T

8S

8T-8S

5T -9S

10S
9S

6T-9S
5T -9S

10S

Atto
647N Atto

647N

Atto
647N

Atto
647N

Atto
647N

Atto
647N

Fig. 2 | Measuring the specificity and cooperativity of heteromultivalent 
hybridization. a, Design of the oligonucleotides included in the screen to 
maximize the DF and CF. Yellow boxes describe the SNP and its position in the 
target sequence. b, Scheme describing the flow cytometry-based assay used 
to quantify target binding to 5-µm DNA-coated silica particles. c,d, Heatmaps 
showing the median fluorescence intensity of each bead included in the screen 
when incubated with the G12C target (c) and the WT target (d). e,f, Heatmaps 
showing the DF (e) and CF (f) of each bead included in the screen. The CF is shown 
for beads incubated with the G12C target. g, Representative histograms for 9S, 
5T–9S, 6T–9S and 10S beads binding the G12C and WT targets. h, Representative 

histograms for 8T, 8S and 8T–8S beads binding the G12C target. i, Measured 
DFs for 9S, 5T–9S, 6T–9S and 10S beads (P values: 9S versus 5T–9S = 0.0088, 9S 
versus 6T–9S = 0.0329, 9S versus 10S = 0.2995). j, Measured median fluorescence 
intensity values for 8T, 8S and 8T–8S beads binding the G12C target (P values: 8T 
versus 8S = 0.0001, 8T versus 8T–8S = 0.0397, 8S versus 8T–8S = 0.0367). Error 
bars represent the standard error of the mean from n = 3 distinct samples. Values 
were compared using paired one-way analysis of variance (ANOVA) with multiple 
comparisons follow-up tests (NSP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001; NS, not 
significant).

http://www.nature.com/naturechemistry


Nature Chemistry

Article https://doi.org/10.1038/s41557-023-01345-4

not lead to a further increase in binding (Fig. 3c and Extended Data  
Fig. 6). As expected, the terminal spacers did not impact binding to the 
G12C or WT targets, confirming that the poly-ethylene glycol (PEG) 
polymer does not chemically influence target binding. The CF of the 
8T–8S beads for the G12C targets with different spacer lengths was 
also calculated by dividing the 8T–8S beads’ MFI by the average of the 
8T and 8S beads’ MFIs when binding the no spacer target. These cal-
culations revealed significant increases in cooperativity as a function 
of increasing spacer length (Fig. 3d). The impact of spacer length on 
specificity was also assessed by calculating the DF of the 8T–8S beads 
for each target. Interestingly, the internal spacers did not lead to a 
strong effect on specificity relative to the no spacer target, though there 
was a significant difference in DF between the short and long spacer 
targets (Fig. 3e). Overall, the investigations into the effect of target 
spacer length revealed that heteroMV hybridization allows binding to 
two spacer-separated regions of a target with increased cooperativity 
and no loss in specificity compared to a target with no spacer. These 
results will provide guidance in potential designs of proximity or ‘AND’ 
logic gate style-assays as well as in diagnostic assays when it is desir-
able for the tuning oligo to bind a domain (T′) that is not proximal to 
the SNP site.

Impact of binding orientation on heteroMV hybridization
Due to the antiparallel nature of DNA hybridization, the choice of ter-
minus (5′ or 3′) for the anchoring group of the S and T oligos impacts 
the direction that the oligo binds the target. Therefore, based on the 
terminus used for each anchor, the two oligos can bind the target in a 
head-to-tail, head-to-head or tail-to-tail orientation (Fig. 4a). In this 
case, head corresponds to the end of the oligo not attached to the 
particle, and tail corresponds to the linker connecting the oligo to 

the particle. To understand how binding orientation can potentially 
impact the properties of the binding interaction, 8T–8S beads that 
bind in the three different orientations were compared using the flow 
cytometry-based binding assay. Moreover, to investigate how each 
orientation is influenced by spacer length, the no spacer, short spacer 
and long spacer targets were tested with each binding orientation.

When binding the G12C no spacer target, significant differences 
were observed between the three binding orientations (Fig. 4b,c). Spe-
cifically, the head-to-head binding orientation yielded the highest bind-
ing, while the tail-to-tail orientation resulted in a greater than threefold 
reduction in binding compared to the head-to-tail orientation. How-
ever, when binding the short or long spacer G12C targets, the tail-to-tail 
orientation yielded similar binding to the head-to-tail orientation, 
while the head-to-head orientation still offered slight, non-significant 
improvements in total binding. Relatedly, the head-to-head orienta-
tion beads had a greater than twofold increase in CF relative to the 
head-to-tail orientation beads and a greater than sixfold increase 
relative to the tail-to-tail orientation beads when binding the no spacer 
G12C target (Fig. 4d,e). The greater average CF for the head-to-head 
orientation was maintained for the spacer-containing targets, although 
the enhancement was not significant. The results for the WT targets 
echoed those of the G12C targets (Extended Data Fig. 7). Overall, these 
results validate the importance of binding orientation in tuning binding 
affinity and cooperativity.

Together, these results can be explained by considering the 
effects of both the spacing between segments on the bead surface 
and the base-stacking interactions at the interface of the T–T′ and 
S–S′ duplexes. Based on the distance between the T and S oligos on the 
surface, different binding orientations can minimize energetic strain 
during binding depending on the linker length and duplex length.  
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For example, if T and S are far apart, then binding the no spacer target 
in the tail-to-tail orientation might result in considerable strain on the 
T10 linkers. Moreover, previous studies showed that base stacking at a 
nick site can result in strong enthalpic contributions to overall binding 
stability32–35. This is consistent with the head-to-head orientation yield-
ing the most avid binding as it binds with only a nick between the two 
duplexes. In contrast, in the other orientations, the T10 linkers probably 
interfere with this base-stacking interaction and hence reduce binding 
affinity and cooperativity.

