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A Generalizable Fluorescence Sensor Platform for Sample

Preparation-Free Protein Detection

Helen D. Wu, Tuan Trinh, Tongtong Li, Subhadra Thapa, Robert B. Lee,
Thuy-Tien Thi Nguyen, Camille F. Petrakian, Michael Eisenstein, Severin T. Schneebeli,*

Jianing Li,* and H. Tom Soh*

Modern molecular detection assays such as enzyme-linked immunosorbent
assays (ELISAs) offer excellent sensitivity and specificity, but typically require
multiple reagents and extensive sample preparation, limiting their usefulness
as rapid diagnostics. A generalizable biosensor platform is introduced that
enables single-step, sample preparation-free detection of protein analytes
with high sensitivity in complex samples. The NanoFluor system employs
Janelia Fluor dyes coupled to a nanobody via HaloTag conjugation with a
flexible glycine-serine linker, where the dye undergoes a switch from a
non-fluorescent to a fluorescent state when the coupled nanobody binds to its
target. It is demonstrated that the NanoFluor design achieves detection limits
as low as picomolar concentrations across diverse protein targets. Molecular
dynamics simulations, coupled with quantum mechanics/molecular
mechanics computational models, reveal the mechanistic basis for the
fluorescence change, and demonstrate the feasibility of multiplexed detection
in complex samples including undiluted serum. This versatile, simple
biosensor design can prove valuable for point-of-care diagnostics and other

1. Introduction

Molecular detection assays such as the
enzyme-linked immunosorbent assay
(ELISA) can achieve remarkable sensitiv-
ity and specificity, and have accordingly
become fundamental tools for both ba-
sic research and clinical diagnostics.[!!
However, virtually all such assays entail
numerous process steps for sample prepa-
ration such as reagent addition, incubation,
washing, and buffer exchanges. Reducing
or even eliminating these sample prepa-
ration steps would simplify and accelerate
assays while eliminating opportunities
for error, and thus be highly valuable for
many areas of biomedical research and
clinical medicine.[**! To this end, a number
of fluorescence biosensor platforms have
been reported that require minimal or

molecular detection applications.

no sample preparation. One prominent
approach to generating fluorogenic sensors
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involves circularly permuted GFP (cpGFP), a modified form
of GFP with termini positioned near the chromophore.[*!
These sensors are coupled to naturally occurring target-binding
molecules that confer target specificity and induce conforma-
tional changes that modify the local environment of the GFP
chromophore, thereby altering its fluorescence. A major advan-
tage of cpGFP-based sensors is that they can be fully genetically
encoded, and such sensors have successfully been developed for
the detection of ions and small molecules.[”) However, the re-
quirement for binders to both recognize the analyte and induce
a conformational change limits the range of detectable analytes.
Additionally, many of these binders are derived from nature and
have diverse structures, such that integrating them into cpGFP
is often a challenging process, limiting the generalizability of the
design.’-19

Other researchers have reported the use of xanthene-based
synthetic dyes that offer a wide fluorescence spectrum. Xanthene-
based dyes, which include rhodamines and fluoresceins, transi-
tion between two primary forms through a ring-opening mech-
anism in aqueous solution: a colorless lactone form and a flu-
orescent zwitterionic form.[''13] This ring-opening leads to an
increase in fluorescence, and this useful property has been co-
opted to generate sensors against metal ions such as Cu(II).l**]
Furthermore, recent rhodamine derivatives incorporating sub-
stitutions of the oxygen group with carbon or silicon or modi-
fication of amino groups have yielded new dyes such as silicon
rhodamine (SiR)!'* and Janelia Fluors (JF)['>1¢] with altered ring-
opening equilibrium. Such dyes can serve as single-reagent flu-
orogenic biosensors, and have been used for live-cell imaging of
cytoskeletal filaments.['7]

