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Abstract

Homogenous protein assays, despite the potential for mix-and-read workflows, have eluded
widespread acceptance due to interferences in biological matrices and limited multiplexability.
Here, we employ standard gPCR instrumentation for thermofluorimetric analysis of bivalent probe
(TFAB) assemblies, allowing protein levels to be quantitatively translated into multiplexable DNA
melting transitions within 30 min. As protein-bound bivalent probes are thermodynamically more
stable than unbound probes, differential thermal analysis can remove background analytically,
without physical separation. Using either antibody-oligonucleotides or aptamers as probes, TFAB
is validated for protein quantification in buffer, human serum, and human plasma and for assaying
hormone secretions from endocrine cells. The direct optical method exhibits superior scalability,
allowing detection of only 1 amol of protein in microfluidic channels of 100 pL volume. Overall,
we demonstrate TFAB as a robust and generalizable homogeneous protein assay with superior
performance in biological matrices.
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Dual-probe enzyme-linked immunosorbent assay (ELISA) is the most widely used
immunoassay platform owing to its high sensitivity and selectivity. Nonetheless, complex
workflow, high expense, and the large sample volumes still remain as hampering factors for
even more widespread adoption. Modern variations on ELISA have seen success,12 yet
these methods still require expensive instrumentation and consumables while retaining the
same basic workflow developed more than 30 years ago.

On the basis of simple workflow, scalability, rapidity, and low cost, homogeneous protein
assays>* hold promise for quantification of an arbitrary protein in real time over a wide
concentration range, long sought-after qualities in bioanalysis.®> These also utilize pairs of
probes that exploit target-dependent proximity for signal generation. However, to avoid
autofluorescence in biological samples, readout usually requires instrumentation for either
time-resolved fluorescence or chemiluminescence, both being nonstandard or specialized.
One successful option is to translate protein amount into a nucleic acid reporter.5-8 This
technique lends itself to multiplexability and high sensitivity, since nucleic acid output
sequences can encode target identities and are amplifiable.

With heterogeneous assays (e.g., enzyme linked immunosorbent assay, ELISA), surface
bound probe-target complexes can be washed for near complete removal of interferences by
physical separation. In contrast, homogeneous assays often exhibit indistinguishable output
from signal and background components. Thus, despite their high potential in bioanalysis,
homogeneous assays are plagued by suboptimal signal-to-background ratios and
interferences. Herein, we introduce an analytical tool that exploits thermofluorimetric
analysis of bivalent probes (TFAB) for robust yet facile protein quantification. First, high
signal is ensured by sample incubation with bivalent probes at low temperature, without
regard for nonspecific background. A gPCR instrument, with capability to thermally scan
samples during fluorescence readout, is leveraged to efficiently distinguish between protein-
bound and unbound probes, without physical separation. Quantitative and multiplexed
protein detection is demonstrated with TFAB; the method is shown to be functional in
human serum, human plasma, and cell secretion samples and is miniaturized to the picoliter
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scale. On the basis of its success with bivalent antibody-oligonucleotide and aptamer probes,
we expect that this TFAB methodology will be generally applicable for mix-and-read assays
of a variety of protein analytes in the future.

RESULTS AND DISCUSSION

To enable readout of protein levels using DNA-based probe assemblies, target-driven probe
proximity (referred to herein as “signal”) is assessed by quantifying the hybridization of
oligonucleotide tails present on a paired bivalent probe at equilibrium. Target-independent
DNA annealing (referred to as “background”) will be inevitable at equilibrium and will be
indistinguishable from signal via isothermal readout. Figure 1A shows a schematic of signal
and background complexes in TFAB, where complex assembly promotes fluorescence
quenching. Rather than minimizing background, as in optimization studies of isothermal
assays,59 a key aspect of TFAB is that both complexes (signal and background) are further
stabilized by a longer DNA connector. This creates a noncovalent assembly that can serve as
a bivalent probe, an advantage since multivalency is known to impart significantly higher
affinity toward protein analytes through entropic stabilization.1911 As shown in Figure 1B,
thermofluorimetric analysis enables facile analytical separation of signal and background
complexes in a homogeneous manner. It is noteworthy that there is a strong signal peak with
20 nM thrombin, even though the Ky values of the aptamers are higher at 26 and 128 nM,12
an effect of the enhanced stability of the bivalent probes.

