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Abstract 
 
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 wildtype targets. However, 
DNA hybridization-based techniques require precisely tuning the probe’s binding affinity to manage the 
inherent trade-off between specificity and sensitivity. To address this limitation, 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. Therefore, 
heteromultivalent hybridization offers significant improvements over conventional monovalent 
hybridization-based methods and may significantly impact the fields of diagnostics, genetics, and public 
health. 

 
Introduction 

 
Specific hybridization between complementary nucleic acids enables many sensing and diagnostic 

methods.1-4 For example, PCR assays rely on specific hybridization between primers and templates. 
However, there is often a fundamental trade-off between maximizing specificity and sensitivity.5 High 
binding affinity results in improved sensitivity, allowing the detection of lower concentration oligonucleotides, 
but also leads to enhanced off-target binding and decreased discrimination between similar targets. 
Conversely, lowering target affinity can enhance specificity 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 binding.6 
Unfortunately, this optimized affinity is difficult to achieve, often resulting in poor discrimination for targets 
containing mismatches, such as single nucleotide polymorphisms (SNPs), which are biomedically relevant 
and challenging to identify.5, 7-8 Tuning the affinity to maximize specificity can be achieved by changing the 
probe length. However, the problem with this strategy is that adding or removing a single base pair 
drastically changes affinity, resulting in low-precision affinity tuning.6, 9 Adjusting temperature and ionic 
strength can precisely optimize probe affinity for SNP targets, but this approach fails when detecting 
multiple SNPs simultaneously in a multiplexed or microarray-type assay.10 Therefore, a fundamental 
problem in the field pertains to developing facile strategies to fine tune target affinity and enhance specificity. 

To overcome this challenge, we tested the hypothesis that multivalent binding can be used to 
optimize the specificity of hybridization 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 readout.11-14 These DNA-coated structures, which we refer to as homomultivalent (homoMV) 
(Figure 1A, top), typically hybridize “monovalently”, forming a single duplex with each target. There are a 
few examples of homoMV structures binding targets multivalently, however this approach is only applicable 
for repetitive targets.15-16 We recently demonstrated that heteromultivalent (heteroMV) structures presenting 
multiple distinct oligonucleotide sequences (Figure 1A, bottom) can bind multivalently to non-repetitive 
targets with high avidity.17 Motivated by this past work, here we investigated if presenting a tuning oligo (T) 
alongside a SNP-binding oligo (S) can precisely tune target binding affinity and achieve high specificity for 
a SNP without relying on buffer optimization (Figure 1B).  



Specificity is also important in applications that require detecting multiple mutations in a single 
target. For example, haplotype phasing analyses involve distinguishing “cis” and “trans” mutations located 
on the same or different chromosome copy.18-19 Differentiating viral 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 (Figure 
1C), or bind each mutation separately with no cooperativity. To address this challenge, we engineered 
heteroMV binding to hybridize cooperatively to two mutations with a non-complementary spacer in between 
(Figure 1C). With heteroMV binding, overall affinity for a desired target is enhanced while maintaining low 
affinity for single mutant or wildtype targets, similar to “AND” logic gates and proximity assays.20-22 Moreover, 
due to the additive effect of each mismatch, we hypothesized that specificity significantly increases when 
two mutations are targeted through heteroMV binding. 

In this work, we studied heteroMV DNA-coated silica microparticles presenting two unique oligo 
sequences (n=2) of different length that bind to single stranded targets containing a complementary region 
to each oligo. The two oligos bind single or double mutant targets in several different orientations while the 
complementary target regions are directly adjacent or separated by a spacer. Through mathematical 
modeling and a flow cytometry-based assay that allows rapid measurement of target binding to each 
microparticle, we reveal that heteroMV binding boosts discrimination for a SNP by a factor of up to 10 over 
monovalent binding when the length of T < S. Moreover, we demonstrate that cooperativity is maximized 

 
Figure 1. Hypothesized advantages of heteromultivalent hybridization and modeling 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 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 distance between two SNPs on 
homoMV and heteroMV hybridization specificity. (D-G) Schemes and modeling 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.   