While small-molecule dyes like rhodamines offer intrinsic flu-
orogenic properties, coupling them to proteins can impart addi-
tional specificity, control, and modularity to sensing platforms.
Several research groups have therefore investigated dye-protein
interactions as a means to exploit dye quenching and unquench-
ing in a more targeted manner. These interactions have long been
used to combine the unique properties of proteins (e.g., bind-
ing specificity or enzymatic activity) with fluorescent detection.
For instance, the Ueda group developed Quenchbodies!!®1%l—
biosensors composed of single-chain variable region antibodies
(scFvs) conjugated to carboxytetramethylrhodamine (TAMRA)(*]
or dyes spanning green to red emission!?] at their N-termini.
In these constructs, the dye is quenched by conserved trypto-
phans within the scFv’s heavy and light chains, and binding to
a target disrupts this interaction to enhance fluorescence. This
approach has proven generalizable across multiple scFvs tar-
geting proteins, peptides, and small molecules. However, dye
placement can sometimes reduce sensor affinity, and Quench-
body synthesis often requires the use of non-natural amino
acids. More recently, the Valee-Belisle group used dye-labeled
DNA antennas of optimized lengths to leverage non-covalent
dye-protein interactions to monitor the conformational dynam-
ics of enzymes such as alkaline phosphatase.?! Additionally, a
circularly-permuted HaloTag protein was engineered as a plat-
form for creating protein-based JF-conjugated fluorescent sen-
sors responsive to intracellular calcium and membrane voltage
changes.[??]

Building on these foundations, we have developed a versatile
biosensor platform called NanoFluor for single-step, sensitive de-
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tection of protein analytes in complex sample matrices with no
sample preparation for potential in vitro diagnostic applications.
The NanoFluor design tethers a single-chain nanobody reagent
to a fluorogenic dye via the HaloTag conjugation method, with a
flexible glycine-serine (GS) linker connecting the nanobody and
HaloTag moiety. Binding of the nanobody to its target protein
changes the local environment adjacent to the dye in a manner
that promotes increased fluorescence. We show that NanoFluors
can achieve picomolar sensitivity for a wide range of protein tar-
gets with no sample preparation. We have also performed a se-
ries of molecular dynamics (MD) simulations and hybrid quan-
tum mechanics/molecular mechanics (QM/MM) calculations to
understand the mechanism underlying this increased fluores-
cence in response to target binding. We also show that our sensor
architecture is highly modular by swapping the affinity reagent
type, conjugation mechanism, and the dye to achieve multiplexed
detection in versatile manner. Finally, we demonstrate that our
NanoFluor sensors can detect target proteins directly in complex
samples such as undiluted serum with no sample preparation.
These capabilities could be highly useful for a range of different
in vitro molecular detection applications, especially in the context
of point-of-care (POC) diagnostics.

2. Results and Discussion

2.1. Design and Optimization of the NanoFluor Biosensor

Our sensor couples an environmentally sensitive dye to a
nanobody via a HaloTag linkage, using an architecture that can be
generalized to a wide range of targets. For the dye component, we
initially selected the SiR dye Janelia Fluor-646 (JF646), which ex-
ists in an equilibrium between a colorless lactone state and a flu-
orescent zwitterion state (Figure 1A). This equilibrium shifts in
response to its environment, with enhanced fluorescence in non-
polar solvents and decreased fluorescence in polar solvents due
to intramolecular isomerization. For the target recognition com-
ponent, we chose nanobodies, which are single-domain antibody
derivatives comprising the variable domain of heavy-chain-only
(VHH) antibodies. These molecules are advantageous because
of their ease of selection, stability, high affinity, and small size
(~13 kDa).[?3] This latter feature also means that the binding of a
target by a nanobody creates greater opportunity for interaction
with a nearby dye molecule, and thus a stronger fluorescent read-
out. In order to minimize the risk of impacting nanobody affinity
or stability in solution, we used a coupling strategy that allowed
us to consistently link each nanobody to a single dye molecule in
a site-specific fashion using the self-labeling enzyme HaloTag.!>*]