Detecting the cis/trans relationship of two mutations
We next tested the modelling prediction that heteroMV binding can 
be used to distinguish heterozygous cis and trans mutations (Figs. 1f 
and 5a). This challenging task is critical in medical diagnostics, as the 
presence of two mutations on the same gene copy can alter protein 
function, while one mutation on each gene copy can yield cells with no 
functional gene copies18,28,29. Moreover, cis/trans discrimination is valu-
able in genetic counselling to track the inheritance of mutations18. As a 
proof of concept, 8- and 9-nt S1 and S2 oligos were designed to hybridize 
in the head-to-tail or head-to-head orientation to a complementary 
31-nt target corresponding to a region of the KRAS gene that contains 
the G12C mutation (SNP1) in the S1′ region and the L19F mutation (SNP2) 
in the S2′ region (Fig. 5b and Supplementary Fig. 1). Between the S1′ and 
S2′ regions there are 13–15 non-complementary nucleotides (Extended 

Data Fig. 8). L19F is a non-canonical mutation that has been found to 
cause increased tumour proliferation and transforming potential 
over WT KRAS36. We chose to use this mutation in our assay due to its 
proximity to the G12C mutation (23 nt away), although we anticipate 
that binding two mutations that are further apart will still be effective.

Using each combination of the binding oligos, eight heteroMV 
beads were synthesized and flow cytometry was used to meas-
ure their binding to 1 nM of the four targets, as well as to a 0.5 nM 
SNP1/SNP2 + 0.5 nM WT1/WT2 target mixture (cis) or a 0.5 nM SNP1/
WT2 + 0.5 nM WT1/SNP2 target mixture (trans) (Fig. 5c,d and Extended 
Data Fig. 8). As expected, all the bead combinations bound the SNP1/
SNP2 target with the greatest affinity and the WT1/WT2 target with 
the weakest affinity. Moreover, the 9S1–8S2 beads with either binding 
orientation had weak and approximately equal binding to both single 
mutant targets while showing strong binding to the SNP1/SNP2 target, 
yielding DF values of ~10 for both mutations. Due to this specificity for 
both mutations and strong binding cooperativity, both the head-to-tail 
and head-to-head 9S1–8S2 beads bound the cis target combination 
significantly more than the trans with DFcis/trans values of 4.7 and 8.4, 
respectively (Fig. 5e–h). Note that the modelling results gave an iden-
tical maximum DFcis/trans value of 8.4. Overall, this screen reveals that 
heteroMV hybridization enables strong discrimination between cis 
and trans heterozygous mutations and demonstrates the importance 
of precisely tuned binding specificity and cooperativity. This result is 
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important as it establishes a hybridization-based approach to distin-
guish cis/trans mutations without using enzymes or magnetic separa-
tion techniques29,37–39.

Distinguishing different strains of SARS-CoV-2
We next tested our hypothesis that heteroMV hybridization could 
lead to dramatic enhancements in specificity for targets containing 
two mutations (Fig. 1g). We thus designed three model targets corre-
sponding to a 29-nt region of the SARS-CoV-2 spike protein gene that 
contains three mutations (Q498R, N501Y and Y505H) in the omicron 

strain, one mutation in the alpha strain (N501Y) and no mutations in 
the original strain (Fig. 6a). To hybridize specifically to the omicron 
strain, 8- and 9-nt S1 and S2 oligos, complementary to the Q498R site 
and the Y505H site, respectively, were designed so that neither over-
lapped with the N501Y mutation shared by the alpha strain (Fig. 6b). 
Using these oligos, four n = 2 beads were synthesized that bound the 
target in the head-to-head orientation with an 11–13-nt spacer region 
(Extended Data Fig. 9). As a negative control, n = 1 beads functionalized 
with a 29-nt oligo that is perfectly complementary to the omicron target 
were also tested (Fig. 6b). Flow cytometry results showed that each of 
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versus 8S1–8S2 trans = 0.0047, 8S1–9S2 cis versus 8S1–9S2 trans = 0.0387, 9S1–8S2 
cis versus 9S1–8S2 trans = 0.0002, 9S1–9S2 cis versus 9S1–9S2 trans = 0.0046) 
binding each of the targets or target combinations in the legend. Values were 
compared using two-sided paired Student t-tests (NSP > 0.05, *P < 0.05, **P < 0.01, 
***P < 0.001). e,f, Representative histograms for each bead with head-to-tail 
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(NSP > 0.05, *P < 0.05, **P < 0.01). Error bars represent the standard error of the 
mean from n = 3 distinct samples.
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the n = 2 beads tested bound to the omicron target with similarly high 
affinity and showed minimal binding to the alpha and original targets 
(Extended Data Fig. 9). Meanwhile, compared to the n = 2 beads, the 
n = 1 beads yielded an approximately equal MFI when binding the omi-
cron target but bound to significantly more alpha and original targets 
(Fig. 6c,d). Importantly, the n = 2 beads offered dramatically enhanced 
specificity for the omicron strain, with the 8S1–9S2 combination bead 
giving a DFSNP1 + SNP2 value of ~800 compared to either of the other targets  
(Fig. 6e). The n = 1 bead had much lower specificity for the omicron 
target, with DFSNP1 + SNP2 values of ~12.

To further demonstrate the utility of heteroMV hybridization 
for distinguishing viral strains, we compared the ability of n = 1 and 
n = 2 beads to discriminate between nucleic acid targets isolated from 
authentic original strain and omicron strain SARS-CoV-2 viral particles. 
Following RNA extraction and reverse transcription, complementary 
DNA (cDNA) was amplified using asymmetric PCR using a tenfold 
excess of an Atto647N-labelled forward primer (Fig. 6f and Extended 
Data Fig. 10). This protocol generated fluorescent 88-nt DNA oligos 
from SARS-CoV-2 virions. Each target (10 nM) was then mixed with 
the n = 1 and 9S1–9S2 n = 2 beads described above, and binding was 

analysed using flow cytometry. Note that the n = 1 bead binds the origi-
nal target with three mismatches, whereas the n = 2 binds with only 
two mismatches. Despite this disadvantage, the n = 2 bead resulted 
in a nearly 12-fold increase in DF compared to the n = 1 bead as a result 
of similar binding to the omicron target and reduced binding to the 
original target (Fig. 6g,h).