 



when the T and S oligos are tuned such that they bind with similar, yet weak affinities. This high cooperativity 
persists when binding to two sites of a target separated by an up to 15 nucleotides (nt) long spacer region 
and can be further improved by modifying the binding orientation of the two oligos. Through precise tuning 
of both specificity and cooperativity we display the ability to easily distinguish model heterozygous cis and 
trans mutations. Finally, we apply heteroMV hybridization towards discriminating model SARS-CoV-2 
targets corresponding to the Original, Alpha, or Omicron strains and observe ~800-fold binding 
enhancement for the Omicron target compared to only a ~12-fold enhancement using homoMV particles. 
Overall, heteroMV binding greatly expands the potential of DNA hybridization-based assays and DNA 
nanotechnology by offering highly tunable specificity and cooperativity. 
 

Results 
 
Modeling the specificity and cooperativity of heteromultivalent hybridization. To predict the impact 
of heteroMV binding on hybridization specificity and cooperativity, we focused on a particle modified with 
50% S and 50% T oligos. Binding of the target to the particle was modeled as a two-step reversible reaction 
where S and T bind their complements with 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 where both 
segments bind (Figure S2). 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. Thus, the total affinity of all three states for the particle binding a 
complementary SNP-containing target is: 

 
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 wildtype target (WT) 
containing a mismatch in S’ (Figure 1D). To account for the decreased affinity of the mismatched S oligo-
WT target duplex, a mismatch factor (MM) is multiplied to each Keq,S term in equation 2. Therefore, the total 
binding affinity for the particle binding the WT target is: 
 

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 particle-functionalized 

oligos and converted Θ to an arbitrary assay signal, I, using inputted maximum and background assay 
signals (see Methods). By calculating I when the particles bound the SNP target or the WT target, the 
discrimination factor (DF) was calculated using the equation: 

 
DF = ISNP / IWT (4) 

 
Moreover, by calculating I when a particle with only the S oligo, only the T oligo, or both oligos bound the 
SNP target (Figure 1E), the cooperativity factor (CF) was calculated using the equation: 

 
CF = 2 * IS+T / (IS + IT) (5) 

 
To predict the impact of Keq,S and Keq,T on DF and CF, we ran numerical analyses using a series of 

affinities for each oligo with values spanning many orders of magnitude. The incremental change in affinity 
between each binding constant roughly approximated the impact of adding one additional base pair to a 
DNA duplex. Mock values of I, DF, and CF were then generated for each combination of Keq,S and Keq,T 
(Figure S2). As described previously for monovalent hybridization,6 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 (Figure S1). For example, our modeling 
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. However, 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 (Figure 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 
(Figure S2).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 
~50x more targets than the average of the two corresponding n=1 particles (Figure 1E). 

We next sought to predict whether heteroMV DNA-coated structures can be used to determine if 
two mutations are located on the same or different chromosome copies. Of the 10 unique combinations of 
two mutations on two chromosome copies (see Methods), heterozygous cis and trans mutations are the 
most difficult to distinguish (Figure 1F).23-24 To predict the ability to differentiate two cis or trans mutations, 
the model was modified so that both oligos (S1 and S2) are complementary to a SNP by applying a 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 targets (see 
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 the equation: 

 
DFcis/trans = Icis / Itrans (6) 

 
Using the same individual oligo binding affinities as used in Fig. 1D and 1E, the DFcis/trans values 

were generated for each combination of Keq,S1 and Keq,S2 (Figure S3). These modeling calculations 
predicted that two oligos with roughly equal binding affinities, slightly weaker than those predicted to give 
the best CF, will result in the highest DFcis/trans (Figure 1F). Alternatively, to maximize DFSNP1+SNP2 (ISNP1/SNP2 
/ IWT1/WT2) to ~300, our calculations suggest that a total affinity between the affinities that yielded the best 
CF and DFcis/trans values is optimal (Figure 1G and S3). Note that DFSNP1+SNP2 is significantly 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 containing two mutations. 
 