We began by optimizing the configuration of the various com-
ponents of the NanoFluor construct. For these experiments,
we employed a previously reported green fluorescent protein
(GFP) enhancer nanobody,?*! which binds to monomeric GFP
with a reported K, of 0.59 + 0.11 nM, as GFP fluorescence
offers a straightforward readout of target binding without hav-
ing to label the target. To optimize the relative position of the
nanobody with respect to the dye on the HaloTag protein, we at-
tempted three conjugation strategies: a tandem fusion between
the nanobody and the HaloTag connected with a flexible GS
linker (Figure 1B,C), a series of constructs in which the nanobody
was inserted within HaloTag with flexible GS linkers at loop
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Figure 1. NanoFluor design and assay against GFP. A) SiR fluorophores such as JF646 undergo ground-state isomerization and convert between a
colorless lactone form (black) and a fluorescent zwitterionic form (pink). B) In our tandem NanoFluor construct, the N-terminal nanobody is connected
via a flexible GS-linker to HaloTag, with an AviTag included on the C-terminus for biotin-streptavidin-mediated bead coupling in experiments involving
flow cytometry measurement. C) HaloTag (pink) facilitates the conjugation of a single molecule of JF646 to the nanobody. When the nanobody (dark blue)
binds to its target (grey), the dye equilibrium shifts to favor the fluorescent state (right). D) The GFP NanoFluor shows increasing JF646 fluorescence
in response to increasing [GFP] compared to HaloTag alone (EC5q = 0.187 nM, 95% CI [0.0882 — 0.416 nM] vs N.S.) Each binding curve depicts mean

values generated from three independent experiments; error bars show standard deviation.

regions close to the dye conjugation site (Figure S1, Support-
ing Information), and a tandem fusion of the nanobody via GS
linker with circularly permutated (cp) HaloTag at those same
loops (Figure S2, Supporting Information).

We then used a bead-based flow cytometry assay to generate
binding-response curves. For this assay, we generated nanobody-
HaloTag fusions with an AviTag moiety at their C-terminus,
which was then biotinylated via reaction with the enzyme BirA.
After dialysis to remove excess biotin and ATP, the constructs
were loaded onto streptavidin-coated magnetic beads and incu-
bated with excess concentrations of JF646 dye coupled to HaloTag
ligand. Once the conjugation reaction was complete, the beads
were washed to remove unbound constructs and unreacted dye.
Finally, we generated binding curves by incubating the bead-
conjugated NanoFluor constructs with increasing concentrations
of GFP and then measuring the resulting fluorescence via flow
cytometry.
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We confirmed that our tandem fusion design (Figure 1B) pro-
duced a signal-on response, with increased JF646 fluorescence
in response to increasing GFP concentrations (Figure 1D, blue),
and the resulting binding data could be fitted to a Langmuir
isotherm. The linkage to the HaloTag and dye groups had mini-
mal impact on the native binding affinity of our GFP nanobody,
and we observed an ECs, of 0.187 nM, 95% confidence inter-
val (CI) [0.0882 — 0.416 nM]. We measured the signal gain in
terms of the ratio of the change in measured fluorescence (AF)
in the presence of the target versus baseline fluorescence with-
out the target (F,), and we have used this metric (expressed as
a percent change) throughout this study (% AF/F,). By analyz-
ing GFP fluorescence, we were also able to confirm NanoFluor
binding to the target (Figure S3, Supporting Information). Al-
though there should be little spectral overlap between GFP and
JE646, we also confirmed that there were no confounding effects
due to Forster resonance energy transfer (FRET) or other reasons
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Figure 2. Molecular modeling of NanoFluor-target interaction and signal response. A-C) Final snapshot from a 1-us MD simulation of (A) the off-state
NanoFluor alone (nanobody = dark blue, GS linker = grey, HaloTag = pink), or the GFP-bound NanoFluor (GFP = white) in its (B) on or (C) off state.
Zoomed insets in B and C show the salt bridge (cyan dashed line) and the a and f dihedral angles (the rotatable bonds with orange labels). D) Scatter
plot of the a and & angles (on- and off-state simulation data shown in magenta and black, respectively). The orange box highlights « and R values
associated with salt bridge formation and GFP binding. E) Time evolution of root RMSD with protein alignment to the initial structure and the N-O
distance for NanoFluor alone (left) or bound to GFP (right). The N-O distance is the minimum distance between the N atom in the dye and the O
atoms in the glutamic acid from the HaloTag protein. On- and off-state simulations are plotted in magenta and black, respectively. The blue shaded area
highlights the simulation period after the salt bridge has formed.