As the n = 1 bead has more total complementarity with the targets, 
it was surprising that the n = 1 and n = 2 beads yielded approximately 
equal omicron target binding. Potential explanations include increased 
secondary structure, reduced kon rates and reduced DNA density for 
the n = 1 bead, as has been previously observed for materials func-
tionalized with longer oligos40–42. This highlights a general advantage 
for heteroMV hybridization where each oligo can be shorter in length 
and therefore less likely to be impacted by these issues. Moreover, the 
stark differences in specificity between the n = 1 and n = 2 beads would 
probably become even greater as the inter-SNP distance increases (Fig. 
1c). In this case, the length of the oligo on the n = 1 bead would have to 
become longer to bind to both SNPs, while the oligos on the n = 2 beads 
would not need to be altered, and instead potentially exhibit stronger 
and more cooperative binding as shown in Fig. 4. This demonstration 
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of rapid and effective identification of the strain of model viral targets 
using heteroMV hybridization has the potential to greatly impact the 
fields of diagnostics, medicine and public health.

Discussion
In this Article we have shown that densely coating a microparticle with 
two distinct oligonucleotide sequences yields customizable multi-
valent binding with highly tunable affinity. This result led to several 
important capabilities. By first optimizing each oligo’s length, we have 
shown that heteroMV binding can control the binding strength more 
precisely than monovalent binding, enabling near-maximum discrimi-
nation of SNPs. Thus, heteroMV hybridization offers an approach to 
optimizing the performance of hybridization-based mutation detection 
tools while maintaining compatibility with multiplex assays. Although 
different mutations and assay conditions will still require optimization 
of the oligo lengths to tune specificity, the results herein will acceler-
ate future screening processes. Moreover, heteroMV binding can be 
combined with other approaches that are commonly used to enhance 
binding specificity, such as molecular beacons, toehold-mediated 
hybridization and competition/sink probes3,5–8.

In addition to adjusting the oligo length, customizing the spacer 
length and binding orientation allowed the demonstration of highly 
cooperative binding to two unique regions of a target. Both param-
eters are thus critical for applications that necessitate selective 
hybridization only when two receptors are present21. Enhanced coop-
erativity was also observed as the spacer length increased, poten-
tially due to an improved ability for a target to reach two adjacent 
surface oligos. Additionally, as the spacer length increases, the target 
can span longer distances on the particle surface, allowing access to 
more copies of each binding oligo. These added binding partners, 
although spread through a larger volume, can result in a higher local 
concentration of surface-bound oligos24. This feature is unique to 
heteroMV structures that are densely functionalized, as opposed to 
a structure that presents a single copy of each oligo and thus cannot 
access additional binding sites despite a longer spacer. Cooperative 
binding was demonstrated with up to 15-nt spacers, although further 
studies with longer spacers would deepen the investigation. Further-
more, when binding the target lacking a spacer, a sixfold increase 
in cooperativity was observed when head-to-head orientation was 
used instead of tail-to-tail. However, for heteroMV binding where 
n > 2, it is not possible to exclusively use the highly cooperative 
head-to-head orientation. Instead, each adjacent oligo pair must 
alternate between binding in the head-to-head and tail-to-tail ori-
entation or each oligo can be anchored through the same terminus, 
as previously demonstrated17.

Through the combined benefits of highly tunable affinity and 
strong cooperativity despite a spacer region in the target, heteroMV 
binding also resulted in the ability to distinguish heterozygous cis 
and trans mutations. Through optimization, approximately eight-
fold higher binding was observed when heteroMV particles were 
incubated with a mixture of double mutant and non-mutant targets 
rather than two single mutant targets. Distinguishing between these 
target mixtures is often achieved through costly and lengthy meth-
ods involving complex next-generation sequencing assays, droplet 
PCR or single-molecule dilution18,19. Alternatively, in monovalent 
hybridization-based assays, either one long probe is used to bind 
both mutations or a distinct probe binds each mutation. In the first 
case, specificity and cooperativity diminish due to excessively strong 
binding, and in the second case each probe binds identically to cis and 
trans target mixtures29. For this reason, hybridization-based assays 
typically rely on a second discriminatory step involving enzymes or 
separation techniques29,37,38. Finally, heteroMV hybridization enabled 
~200-fold higher binding to targets extracted from omicron strain 
SARS-CoV-2 viral particles compared to original strain particles. Note 
that whole-genome sequencing is typically performed for strain 

identification. Thus, the ability to rapidly determine the strain of the 
viral sample offers facile monitoring of viral evolution.

The heteroMV hybridization approach presented herein is com-
patible with many materials used to present oligos in close proximity, 
including one-, two- or three-dimensional structures15,16. Also, precisely 
controlling the inter-oligo distance on the surface is not necessary 
when target binding regions are further apart, as such targets can span 
longer distances without diminished cooperativity. The cooperativity 
arising from heteroMV binding does, however, depend on the oli-
gos being pre-linked to a scaffold. Alternatively, ‘binary’ probes have 
been described, which rely on monovalent binding of two unlinked 
oligo probes and a separate complex formation step to generate a 
signal10,43. Additionally, DNA origami nanoswitches have been engi-
neered to switch to a loop conformation upon heteroMV binding to a 
target to facilitate detection with gel electrophoresis22,44. In this work, 
fluorophore-labelled targets were used to enable a rapid flow cytom-
etry readout, and an asymmetric PCR approach was demonstrated for 
diagnostic applications requiring unlabelled target sensing. In many 
nucleic acid detection methods, tunable binding affinity that allows 
highly specific and cooperative binding is essential, so heteroMV DNA 
hybridization is a promising method for further advancing biomedical 
sensing and diagnostics.
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Methods
Modelling
In all modelling calculations herein, ceff = 50 µM, MM = 0.025, and the 
ratio of consecutive values of Keq was chosen to be 20. These values 
were selected to most closely reproduce the obtained experimen-
tal results. Note that the equation for total binding affinity for an 
arbitrary n = 2 bead–target complex (Keq, S + T, equation (2)) is derived 
from summing the individual Keq terms (Keq, S, Keq, T and Keq, ST) of the 
three possible binding states, as these binding states cannot be 
distinguished in our experimental assay. To derive an equation to 
calculate the equilibrium binding occupancy, Θ, of the oligos coating 
the particle surface using the total binding affinity of the target (Keq, 
calculated from equations (2) and (3)), the total target concentra-
tion ([target]) and the total concentration of oligos on the particle 
surface ([surface]), we began with the standard equation for Keq:

Keq =
[surfacebound]

[targetunbound][surfaceunbound]
(8)

Note that Keq represents the binding association constant and thus 
has units of inverse concentration. This equation is then rearranged 
into the following form:

Keq[targetunbound] =
[surfacebound]
[surfaceunbound]

(9)

[surfacebound] is then replaced with [surfacetotal] − [surfaceunbound] 
to give the following equation:

Keq[targetunbound] =
[surfacetotal] − [surfaceunbound]

[surfaceunbound]
(10)

As ([surfacetotal] – [surfaceunbound])/[surfacetotal] = Θ and [surfa-
ceunbound]/[surfacetotal] = 1 − Θ, the following equation is then derived:

ϴ
1 −ϴ = Keq[targetunbound] (11)

ϴ =
Keq ([target] + [surface]) + 1 −√(Keq([target] + [surface]) + 1)2 − 4Keq

2 [surface] [target]
2Keq [surface]

(19)

To solve for Θ using only Keq, [target] and [surface], [targetunbound] 
is first replaced with [target] − [targetbound]:

ϴ
1 −ϴ = Keq([target] − [targetbound]) (12)

[targetbound] is replaced with [surface]Θ to give the following 
equation:

ϴ
1 −ϴ = Keq ([target] − [surface]ϴ) (13)

This equation is then rearranged into a quadratic form 
(Θ = aΘ2 + bΘ + c) as follows:

ϴ = (1 −ϴ) ( Keq ([target] − Keq [surface]ϴ) (14)

ϴ = Keq [surface]ϴ2 − Keq [target]ϴ − Keq [surface]ϴ + Keq [target] (15)

0 = Keq [surface]ϴ2 − Keq [target]ϴ

−Keq [surface]ϴ −ϴ + Keq [target]
(16)

0 = Keq [surface]ϴ2 + (−Keq ([target]

− [surface]) − 1)ϴ + Keq [target]
(17)

The equation is then solved for Θ using the quadratic formula

ϴ = −b ±√b2 − 4ac
2a (18)

where a = Keq[surface], b = −Keq([target] − [surface]) − 1, and 
c = Keq[target], giving the final equation for Θ:

Note that the correct value of Θ is equal to the root given by sub-
tracting the quadratic portion, and thus the ± term was replaced with 
a − term in equation (19) and the root given by adding the quadratic 
portion was ignored. For the results shown in Fig. 1d,e,g, [target] = 1 nM 
and [surface] = 1 nM, and thus the following simplifications can be 
made, where K = Keq × 1 nM:

ϴ =
2K + 1 −√(2K + 1)2 − 4K2

2K (20)

ϴ = 1
2K + 1 −

√4K2 + 4K + 1 − 4K2
2K (21)

ϴ = 1
2K + 1 −

√4K + 1
2K (22)

For the results shown in Fig. 1f, [target1] = 0.5 nM and [tar-
get2] = 0.5 nM. Therefore, the values of Θ for target1 and target2 are 
calculated using Microsoft Excel and then summed to calculate the 
total Θ. Finally, Θ was converted to an arbitrary assay signal, I, using 
the equation

I = Imax ×ϴ + Ibg (23)

where Imax represents the maximum signal and Ibg is the background sig-
nal when [target] = 0. In all modelling calculations herein, Imax = 2.5 × 105 
and Ibg = 58. These values were based on the approximate maximum 
binding signal and background signal that was measured in the flow 
cytometry assay.

Note that the model described herein is effectively a Langmuir 
model. However, in contrast to the normal Langmuir surface adsorp-
tion scenario where it is assumed that there is a large excess of potential 
adsorbates, the total quantity of surface sites in our system is com-
parable to the total quantity of potential adsorbates. Therefore, it 
was impractical to use the concentration of unbound target as an 
independent variable.

The ten possible sequence pairs when considering two muta-
tions (SNP1 and SNP2) on two gene copies (target1 and target2) are 
as follows:

•	 target1 = SNP1/SNP2 and target2 = SNP1/SNP2 (homozygous dou-
ble, SNP1 and SNP2)

•	 target1 = SNP1/SNP2 and target2 = SNP1/WT2

http://www.nature.com/naturechemistry


Nature Chemistry

Article https://doi.org/10.1038/s41557-023-01345-4

•	 target1 = SNP1/SNP2 and target2 = WT1/SNP2

•	 target1 = SNP1/SNP2 and target2 = WT1/WT2 (heterozygous cis)
•	 target1 = SNP1/WT2 and target2 = SNP1/WT2 (homozygous single, 

SNP1)
•	 target1 = SNP1/WT2 and target2 = WT1/SNP2 (heterozygous trans)
•	 target1 = SNP1/WT2 and target2 = WT1/WT2

•	 target1 = WT1/SNP2 and target2 = WT1/SNP2 (homozygous single, 
SNP2)

•	 target1 = WT1/SNP2 and target2 = WT1/WT2

•	 target1 = WT1/WT2 and target2 = WT1/WT2 (wild-type)

The equations for total binding affinity to the SNP1/SNP2, SNP1/
WT2, WT1/SNP2 and WT1/WT2 targets can be described as

TotalKeq,SNP1/SNP2 = Keq,S1 + Keq,S2 + Keq,S1 × Keq,S2 × ceff

TotalKeq,SNP1/WT2 = Keq,S1 +MM2 × Keq,S2 + Keq,S1 ×MM2 × Keq,S2 × ceff

TotalKeq,WT1/SNP2 = MM1 × Keq, S1 + Keq,S2 +MM1 × Keq,S1 × Keq,S2 × ceff

TotalKeq,WT1/WT2 = MM1 × Keq, S1 +MM2

×Keq,S2 +MM1 × Keq,S1 ×MM2 × Keq,S2 × ceff

where MM1 corresponds to a mismatch in S′1 and MM2 corresponds to 
a mismatch in S′2.