Measuring the specificity and cooperativity of heteromultivalent hybridization. To test the modeling 
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 (Figure 
2A and Figure S4). We focused on this target because KRAS is an important oncogene and a driver of 
lung, pancreatic, and colorectal cancers when mutated.25 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 (Figure S5 and Figure S6). Each of the S and T oligos contained a T10 
polynucleotide linker and a 5’ thiol group to enable conjugation to silica beads (Figure S7). 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 were measured by first dissolving the beads in 
0.1 M KOH as demonstrated previously26 and then using Oligreen reagent to quantify the amount of DNA 
in solution. These measurements revealed that there were ~4.1 x 104 oligos/µm2 and an average oligo 
spacing of ~5 nm, allowing S and T oligos to bind multivalently to the same target (Figure S8). Fluorescence 
microscopy was also used to image targets hybridized to the beads and confirmed homogeneous binding 
across the bead surface (Figure S9). 

We next designed a flow cytometry-based assay to measure 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 1x 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 cytometer (Figure 2B and Figure S10). As 
expected, median fluorescence 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) 
(Figure 2C, 2D, and S11). To quantify specificity, DF values were calculated for each bead mixture by 
dividing the G12C and WT MFIs (Figure 2E). Consistent with the modeling 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 (Figure 2I), which had the greatest DF of the 
homoMV beads tested. Importantly, this enhancement was enabled by precise fine-tuning of Keq as the 5T-



9S and 6T-9S beads yielded MFIs between that of the 9S and 10S beads (Figure 2G). In further agreement 
with the modeling, the screen showed that the 8T-8S beads bound most cooperatively to the G12C target, 
with almost 40x greater target binding than the average of the 8T and 8S n=1 beads (Figure 2F, 2H, and 
2J).  
 
Determining the impact of spacer length on heteromultivalent hybridization specificity and 
cooperativity. Next, to assess the ability of heteroMV beads to bind with high cooperativity 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 cooperativity due to loss of conformational entropy upon 
binding,27 while others noted minimal impacts of spacer length on avidity and cooperativity.15, 28 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’ binding regions (internal) or, as a negative control, at the 
5’ terminus of the targets (terminal) (Figure 3A). Thus, a total of 10 targets were tested with the 8T-8S 
beads using the flow cytometry-based assay.  

The results showed that as internal spacer length increased, more G12C targets bound the beads 
(Figure 3B). Inserting a short spacer also enhanced binding to the WT target though the long spacer did 
not lead to a further increase in binding (Figure 3C and Figure S12). As expected, the terminal spacers 
did not impact binding to the G12C or WT targets, confirming that the poly-ethylene glycol (PEG) polymer 

 
Figure 2. Measuring the specificity and cooperativity of heteromultivalent hybridization. (A) Design of the 
oligonucleotides included in the screen to maximize discrimination factor and cooperativity factor. 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 and 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 and F) Heatmaps showing the discrimination factor (E) and cooperativity factor (F) of each bead 
included in the screen. The cooperativity factor 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 discrimination 
factors for 9S, 5T-9S, 6T-9S, and 10S beads. (J) Measured median fluorescence intensity values for 8T, 8S, and 
8T-8S beads binding the G12C target. Error bars represent standard error of the mean. Values were compared 
using paired one-way ANOVA with multiple comparisons follow-up tests (nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 
0.001). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



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 calculations revealed significant increases in 
cooperativity as a function of increasing spacer length (Figure 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, though there was a significant difference in 
DF between the short and long spacer targets (Figure 3E). 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 (Figure S12). 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 desirable for the tuning oligo to bind a domain (T’) that is not proximal to the SNP site. 
 