by repeating this experiment with a non-fluorescent rAcGFP1  (Figure S5B,C, Supporting Information). Based on these results,
derivative containing a single G223E mutation,?®! which showed  we settled on a standard NanoFluor design in which the tandem
a comparable increase in JF646 fluorescence at increasing con-  nanobody-HaloTag fusion is bridged by a flexible 14-aa GS linker
centrations of bound non-fluorescent GFP (Figure S1C,D, Sup-  (Figure 1C).
porting Information, blue). In contrast, a negative control con-
struct comprising HaloTag-JF646 without a coupled nanobody
did not show any meaningful response in terms of GFP bind-  2.2. Understanding the Sensing Mechanism through Molecular
ing or JF646 fluorescence (Figure 1D, red; Figure S3, Supporting ~ Modeling
Information). We also confirmed that the GFP NanoFluor shows
enhanced fluorescence in solution when exposed to GFP com-  We subsequently used MD simulations and hybrid QM/MM cal-
pared to buffer (Figure S4, Supporting Information). Likewise,  culations to examine the dynamics and energetics of GFP bind-
the insertion mutant (Figure S1D, Supporting Information) and  ing to the NanoFluor sensor. MD simulations of the dye-tagged
tandem fusion with cpHaloTag (Figure S2C, Supporting Infor-  HaloTag protein alone, the complete NanoFluor sensor without
mation) constructs yielded either unchanged or decreased flu-  target, and the NanoFluor sensor in complex with GFP revealed
orescence intensity upon GFP binding. Thus, the tandem fu-  the fundamental conformational dynamics of the NanoFluor con-
sion design conferred optimal relative positioning for thedyeand  struct (Figure 2). The initial models were built by AlphaFold2.
nanobody moieties, and we used this configuration for all subse- ~ Simulations totaling 24 ps suggested different conformational
quent experiments in this work. dynamics of the JF646 dye within the NanoFluor complex in its
We then systematically studied the effects of linker length  ‘on’ (i.e., zwitterionic) and ‘off’ (i.e., lactone) states. For the com-
on NanoFluor performance by introducing flexible GS linkers  plete NanoFluor construct in the absence of GFP, we observed a
with lengths of 10, 14, 19, and 24 amino acids (aa). Intermedi-  low average root mean square displacement (RMSD) of 2 A for
ate lengths of 14 and 19 aa proved optimal for sensor response  the HaloTag protein and a wide range of RMSD (2-10 A) values
(Figure S5A,C, Supporting Information). We also investigated  for the JF646 dye. This latter range indicates that the dye is highly
how the rigidity of this linker impacts sensor performance by = dynamic and assumes multiple conformations due to the flexi-
swapping the flexible GS linkers with rigid linkers based on the  ble dye linker (Figure S6, Supporting Information). The JF646
EAAAK motif. Although longer rigid (EAAAK), and (EAAAK),  dye was less flexible in the on state (RMSD < 4 A) than in the
linkers performed better than the shorter (EAAAK), linker, all  off state, and we attributed this to the formation of a salt bridge
these rigid linkers performed worse than the flexible GS linkers ~ between the dye’s amine group and a glutamate residue (E170)
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Figure 3. QM/MM modeling of the JF646 dye in GFP-NanoFluor, C1Q-NanoFluor, and TNF-NanoFluor with or without the GFP, C1Q, and TNF analytes.
A) The radial distribution function of Na* near oxygen atoms in the dye in a HaloTag MD simulation of GFP-NanoFluor. The maximum distribution is at
2.4-2.6 A. The inset shows the superimposed positions of Na* from 100 frames sampled in the 1-us MD simulation. B) QM/MM-optimized models of
the NanoFluor-GFP complex. Consistent with the distribution observed in A, this model predicts a 2.6 A distance between Na* and oxygen. The protein
models in the cartoon are superimposed, with the dye shown as stick models and Na* ions depicted as blue spheres. C) QM/MM calculation results,
demonstrating that the on-form of the JF646 dye becomes more stable in the GFP-NanoFluor, C1Q-NanoFluor, and TNF-NanoFluor constructs upon
analyte binding. The optimized structures of all three complexes are shown in the figure with the |F646 dye in the on-form.