Synthesis of DNA-functionalized silica particles
The 5-µm amine-modified silica particles were suspended in 
dimethyl sulfoxide (DMSO) at a concentration of ~4.4 × 105 parti-
cles µl−1. A 100 mg ml−1 stock of succinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate was then prepared in DMSO and added 
at a final concentration of 10 mg ml−1 to a solution of 4 × 104 parti-
cles µl−1 suspended in DMSO. The reaction was then incubated at 
room temperature for 30 min to prepare maleimide-labelled silica 
beads. During the reaction of succinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate with the amine-modified silica beads, 
0.5 µl of 100 µM thiolated DNA (1 µM final), 0.5 µl of 10 mM 
tris(2-carboxyethyl)phosphine (TCEP; 100 µM final) and 49 µl of 1× 
phosphate buffered saline (PBS) at pH 6.8 were mixed and incubated 
at room temperature for 30 min to 1 h to reduce the thiolated DNA. 
The maleimide-labelled silica bead solution was then centrifuged 
on a tabletop mini-centrifuge at 2,000g for 1 min and the superna-
tant was removed and replaced with an equal volume of a 1 mg ml−1 
solution of sulfo-N-hydroxysuccinimide (NHS) acetate dissolved 
in DMSO. The reaction was then incubated at room temperature 
for 30 min to prepare passivated, maleimide-labelled silica beads. 
Following the 30-min incubation, centrifugation and supernatant 
removal was performed four times. After each of the first three 
centrifugations, the beads were resuspended in a 2× volume of 
DMSO. Following the third resuspension, the beads were split into 
50 µl aliquots and then centrifuged for a fourth time. After the 
fourth centrifugation, the supernatant was removed and replaced 
with the 50 µl solution of 1 µM reduced thiol-DNA and incubated at 
room temperature overnight or >8 h. For n = 2 beads, a pre-mixed 
solution containing 500 nM of each oligo was added, resulting in 
a total concentration of 1 µM of DNA. Following incubation, 50 µl 
of 1× saline sodium citrate (SSC), 0.1% Tween20 was added to each 
tube to help with centrifugation. Next, centrifugation and super-
natant removal was performed four times. After each of the first 
three centrifugations, the beads were resuspended in 100 µl of 1× 
SSC, 0.1% Tween20. After the fourth centrifugation, the beads were 
resuspended in 1 ml of 1× SSC, 0.1% Tween20.

Determining the number of oligos per silica particle
The approximate concentration of the DNA-coated bead stocks was 
determined from four representative stock solutions using a haemacy-
tometer. Then, two volumes containing ~1 × 105 or ~1.75 × 105 beads were 
taken from the four different DNA-coated bead stocks. Centrifugation 
at 2,000g with the tabletop mini-centrifuge and supernatant removal 
was then performed for each sample, followed by resuspension in 
100 µl of 0.1 M KOH to dissolve the beads45. The beads were incubated 
in the KOH solution at room temperature for > 8 h. Bright-field micros-
copy images before and after KOH incubation were obtained using 
a Rebel bright-field microscope (Echo). The bead solution was then 
centrifuged again, and the supernatant was removed and added to a 
new tube. The centrifuged bead solution was resuspended in 1× SSC, 
0.1% Tween20 and analysed using flow cytometry to confirm that the 
beads were etched/dissolved fully. The tube containing the removed 
supernatant was filtered using P2 gel filtration to remove KOH from 
the solution, then 20× Tris-EDTA (TE) buffer was added to the solu-
tion to give a final 1× concentration of TE buffer. Samples were then 
transferred to a 96-well plate. Oligreen was added to the solution at a 
final concentration of 1× and incubated for ~5 min at room temperature 
before the fluorescence was measured using a Biotek plate reader with 
Gen5 Microplate Reader and Imager software version 3.08. To gener-
ate a standard curve of fluorescence versus [DNA], 0, 5, 10, 20, 35 and 
50 nM solutions of unreduced thiol DNA were prepared and incubated 
in a solution of 0.1 M KOH for >1 h. Following KOH incubation, the DNA 
solution was filtered using P2 gel filtration to remove KOH from the 
solution. A 20× TE buffer was then added to the solution to give a final 1× 
concentration of TE buffer. Samples were then transferred to a 96-well 
plate. Oligreen was added to the solution at a final concentration of 1× 
and incubated for ~5 min at room temperature before the fluorescence 
was measured using the Biotek plate reader. Using the standard curve, 
the concentration of DNA in the bead samples was determined and 
then divided by initial bead concentration to determine the number 
of oligos per silica bead.

Atto647N conjugation to target strands
Excess NHS-Atto647N (250 µg) was dissolved in 10 µl of fresh DMSO 
and then added to 10 nmol of amine-labelled target strands in 1× PBS 
with 0.1 M NaHCO3. The reaction was left for >1 h at room temperature. 
After incubation, unreacted NHS-Atto647N and salts were removed by 
P2 or P4 gel filtration and purified using analytical-scale reverse-phase 
high-performance liquid chromatography (HPLC) with an Agilent 
AdvanceBio Oligonucleotide C18 column and OpenLAB CDS Chem-
Station edition software. The product was eluted in solvents A (0.1 M 
triethlyamine acetate (TEAA)) and B (acetonitrile (ACN)) with linear 
gradients of 10–35% solvent B over 25 min and 35–100% solvent B over 
5 min at 0.5 ml min−1 flow rate. The molecular weight of the products 
was evaluated with an electron spray ionization (ESI) method using a 
Thermo Fisher Scientific Orbitrap system. The samples were prepared 
in a mixture of 70% Nanopure water and 30% methanol containing 
10 µM EDTA, 0.0375% triethylamine and 0.75% 1,1,1,3,3,3-hexafluor
o-2-propanol, and the spectra were recorded in negative charge mode 
eluted with the same solution46. The main peak of the obtained ESI-MS 
spectrum (m/z) was then deconvoluted to obtain the average molecular 
weight for the oligonucleotides. The concentration of the strands was 
determined by UV–vis using a Nanodrop instrument.