Determining the impact of binding orientation on heteromultivalent hybridization specificity and 
cooperativity. Due to the antiparallel nature of DNA hybridization, the choice of terminus (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 (Figure 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 (Figure 4B and 4C). Specifically, the head-to-head binding orientation yielded the 
highest binding, while the tail-to-tail orientation resulted in a >3-fold reduction in binding compared to the 
head-to-tail orientation. However, 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 orientation beads 

 
 

Figure 3. Determining the impact of spacer length on heteromultivalent hybridization specificity and 
cooperativity. (A) Scheme describing the design of the no spacer target, the internal and terminal short spacer 
targets, and the internal and terminal long spacer targets including the chemical structures of the PEG spacer 
molecules. (B and C) Measured median fluorescence intensity values for 8T-8S beads binding the G12C (B) and 
the WT (C) no spacer, internal short spacer, internal long spacer, terminal short spacer, and terminal long spacer 
targets. (D and E) Measured cooperativity factors (D) and discrimination factors (E) for the 8T-8S beads binding the 
G12C no spacer, internal short spacer, or the internal long spacer targets. Error bars represent standard error of 
the mean. Values were compared using paired one-way ANOVA with multiple comparisons follow-up tests (nsP > 
0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).  



had a significant >2-fold increase in CF relative to the head-to-tail orientation beads and a >6-fold increase 
relative to the tail-to-tail orientation beads when binding the no spacer G12C target (Figure 4D and 4E). 
The greater average CF for the head-to-head orientation was maintained for the spacer-containing targets, 
though the enhancement was not significant. The results for the WT target echoed those of the G12C target, 
and as expected, the oligo’s anchoring terminus did not have a significant effect on n=1 beads binding the 
G12C no spacer target (Figure S13). 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 linker length and duplex length. For example, if 
T and S are far apart, then binding the no spacer target in the tail-to-tail orientation might result in significant 
strain on the T10 linkers. Moreover, prior studies showed that base stacking at a nick site can result in 
strong enthalpic contributions to overall binding stability.29-32 This is consistent with the head-to-head 
orientation yielding the most avid binding as it binds with only a nick between the two duplexes. In contrast, 
in the other orientations, the T10 linkers likely interfere with this base-stacking interaction and hence reduce 
binding affinity and cooperativity.  
  
Detecting the cis/trans relationship of two mutations using heteromultivalent hybridization. We next 
tested the modeling prediction that heteroMV binding can be used to distinguish heterozygous cis and trans 
mutations (Figure 1F and 5A). This challenging task is significant 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 copies.18, 23-24 Moreover, cis/trans discrimination is significant in 
genetic counseling in order to track the inheritance of mutations.18 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 which contains the G12C mutation (SNP1) in the S1’ 

 
Figure 4. Determining the impact of binding orientation on heteromultivalent hybridization specificity and 
cooperativity. (A) Scheme describing n=2 beads with head-to-tail, head-to-head, or tail-to-tail orientation binding 
to targets with or without a spacer region. (B and C) Representative histograms (B) and measured median 
fluorescence intensity values (C) for 8T-8S beads with each orientation binding the G12C no spacer, short spacer, 
and long spacer targets. (D) Representative histograms for 8T, 8S, and 8T-8S beads with each orientation binding 
the G12C no spacer target. (E) Measured cooperativity factors for 8T-8S beads with each orientation binding the 
G12C no spacer, short spacer, and long spacer targets. Error bars represent standard error of the mean. Values 
were compared using paired one-way ANOVA with multiple comparisons follow-up tests (nsP > 0.05, *P < 0.05, 
****P < 0.0001). 



region and the L19F mutation (SNP2) in the S2’ region (Figure 5B and Figure S4). Between the S1’ and S2’ 
regions there are 13-15 non-complementary nt (Figure S14). L19F is a non-canonical mutation that has 
been found to cause increased tumor proliferation and transforming potential over WT KRAS.33 We chose 
to use this mutation in our assay due to its proximity to the G12C mutation (23 nt away), though we 
anticipate binding two mutations that are further apart will still be effective. 