within HaloTag (Figure 2B), with no such salt bridge apparent
in the off state (RMSD ~6.4 A) (Figure 2C). The salt bridge also
led to a distinctive conformation of the linker with unique a and
 dihedral angles that is absent in the off state (Figure 2D). In-
terestingly, mutation of this glutamate residue (E170) has previ-
ously been shown to change the fluorescence lifetime of HaloTag
dye complexes.!?”] More specifically, in our simulation of the on-
state NanoFluor-GFP complex, a salt bridge formed between 738
and 810 ns as the distance between the dye amine group and the
HaloTag glutamate residue (measured as the minimal N-O dis-
tance) dropped from 10 A to below 5 A (Figure 2E), a shift that
is associated with the a and £ dihedral angles falling between
150-200° (Figure 2D, orange box). These changes were likely
caused by GFP binding, because this salt bridge was unstable in
simulations of the NanoFluor construct in the absence of GFP
(Figure 2E) or of the dye-tagged HaloTag protein alone (Figure
S6, Supporting Information), frequently forming and breaking
over the course of a single simulation. Taken together, these sim-
ulations suggest that strong interactions with the target protein
reduce the dye’s flexibility and stabilize it in the on state.

To better understand the influence of the protein environ-
ment on the dye, we calculated (Figure 3) the quantum energy
difference between the on and off states with the QM/MM for
three representative analytes (GFP, TNF-« VHH2, and C1q). The
complex models with TNF-a VHH2 and Clq were built by Al-
phaFold2 and modified to align with the GFP models. These

models were relaxed in the aqueous solution with simulated an-
nealing with constraints on the « and £ angles. With the relaxed
complex models, we first optimized the on- and off-state struc-
tures of the JF646 dye with density functional theory (DFT) at
the B3LYP/LACVP* level. These calculations showed that the on-
state conformation can spontaneously convert to the off state in
a vacuum without any significant energetic barrier. At the same
time, our MD simulations also revealed a high probability of
Na* ions accumulating in the vicinity of the JF646 dye’s carboxyl
group; statistics over the entire course of a simulation are shown
in Figure 3B. We therefore constructed QM/MM models based
on final snapshots from our MD simulations with the dye, part
of the dye linker, and one Na* ion in the QM region. We started
all the optimizations from the same protein structure, which was
obtained from the final snapshot of the corresponding MD sim-
ulations and with the dye in either the on or the off form. All
three systems show that the difference in the QM/MM energy
between the on and off forms of the dye is larger with the analyte
presence than in the absence of the analyte (Figure 3C), indicat-
ing that binding of an analyte stabilizes the on form of the dye
in all three cases. Examination of the QM/MM-optimized mod-
els suggests that attractive supramolecular interactions between
the analytes and the NanoFluor at the interface, likely dominated
by nonspecific polar contacts, longer-range electrostatic interac-
tions, and hydrophobic contacts collectively stabilize the dye in
its on state when the NanoFluor binds its targets.
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NB Ko (PM) | (pM) | (PM) (PM) | (PM)
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Figure 4. The NanoFluor design can be generalized for the detection of a range of different cytokine targets. Biotinylated NanoFluors against A) TNF-«
VHH2, B) TNF-a VHH3, C) IL-23, and D) C1q were loaded onto streptavidin-coated magnetic beads and incubated with increasing concentrations of
their respective targets or with BSA as a negative control. The resulting curves of AF/F, (%) were fitted with Langmuir isotherms. Data points represent
average values from three independent experiments. Error bars show standard deviation. E) Properties of each NanoFluor. PDB IDs and the reported

Kp come from published nanobody descriptions. ECsy, 95% Cl, LOD, LOQ and were derived from Langmuir fits.