Flow cytometry assay and analysis to measure target binding
For all data except that shown in Fig. 6g,h and Extended Data Fig. 10, 
1 nM Atto647N-labelled target was added to ~2.5 × 104 DNA-coated 
silica beads suspended in 1× SSC, 0.1% Tween20 and incubated at room 
temperature for 1 h. For the data in Fig. 6g,h, 10 nM Atto647N-labelled 
target was used. For the data in Extended Data Fig. 10, 1, 5, 10, 25 and 
100 nM Atto647N-labelled target was used. Following the 1-h incuba-
tion, centrifugation at 2,000g with the tabletop mini-centrifuge and 
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supernatant removal was performed four times. After each of the four 
centrifugations, the beads were resuspended in 100 µl of 1× SSC, 0.1% 
Tween20. Fully washed beads were then injected into the flow cytom-
eter for final data collection using CytExpert 2.3. After performing flow 
cytometry, FlowJo V10 was used to analyse the data. Singlet beads were 
isolated from the sample by gating first using forward scatter and side 
scatter area and second using forward and side scatter height. The MFI 
of the singlet beads from each sample was then calculated and plotted 
using GraphPad Prism 9. To account for higher non-specific binding due 
to the higher target concentrations used, MFIs for the data in Fig. 6g,h 
and Extended Data Fig. 10 were subtracted by the difference between 
the MFI of a non-complementary bead functionalized with the 4T oligo 
binding the same target at the same concentration and the background 
MFI (58) of the assay.

Fluorescence microscopy of Atto647N-labelled targets 
hybridized to beads
Fluorescence microscopy was also used to image targets hybridized to 
the beads and confirmed homogeneous binding across the bead surface 
(Supplementary Fig. 6). For this experiment, wells in a glass-bottom 
96-well plate were soaked in ethanol for 5 min, rinsed with Nanopure 
water, and coated in 10% bovine serum albumin (BSA) for 15 min and 
rinsed again before imaging, then 0 or 1 nM Atto647N-labelled tar-
get was added to ~2.5 × 104 DNA-coated silica beads suspended in 1× 
SSC, 0.1% Tween20 and incubated at room temperature for >1 h. Fol-
lowing the incubation, centrifugation at 2,000g with the tabletop 
mini-centrifuge and supernatant removal was performed four times. 
After each of the four centrifugations, the beads were resuspended in 
100 µl of 1× SSC, 0.1% Tween20. Fully washed beads were then added 
to the 96-well microscopy plate and imaged on the fluorescence micro-
scope. Bright-field images were obtained and Atto647N images were 
acquired using a Cy5 cube. Images were obtained using NIS-Elements 
software and processed using Fiji ImageJ software.

Preparation of virus-extracted SARS-CoV-2 targets
Heat-inactivated original- and omicron-strain SARS-CoV-2 particles 
were provided by the NIH RADx-Radical Data Coordination Center 
(DCC) at the University of California San Diego and BEI Resources and 
by A. Carlin and the UCSD CALM and EXCITE laboratories, respec-
tively. Viral RNA was extracted using a QIAamp Viral RNA mini kit 
from Qiagen following the accompanying protocol. RNA was ali-
quoted and stored at −80 °C until use. For both the original and 
omicron RNA samples, 1,000 ng of RNA was reverse-transcribed 
into cDNA using a High-Capacity cDNA Reverse Transcription kit 
from Thermo Fisher in a T100 Thermal Cycler (BioRad). The cDNA 
was then amplified using asymmetric PCR with an Atto647N-labelled 
forward primer and an unmodified reverse primer at 20 µM and 2 µM, 
respectively. PCR amplification was performed using the GeneAmp 
Fast PCR Master Mix kit from Thermo Fisher using the following 
‘three-step’ PCR protocol:

 1. 95 °C, 30 s
 2. 95 °C, 3 s
 3. 54 °C, 15 s
 4. 72 °C, 10 s
 5. Repeat steps 2–4 59 times (60 cycles total)
 6. 65 °C, 1 min
 7. Ramp to 97 °C at 0.2 °C s−1

 8. Hold at 4 °C

Viral products were purified using an analytical-scale 
reverse-phase HPLC with an Agilent AdvanceBio Oligonucleotide C18 
column. The products were eluted in solvents A (0.1 M TEAA) and 
B (ACN) with linear gradients of 10–35% solvent B over 25 min and 
35–100% solvent B over 5 min at a flow rate of 0.5 ml min−1 and then 
verified using native-polyacrylamide gel electrophoresis (PAGE).  

A 15% native PAGE gel was made with 1× TBE buffer and was run at 200 V 
for 1.5 h. Next, the gel was stained with 0.5 µg ml−1 ethidium bromide 
for 10 min and imaged using a fluorescent gel imager (Invitrogen). 
The concentration of the strands was determined by UV–vis using a 
Nanodrop instrument.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this Article.