Using each combination of the binding oligos, 8 heteroMV beads were synthesized and flow 
cytometry was used to measure their binding to 1 nM of the four targets, as well as to a 0.5 nM of SNP1/SNP2 
+ 0.5 nM of WT1/WT2 target mixture (cis) or a 0.5 nM of SNP1/WT2 + 0.5 nM of WT1/SNP2 target mixture 
(trans) (Figure 5C, 5D, and S14). 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 

 
Figure 5. Detecting the cis/trans relationship of two mutations using heteromultivalent hybridization. (A) 
Scheme illustrating the use of head-to-head orientation heteromultivalent DNA-coated beads to distinguish the 
heterozygous cis mutations mixture (red and yellow targets) from the heterozygous trans mutations mixture (blue 
and green targets). Ideally, the double mutant target (red) will bind the beads multivalently with high affinity, the 
single mutant targets (blue and green) bind monovalently with low affinity, and the no mutant target (yellow) shows 
negligible binding. (B) Scheme describing the sequence of the binding oligos, identity of the two SNPs, and the 
two binding orientations tested. (C and D) Measured median fluorescence intensity values for each bead with head-
to-tail orientation (C) or head-to-head orientation (D) binding each of the targets or target combinations in the 
legend. Values were compared using paired student t tests (nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001). (E and 
F) Representative histograms for each bead with head-to-tail orientation (E) or head-to-head orientation (F) binding 
the cis or trans target combinations. (G and H) Measured cis/trans discrimination factors for each bead with head-
to-tail orientation (G) or head-to-head orientation (H). Values were compared to baseline value of 1 (dotted black 
line) using one-sample t tests (nsP > 0.05, *P < 0.05, **P < 0.01). Error bars represent standard error of the mean. 



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 ~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 (Figure 5E-H). Interestingly, both beads containing the 8S2 oligo had higher 
DFcis/trans values when binding in the head-to-head orientation. 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 low cooperativity binding that is not 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. 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 important as it establishes 
a hybridization-based approach to distinguish cis/trans mutations without using enzymes or magnetic 
separation techniques.24, 34-36 
 
Distinguishing different strains of SARS-CoV-2 using heteromultivalent hybridization. We next 
tested our hypothesis that heteroMV hybridization could lead to dramatic enhancements in specificity for 
targets containing two mutations (Figure 1G). We thus designed three model targets corresponding 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 (Figure 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 overlap 
with the N501Y mutation shared by the Alpha strain (Figure 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 (Figure 
S15). As a negative control, n=1 beads functionalized with a 29 nt oligo that is perfectly complementary to 
the Omicron target were also tested (Figure 6B). Flow cytometry results showed that each of the n=2 beads 
tested bound to the Omicron target with similarly high affinity and showed minimal binding to the Alpha and 
Original targets (Figure S15). Meanwhile, compared to the n=2 beads, the n=1 beads yielded an 
approximately equal MFI when binding the Omicron target but bound to significantly more Alpha and 
Original targets (Figure 6C and 6D). 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 (Figure 6E). The n=1 bead had much lower specificity for the Omicron target 
with DFSNP1 + SNP2 values of ~12.  

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 functionalized with longer oligos,37-39 though these hypotheses were not tested 
herein. 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 likely become even greater as the inter-SNP distance increases 
(Figure 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 Figure 4. Interestingly, the DFSNP1 + SNP2 values obtained 
were even higher than predicted (Figure 1G), possibly a result of increased secondary structure for the 
Original and Alpha targets relative to the Omicron target (Figure S4). This demonstration of rapid and 
effective identification of the strain of model viral targets using heteroMV hybridization has the potential to 
significantly impact the fields of diagnostics, medicine, and public health.  