2.3. The NanoFluor Design can be Generalized to Detect a
Variety of Protein Targets

We hypothesized that the NanoFluor design—and the de-
tection mechanism identified in our simulations above—
could be generalizable to other targets by swapping out the
nanobody component. To test this, we generated a panel of
cytokine-targeting NanoFluor constructs using previously re-
ported nanobodies against TNF-al?®], 1L-23,121 C1q,* IL-17a,1]
and CCL5/RANTES.*Y] For TNF-a, we compared the perfor-
mance of two nanobodies that bind this cytokine at different epi-
topes (VHH2 and VHH3) as reported by Beirnaert et al.??] to ex-
plore the effect of epitope site on NanoFluor performance. Each
NanoFluor responded to its target analyte in buffer with greater
JE646 fluorescence at increasing target protein concentrations
(Figure 4A-D; Figure S7A,B, Supporting Information). We nor-
malized these fluorescence measurements relative to the target-
free background signal and then fitted the normalized measure-
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ments to a Langmuir isotherm. For the sake of simplicity, we have
reported the molarity of homo-trimers and homodimers TNF-a,
IL-17a, and CCL5/RANTES based on their monomeric molecu-
lar weights, because of reports citing dissociation into monomers
at lower concentrations.3*34]

All constructs exhibited ECs, values that were in the picomo-
lar range (Figure 4E; Figure S7C, Supporting Information). We
also confirmed similar K values for select NanoFluors in a se-
ries of biolayer interferometry (BLI) experiments (Figure S8, Sup-
porting Information). All of our cytokine NanoFluors achieved
a limit of detection (LOD) in the sub-100 pM range; the Clq
NanoFluor had the lowest LOD (3.54 pM) and limit of quan-
titation (LOQ; 4.06 pM) of the panel. We further verified that
the observed NanoFluor response is a specific consequence of
target protein binding by performing negative control experi-
ments with each construct in the presence of increasing concen-
trations of bovine serum albumin (BSA), which generally yielded
only a minimal increase in fluorescence, apart from the IL-17a
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Figure 5. Exploring the modularity of the NanoFluor design. A-C) Flow cytometry binding assay for NanoFluor constructs featuring (A) a TNF-a affibody
as the binding moiety, (B) a SNAP-tag as the SiR dye-affixing moiety, and (C) a bivalent IL-23 nanobody design. Panel C shows sensor response to
incubation with 1L-23 for 30 min or 1 h. Datapoints are averages of measurements from triplicate experiments fitted with Langmuir isotherm lines, and
error bars show standard deviation. D) Properties of our NanoFluors as derived from Langmuir fits.

NanoFluor (Figure 4A-D; Figure S7A,B, Supporting Informa-
tion). Finally, to show that NanoFluor function was not specific
to the magnetic streptavidin beads we used, we immobilized
CCLS5 NanoFluor onto streptavidin-coated agarose beads, and ob-
served enhanced fluorescence upon target binding using time-
lapse epifluorescence microscopy, albeit with a lesser response
compared to flow cytometry results (Figure S9A,B, Supporting
Information).

2.4. The NanoFluor Design is Highly Modular
We hypothesized that the NanoFluor design could offer suffi-

cient versatility to be extended to non-nanobody affinity reagents
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and alternative dye conjugation strategies. This would provide
more options for users to develop constructs better suited to
specific analytes or assays. As an initial demonstration, we
swapped HaloTag with SNAP-tag, an O%-alkylguanine-DNA alkyl-
transferase mutant that covalently conjugates to benzylgua-
nine derivatives.[*¥) IL-17a NanoFluor sensors in which the
nanobody was coupled to JF646 via SNAP-tag exhibited a sim-
ilar EC,, and dynamic range (Figure 5A) to those constructed
with HaloTag (Figure S7A, Supporting Information). We sub-
sequently confirmed that we could substitute nanobodies with
other small, single-chain affinity reagents such as affibodies. A
JF646-labeled NanoFluor based on a TNF-« affibody!*®! with a re-
ported K, of 0.77 nM achieved an ECs, of 30.2 nM. However,
this reagent produced a lower maximum signal gain relative to its
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nanobody-based counterparts (AF/F, = 30.4% versus 72.1% and
56.9% for VHH2 and VHH3, respectively). We hypothesized that
this may be due to the smaller size of affibodies (~6 kDa vs
~15 kDa for nanobodies) compared to the length of the GS link-
ers. This capability to substitute individual components while re-
taining the same sensing functionality should enable the gener-
ation of a versatile toolbox of reagents that can deliver improved
performance for different analytes or assay conditions.