Data availability
Data files containing all individual replicate data from main text figures 
and all individual replicate data from Extended Data figures are pro-
vided with this manuscript. All P values from the performed statistical 
analyses are provided in the corresponding figure captions. Source 
data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Modelling the specificity of heteroMV particles for 
single mutant targets. a, Scheme showing the two-step reversible binding 
pathway of an n = 2 heteroMV particle binding either a SNP-containing target  
or a WT target and corresponding equations used to model the binding affinity  
to each target. b, c, Heatmap showing the predicted arbitrary signals when 
binding the SNP target (b) or WT target (c) as the monovalent binding affinities  
of the S and the T oligo are varied. d, Predicted discrimination factors for an  
n = 2 heteroMV particle as the affinity of T (Keq,T only) is increased (different color 
dots) causing the total affinity for the SNP target (Keq,S+T,SNP) to increase (x-axis) 

for each discrete value of Keq,S only chosen (same color dots). The curves were 
generated by fitting the predicted values to a gaussian distribution in GraphPad. 
e, The maximum DF value predicted from the curve in (d) for each discrete value 
of Keq,T only. f, Heatmap showing the predicted discrimination factor when the 
monovalent binding affinities of the S and the T oligo are varied. Black boxes 
indicate the n = 1 and n = 2 combination with the highest discrimination factors. 
g, Heatmap showing the predicted cooperativity factor when the monovalent 
binding affinities of the S and the T oligo are varied. Black box indicates the n = 2 
combination with the highest cooperativity factor.
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Extended Data Fig. 2 | Modelling the specificity of homoMV particles for 
single mutant targets. a, Scheme showing binding pathway of a homoMV 
particle binding either a SNP-containing target or a WT target and modification 
of binding affinity equation with MM factor. b, Predicted arbitrary signals when 
a homoMV particle with different affinities binds the SNP target or the WT target. 

c, Predicted discrimination factors for a homoMV particle with different affinities. 
Red dots correspond to discrimination factors for six values of Keq chosen to 
mimic a series of oligos of length x, x + 1, …, x + 5 nt. The black dashed curve was 
generated by fitting the predicted values to a gaussian distribution in GraphPad.
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Extended Data Fig. 3 | Modelling the specificity of heteroMV particles 
for double mutant targets. a, Scheme showing the two-step reversible 
binding pathway of an n = 2 heteroMV particle binding either a double mutant 
target or a double WT target and corresponding equations used to model the 
binding affinity to each target. b, Heatmap showing the predicted cis/trans 
discrimination factor when the monovalent binding affinities of the S1 and the 

S2 oligo are varied. Black box indicates the n = 2 combination with the highest 
predicted cis/trans discrimination factor. c, Heatmap showing the predicted 
double mutant discrimination factor when the monovalent binding affinities of 
the S1 and the S2 oligo are varied. Black box indicates the n = 2 combination with 
the highest predicted double mutant discrimination factor.
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Extended Data Fig. 4 | Characterization of DNA-functionalized silica 
particles. a, Bright-field microscopy images of 5-µm silica beads incubated in 0 
M or 0.1 M KOH overnight. Similar results were obtained from three independent 
experiments. b, Oligreen fluorescence intensity after incubation of 0 or 100 
nM of a 20 nt oligo in 0 or 0.1 M KOH for ~6 hours. Following incubation, each 
sample was split into two tubes, and then Oligreen was added directly to the first 
tube and added following P2 gel filtration to the second tube. The plot shows 
that the presence of KOH in solution inhibits Oligreen fluorescence and that 
removing KOH using a P2 gel before adding Oligreen enables strong Oligreen 
fluorescence, though some DNA may be lost during filtration. c, Flow cytometry 
plot showing side scatter vs forward scatter area of DNA-coated 5-µm silica beads 
after incubation in 0.1 M KOH for 0, 1, 4, or 8 hours. The plot shows that over 
time, the bead size is reduced, and the bead structure is damaged following KOH 

incubation, suggesting that the DNA has been released from the bead surface. 
d, Oligreen fluorescence intensity following incubation of beads in 0.1 M KOH 
for 0, 1, 4, 8, or 24 hours, followed by P2 gel filtration. The plot indicates that all 
of the DNA has been released from the beads after ~8 hours. e, Scheme showing 
the finalized assay for quantifying the density of the DNA on the silica beads 
using the Oligreen reagent. f, Standard curves of Oligreen fluorescence intensity 
vs [DNA] from different concentrations of 4 different oligo mixtures. g, Table 
showing the # of beads, the measured [DNA], DNA/µm2 on the bead surface, and 
the calculated mean distance ± standard error of the mean between each oligo 
on the bead surface from the n = 8 distinct samples. h, Approximately-to-scale 
illustration of a 6R-10S bead binding the no spacer G12C target based on the 
DNA density measurements and literature values for single stranded and double 
stranded DNA lengths.
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Extended Data Fig. 5 | Representative histograms for all bead combinations binding the no spacer targets. a,b, Representative histograms for all bead 
combinations binding the no spacer G12C target (a) and WT target (b) with one plot for each heatmap column from Fig. 2c and d.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Impact of spacer length and type on binding of 8T, 
8S, and 8T-8S beads. a, Representative histograms for the 8T-8S beads binding 
the WT or G12C version of each of the different spacer length and spacer type 
targets. b, Representative histograms for the 8T, 8S, and 8T-8S beads binding 
the G12C version of each of the different spacer length and spacer type targets. 
Surprisingly, 8T and 8S only beads also showed increased binding to the internal 
spacer-containing targets, potentially due to weak binding between S’ and T as 

well as T’ and S. c,d, A simplified hypothetical illustration showing the 8T (c) and 
8S (d) beads binding multivalently to an internal spacer-containing target. e,f,) 
Scheme showing the possible base pairs formed for the 8T (e) and 8S (f) beads 
binding multivalently to the target. g–j, Measured median fluorescence intensity 
values for the 8T (g,i) and 8S (h,j) beads binding the G12C (g,h) or WT (i,j) 
version of each of the different spacer length and spacer type targets. Error bars 
represent standard error of the mean from n = 3 distinct samples.
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Extended Data Fig. 7 | Impact of linker orientation on n = 1 bead binding and 
representative histograms for n = 2 beads binding WT targets. a, Scheme 
illustrating the possible binding interaction of the 5′ 8T, 3′ 8T, 5′ 8S, and 3′ 8S 
beads binding the no spacer G12C target monovalently. b, Measured median 
fluorescence intensity values for the 5′ 8T, 3′ 8T, 5′ 8S, and 3′ 8S beads binding  
the no spacer G12C target. As expected, the oligo’s anchoring terminus did  
not have a notable effect on n = 1 beads binding the G12C no spacer target.  
c,d, Representative histograms (c) and measured median fluorescence intensity 
values (d) for 8T-8S beads with head-to-tail, head-to-head, or tail-to-tail 
orientation binding the WT target with no spacer, short spacer, or long spacer 
(P values for no spacer: head-to-tail vs. head-to-head = 0.0126, head-to-tail vs. 
tail-to-tail = 0.2359, head-to-head vs. tail-to-tail = 0.0185; P values for short 
spacer: head-to-tail vs. head-to-head = 0.0131, head-to-tail vs. tail-to-tail = 0.2934, 
head-to-head vs. tail-to-tail = 0.0997; P values for long spacer: head-to-tail vs. 