Since enthalpy-driven DNA hybridization is more temperature sensitive, DNA connectors
were customized for tunable complex stability, as shown in heat maps in Figure 1C, D. The
protein-dependent “proximity effect” is clearly observed in these dF/dT maps, with signal
peaks located diagonally down and to the right compared to background. Even without
exhaustive studies of complex formation, it is clear that these maps should be excellent tools
for optimizing conditions of many DNA-driven proximity assays. For example, with the
isothermal fluorescence proximity assay for thrombin detection at room temperature, C8-12
can be chosen as the optimal connector length, since background complexes are unstable yet
signal complexes are stable at this temperature (Figure 1C, middle). With protein-dependent
signal peaks clearly distinguishable from background peaks, we next demonstrate that signal
peak area and height are proportional to protein quantity. The heat maps in Figure 1C, D
show this effect clearly with increased intensity with protein concentration (see also Figure
S-1). Through nonlinear least-squares fitting of the data to a sum of two Gaussian peaks, it
was possible to deconvolute contributions of background and signal complexes. This
postprocessing made it possible to extract true, protein-driven signal from total output and to
essentially reduce background contributions to zero. In Figure 2A, deconvoluted signal melt
transition (SMT) areas are plotted as a function of thrombin concentration in buffer. To
confirm protein and probe stability during TFAB, the temperature was repeatedly scanned
above and below the signal melting transition. The data shows that assay sensitivity was
maintained through at least five scans. Slight increases in the limit of detection (LOD)
suggest mild thermal degradation, but these effects were minimal. Notably, the LOD in scan
1 was subnanomolar, at 0.42 nM. Since it relies merely on direct fluorescence readout in
solution (without any immobilized materials like beads), the assay also shows superior
scalability through successful assaying of only 1 amol of thrombin in 100 pL microchannels
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(Figure 2A inset, Figure S-2). TFAB was then proven functional for direct fluorescence
readout in 10-fold diluted human serum (Figure 2B). While isothermal versions of the same
assay are nonresponsive in serum due to autofluorescence interferences (Figure S-3), TFAB
is capable of analytically separating signal melt transitions from slowly varying
autofluorescence background. Control over DNA connector sequences also allows
multiplexed protein detection; insulin and thrombin were simultaneously quantified in serum
with LODs of 0.81 and 1.88 nM (Figure 2B), without compromising performance from the
respective singleplex assay (Figure S-4). The assay is functional in even more complex
human plasma samples, where near complete recovery of sensitivity is possible using a red
fluorescent tag (Figure 2C). Finally, we demonstrate that TFAB is useful for hormone
secretion quantification from murine pancreatic islets in cell media (Figure 2D), where
release of insulin is quantified from only 7 islets under physiologically relevant glucose
concentrations. This application could find use in screening of islet function for
transplantation or more generally for drug screening applications with various cell types.

To confirm our hypotheses and improve our understanding of the TFAB mechanism, a
model was devised (Figure 3A). To simplify the analytical solution of the model, we
decoupled the background melting transition, represented by a dissociation constant, K ,,
from the signal melting transition with a characteristic dissociation constant, K4 Further
details on this model are included in Figure S-5. The thrombin TFAB data was processed
with these model assumptions, giving the Van’t Hoff plot presented in Figure 3B. Blue
traces represent melting transitions of signal (K ) and background (K ) complexes using a
longer connector oligo (C9-12), while purple traces show similar data collected with a
shorter connector (C8-12). Despite its simplicity, this model impressively recapitulated the
effects of probe bivalency. While protein-independent DNA melting transitions (labeled
with K,) showed an obvious dependence on connector hybridization energy (blue and purple
traces well-separated), the protein-dependent signal melting transitions (K ;) were
independent of connector length (overlapping traces). Published thermodynamic
parameters! from individual thrombin aptamers (Thrl, Thr2; gray and black traces) and the
covalently linked, bivalent aptamer (Thrl + Thr2; red trace) were also added to Figure 3B.
Remarkably, the temperature dependent trace from the covalently linked bivalent aptamer
(red) closely overlapped with data from our bivalent TEAB probe (blue and purple traces; Kz
transition). This correlation confirmed that measured signal transitions in TFAB were
dominated by our predesigned DNA melting events and helped to confirm our mechanistic
assertions in Figure 1.