Numerous studies have demonstrated that cooperative mul-
tivalent binding can confer greater affinity in the context of
nanobody-based therapies,[?*3738] and we wanted to see if this
principle applies to the NanoFluor design as well. We constructed
a bivalent IL-23 NanoFluor featuring two nanobodies that bind
IL-23 at distinct epitopes, which were coupled in tandem to
HaloTag-JF646. This bivalent construct exhibited superior sen-
sitivity, with a ~13-fold improved EC, of 18.6 pM (95% CI =
13.2-26.3) relative to the monovalent NanoFluor (ECy, = 236 pM,
95% CI = 127-443) (Figure 5C). Furthermore, the LOD (2.49 pM)
and LOQ (3.53 pM) of the bivalent sensor were respectively ~22-
and ~29-fold lower compared to the monovalent IL-23 sensor
(Figure 4C,E) after a 30 min incubation. We did note that the
fold-signal change after this incubation period was not as strong
as with the monovalent NanoFluor; however, when we increased
the NanoFluor incubation time from the standard 30 min to 1 h,
we observed a further enhancement of both the signal-to-noise
ratio and sensitivity for our sensor (Figure 5C,D), with a LOD of
1.45 pM and a LOQ of 1.98 pM. Additionally, we repeated the IL-
23 monovalent NanoFluor experiment to compare the standard
30 min incubation to 1 h, and found a similar slight enhance-
ment of both the signal-to-noise ratio and sensitivity of our sensor
(Figure S10, Supporting Information). We also introduced un-
biotinylated IL-23 NanoFluors as competitive binders and saw a
lower EC,, of IL-23 NanoFluors in response to target, confirming
that binding specificity determines NanoFluor signal response
(Figure S10, Supporting Information). Like many other cytokines
and chemokines, IL-23 is present in blood at single-digit picomo-
lar or lower physiological concentrations in healthy controls.*!
Thus, the bivalent IL-23 sensor enables more sensitive detection
and quantitation at these physiologically relevant ranges. These
results demonstrate a strategy for further improving the sensitiv-
ity of NanoFluor sensors without meaningfully altering the core
sensor design.

2.5. NanoFluor Sensors Enable Multiplexed Protein
Measurements

As other dyes also undergo environmentally influenced ground-
state isomerization processes, we exploited this to enable mul-
tiplexed NanoFluor-based detection of several targets simulta-
neously. We prepared two separate populations of beads: one
displaying the IL-23 NanoFluor conjugated to Oregon Green
(a fluorescein-based dye), and the other displaying the TNF-a
VHH2 NanoFluor conjugated to JF646. These were then mixed
ina 1:1 ratio and added to samples containing varying concentra-
tions of IL-23 and TNF-a, after which we analyzed the response
via flow cytometry. We consistently observed a concentration-
dependent response from each sensor for its target, with minimal
interference from the non-target analyte even at relatively high
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concentrations (Figure 6A), supporting the feasibility of mul-
tiplexed protein detection with NanoFluors. We noted that the
TNF-a NanoFluor showed a higher signal response to its target in
the presence of increasing IL-23 concentrations (Figure 6B, left).
This may be due to autofluorescence in the green fluorescence
channel or cross-reactivity of the NanoFluor, as IL-23 NanoFluor
reporting with JF646 did not show much variation with increas-
ing TNF- a (Figure 6B, right). We then compared the TNF-a
VHH2 NanoFluor when conjugated to JF646 or Oregon Green
dyes (Figure S11, Supporting Information). With the addition of
TNF-a or TNF-a plus equimolar IL-23, we found that Oregon
Green sees greater signal at higher concentrations of IL-23, which
we did not see with Janelia Fluor (Figure S11, Supporting Infor-
mation). Thus, we think the phenomen is dye-based, suggesting
that JF646 is superior to Oregon Green in retaining specificity in
its fluorogenicity.