head-to-head = 0.1217, head-to-tail vs. tail-to-tail = 0.1463, head-to-head vs. tail-
to-tail = 0.0469). e, Representative histograms for 8T-8S beads with head-to-tail, 
head-to-head, or tail-to-tail orientation binding the G12C and WT no spacer 
targets. f, Measured discrimination factors for 8T-8S beads with head-to-tail, 
head-to-head, or tail-to-tail orientation binding the no spacer, short spacer, or 
long spacer targets (P values for no spacer: head-to-tail vs. head-to-head = 0.082, 
head-to-tail vs. tail-to-tail = 0.2045, head-to-head vs. tail-to-tail = 0.012; P values 
for short spacer: head-to-tail vs. head-to-head = 0.0715, head-to-tail vs. tail-to-tail 
= 0.4181, head-to-head vs. tail-to-tail = 0.3223; P values for long spacer: head-to-
tail vs. head-to-head = 0.0441, head-to-tail vs. tail-to-tail = 0.236, head-to-head  
vs. tail-to-tail = 0.1265). Error bars represent standard error of the mean from  
n = 3 distinct samples. Values were compared using paired one-way ANOVA with 
multiple comparisons follow-up tests (nsP > 0.05, *P < 0.05).
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Extended Data Fig. 8 | Representative histograms and results for all bead 
combinations binding the SNP1/SNP2, WT1/SNP2, SNP1/WT2, and WT1/WT2 
targets. a,b, Scheme showing the sequences, anchor location, and spacer length 
for each bead combination with the head-to-tail orientation (a) or head-to-head 
orientation (b) and corresponding representative histograms for each bead 
combination binding the SNP1/SNP2, WT1/SNP2, SNP1/WT2, and WT1/WT2 targets. 
c,d, Measured discrimination factors for SNP1, SNP2, or SNP1 + SNP2 for each bead 
combination with the head-to-tail orientation (c) or head-to-head orientation 
(d). Error bars represent standard error of the mean from n = 3 distinct samples. 

Interestingly, both beads containing the 8S2 oligo had higher DFcis/trans values 
when binding in the head-to-head orientation (Fig. 5g,h). Alternatively, beads 
containing the 9S2 oligo bound the SNP1/SNP2 and WT1/SNP2 targets similarly, 
resulting in poor specificity for SNP1, and had similar DFcis/trans values in both 
orientations. This suggests that the 9S2 oligo’s affinity for the target is too high 
resulting in a total binding affinity that is too strong to be appreciably impacted 
by a mismatch in the S1′ region. These results offer further evidence that the 
head-to-head orientation can yield higher binding, particularly when the two 
immobilized oligos are binding cooperatively.
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Extended Data Fig. 9 | Representative histograms and results for all bead 
combinations binding the model SARS-CoV-2 targets. a–d, Scheme showing 
the sequences, anchor location, and spacer length, as well as corresponding 
representative histograms for the 8S1-8S2 (a), 8S1-9S2 (b), 9S1-8S2 (c), and 9S1-9S2 
(d) beads binding the original, alpha, and omicron strain targets. e, Measured 

median fluorescence intensity values for each bead combination binding the 
three targets. f, Measured discrimination factors for the omicron target versus 
the original or alpha targets for each bead combination. Error bars represent 
standard error of the mean from n = 3 distinct samples.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Design, characterization, and binding measurements 
for the 88 nt synthetic and SARS-CoV-2 virus extracted targets. a, Scheme 
showing the 88 nt original and omicron target sequences, as well as the mutations 
unique to the omicron target and the primer locations. The 9S1-9S2 n = 2 bead is 
complementary to the Q498R and Y505H mutations (yellow) while the n = 1 bead 
is complementary to Q498R, N501Y, and Y505H. Therefore, the n = 2 bead binds 
the original target with two mismatches, whereas the n = 1 bead binds with three 
mutations. Primer sequences were designed to not overlap with any mutations, 
including the Q493R and G496S mutations. b, PAGE gel comparing synthetic 88 nt 
original and omicron targets to virus extracted original and omicron targets. The 
left image (DNA) shows ethidium bromide fluorescence, middle image (Atto647N) 
shows Atto647N fluorescence, and the right image (Merged) shows the two 
channels merged. c,d, Representative flow cytometry histograms for the n = 1 and 

9S1-9S2 n = 2 beads binding 10 nM virus extracted original and omicron targets (c) 
and 10 nM synthetic 88 nt original and omicron targets (d). Moreover, to assess 
the impact of target concentration on heteroMV binding specificity, synthetic 
versions of the same targets were tested at concentrations ranging from 1 to 100 
nM. e–i, Measured median fluorescence intensity values for the n = 1 and 9S1-9S2 
n = 2 beads binding 1 nM (e), 5 nM (f), 10 nM (g), 25 nM (h), and 100 nM (i) of the 
synthetic 88 nt original and omicron targets. j, Measured discrimination factors 
corresponding to the data shown in e-i (P vales: 1 nM = 0.3583, 5 nM = 0.0907, 
10 nM = 0.1717, 25 nM = 0.1071, 100 nM = 0.0224). n = 2 beads yielded increased 
average DF values at each concentration tested, showing that heteroMV beads 
can be used to improve specificity in a range of target concentrations. Error bars 
represent standard error of the mean from n = 3 distinct samples. Values were 
compared using two-sided paired student t tests (nsP > 0.05, *P < 0.05).
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