 
Discussion 
 

In this report, we show that densely coating a microparticle with two distinct oligonucleotide 
sequences yields customizable multivalent binding with highly tunable affinity. This result led to several 
important capabilities. By first optimizing each oligo’s length, we show that heteroMV binding can control 
binding strength more precisely than monovalent binding, enabling near-maximum discrimination of SNPs. 
Thus, heteroMV hybridization offers an approach to optimizing the performance of hybridization-based 



mutation detection tools while maintaining compatibility with multiplex assays. While different mutations and 
assay conditions will still require optimization of the oligo lengths to tune specificity, the results herein will 
accelerate future screening processes. Moreover, heteroMV binding can be combined with other 
approaches that are commonly used to enhance binding specificity, such as molecular beacon, toehold-
mediated hybridization, and competition/sink probes.3, 5-8 

In addition to adjusting the oligo length, customizing the spacer length and binding orientation 
allowed demonstration of highly cooperative binding to two unique regions of a target. Both parameters are 
thus critical for applications that necessitate selective hybridization only when two receptors are present.21 
Enhanced cooperativity was also observed as spacer length increased, potentially due to 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, though spread through a larger volume, can result in a higher local 
concentration of surface-bound oligos.40 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, though further studies with longer spacers would deepen the investigation. Furthermore, when 
binding the target lacking a spacer, a 6-fold 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 orientation or each oligo can be anchored 
through the same terminus, as previously demonstrated.17  
 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, ~8-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 methods 
involving complex next-gen sequencing assays, droplet PCR, or single-molecule dilution.18-19 Alternatively, 

 
 

Figure 6. Distinguishing different strains of SARS-CoV-2 using heteromultivalent hybridization. (A) 
Sequences of targets based on the Original, Alpha, and Omicron strains of SARS-CoV-2 spike protein, with the 
mutations in each target indicated with arrows. (B) Scheme describing the binding of an n=1 bead functionalized 
with an oligo that is fully complementary to the Omicron target and the binding of an n=2 bead functionalized with 
S1 and S2 oligos that are complementary to the regions of the target containing the Q498R and Y505H mutations 
but not the N501Y mutation. (C and D) Representative histograms (C) and measured median fluorescence intensity 
values (D) for the n=1 and 8S1-9S2 n=2 beads binding each target. (E) Measured discrimination factors for the n=1 
and 8S1-9S2 n=2 beads binding the Omicron target vs. the Original target or the Omicron target vs. the Alpha target. 
Values were compared using unpaired student t tests (nsP > 0.05, **P < 0.01, ***P < 0.001). Error bars represent 
standard error of the mean.  



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, while in the second case each probe binds identically to cis and trans target mixtures.24 For this 
reason, hybridization-based assays typically rely on a second discriminatory step involving enzymes or 
separation techniques.24, 34-35 Finally, heteroMV hybridization enabled ~800-fold higher binding when 
targeting two SNPs unique to the Omicron strain of the SARS-CoV-2 genome over that of the original strain. 
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 compatible with many materials used to 
present oligos in close-proximity, including 1, 2, or 3-dimensional structures.15-16 Also, functionalizing the 
material heteromultivalently is straightforward as oligo spatial patterning does not significantly impact 
binding affinity when n is low.17 Moreover, 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 
oligos 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 
signal.10, 41 Additionally, DNA origami nanoswitches have been engineered to switch to a loop conformation 
upon heteroMV binding to a target to facilitate detection with gel electrophoresis.22, 42 In this work, 
fluorophore-labeled targets were used to enable a rapid flow cytometry readout but for diagnostic 
applications requiring unlabeled target sensing, an altered readout method is necessary. In many nucleic 
acid detection methods, tunable binding affinity that allows highly specific and cooperative binding is 
essential, and therefore, heteroMV DNA hybridization is a promising method for further advancing 
biomedical sensing and diagnostics. 
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