Finally, with this enhanced understanding, we created an isothermal mimic of TFAB that
again leveraged probe bivalency for maximizing signal and removing background. In
stepwise fashion, we (1) further stabilized the bivalent probe with a longer DNA connector
at room temperature, (2) added protein analyte, and (3) destabilized the complexes by
enzymatically shortening the connector. This way, we reasoned that protein-stabilized signal
complexes would remain intact while the background complexes would melt. To achieve
selective destabilization of the connector/probe hybridization, we strategically placed
cleavable deoxyuridines (dU) into the connector oligonucleotide. A long connector (C15-
15) could thus be digested into a shorter connector (C8-12) through enzymatic cleavage of
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dUs with Uracil-DNA Excision Mix. A schematic of this assay is given in Figure S-6
alongside Kkinetic characterization of the cleavage reaction. Figure 3C compares this
isothermal bivalent assay and its monovalent counterpart. Indeed, the bivalent assay
exhibited higher total amounts of signal complexes at all protein concentrations as well as
higher sensitivity at low protein concentrations (<10 nM).

CONCLUSIONS

In conclusion, we have introduced the thermofluorimetric assay with bivalent probes
(TFAB), methodology that addresses an unmet need in the bioanalytical realm. Although
TFAB employs simple, direct-readout fluorescence optics, thermal analysis permits
analytical removal of background, including autofluorescence in biological matrices. It is
expected that optical systems used in high-resolution melting analysis will permit further
enhancements in both thermal control and fluorescence detection sensitivity. Additionally, a
greater number of fluorescent labels with higher quantum yield may improve the system
several fold, assuming that probe self-quenching is avoided. Overall, these results and the
coincident potential for improvement suggest that TFAB is a valuable new protein assay
platform, bearing a host of advantages: robustness, speed, cost-effectiveness, multiplexing
capability, scalability, versatility of readout, and a mix-and-read workflow.
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Figure 1.

Thermofluorimetric assay with bivalent probes (TFAB). (A) Schematic of TFAB. (B)
Fluorescence and dF/dT in the presence of 20 nM thrombin. dF/dT heat maps are also
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shown for (C) thrombin and (D) insulin TFABs with varying connector lengths. Blue arrows
= background melting transitions; black arrows = signal melting transitions.
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Performance of TFAB. (A) SMT peak area was proportional to protein concentration, and
repeated thermal scanning confirmed protein stability. Inset image shows microfluidic
TFAB in 100 pL channels. (B) Duplex TFAB for insulin and thrombin quantification in 10-
fold diluted human serum. (C) Insulin TFAB in 10-fold diluted human plasma (filtered);
longer wavelength fluorescence emission (TYE665) was shown to reduce autofluorescence
effects as well. (D) Insulin TFAB in cell media. 1 h of insulin secretion is directly quantified
from only 7 murine pancreatic islets at low and high glucose.
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Figure 3.
Modeling and exploitation of bivalency in TFAB. (A) The TFAB model consisted of two

consecutive binding events that were decoupled, represented by K, and Kz (B) A Van't
Hoff plot showing thrombin TFAB processed through the model system. (C) Comparison of
novel isothermal bivalent assay (solid line) with its monovalent counterpart (dotted line)
showed an order-of-magnitude improvement in dynamic range with bivalent probes.
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