2.6. NanoFluors Enable Direct Analyte Detection in Undiluted
Serum

Given the simplicity of the NanoFluor detection system, which
requires no additional reagents or wash steps, we anticipated
that these reagents could be effective for direct analyte detec-
tion in complex biological samples. We therefore conducted the
same flow cytometry-based binding assays for our NanoFluors
with varying concentrations of target protein in undiluted, fil-
tered chicken serum. This provides a complex sample matrix that
closely resembles human serum, but with greatly reduced back-
ground due to cross-reactivity to endogenous human cytokines.
Remarkably, all of our NanoFluor constructs produced a strong
target-specific fluorescence response in this complex sample ma-
trix (Figure 7A-D), except for the CCL5 NanoFluor (Figure S12,
Supporting Information). Most of these sensors also retained
similar maximum signal gain (i.e., AF/F,) in undiluted chicken
serum relative to buffer, albeit with decreased ECs, (Figure 7E).
Finally, to demonstrate that the NanoFluor bead system can be
analyzed without the need for complex fluidics, we used epiflu-
orescence microscopy as a readout. Biotinylated IL-23 multiva-
lent NanoFluor sensors were loaded on streptavidin beads and re-
suspended in undiluted but filtered pooled human serum spiked
with increasing concentrations of IL-23 and incubated for 30 min.
Fluorescent images show that JF646 intensity increased as the
concentration of IL-23 increased (Figure 7F). The fluorescence
intensity of beads from images also follow a Langmuir isotherm,
and the IL-23 multivalent NanoFluor can achieve a LOD of 53.1
pM and LOQ of 97.6 pM in undiluted filtered human serum with
microscopy (Figure 7E,G). These results demonstrate that the
NanoFluor design is fundamentally compatible with molecular
detection in complex biological fluids, producing a quantifiable
concentration-dependent signal against a variety of protein tar-
gets. It should be noted that the LOD and LOQ was sufficiently
increased in serum to be above the relevant physiological range
for some analytes (e.g., TNF-al“*2] and I1-17al*), and further
empirical optimization and testing will be needed to develop con-
structs that deliver optimal performance for use in clinical speci-
mens. Nevertheless, these results offer clear proof of concept that
even without any such tuning or optimization, the NanoFluor de-
sign is compatible with single-reagent, sample-preparation-free
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Figure 6. Multiplexed NanoFluor measurements. A) Simultaneous quantification of TNF-a and IL-23 with a 1:1 mixture of beads modified with TNFa
VHH2 NanoFluors labeled with Oregon Green or IL-23 NanoFluors labeled with |F646. Heatmaps show the F/F, signal response of the TNF-a (left)
and IL-23 (right) NanoFluors to varying concentrations of both cytokines based on flow cytometry. B) Binding curves generated from the measurements
shown in panel A. Data-points show mean values from three independent replicates and were fitted to Langmuir isotherms. Error bars show standard

deviation.

detection of protein analytes in complex matrices such as undi-
luted serum.

3. Conclusion

In this work, we present a novel, generalizable molecular detec-
tion reagent design that converts molecular recognition events
into a measurable fluorescence output, enabling sensitive detec-
tion and quantitation of protein targets. The core design of the
NanoFluor comprises a fluorogenic dye coupled to a nanobody
via HaloTag conjugation, where proximity to a nanobody-bound
protein target causes the dye to transition from a colorless to
a fluorescent state. After demonstrating this phenomenon ex-
perimentally, we used MD and QM/MM simulations to ob-
tain insights into the atomic-scale mechanism that drives this
binding-induced transition. We subsequently demonstrated that
this same phenomenon can be generalized across a range of dif-
ferent protein targets by simply substituting the nanobody com-
ponent and show that these constructs can routinely achieve pico-
molar sensitivity for their targets with good specificity. We further
show that the NanoFluor design is sufficiently versatile that one
can swap out the nanobody with alternative single-chain affinity
reagents, alter the conjugation chemistry, or replace the fluores-
cent moiety with a range of other environmentally sensitive dyes.
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This latter feature allowed us to achieve multiplexed detection
with multiple NanoFluors against multiple protein targets. Criti-
cally, our reagents are sufficiently sensitive and specific to achieve
robust binding in undiluted chicken serum, demonstrating the
feasibility of performing assays in complex biological samples
with NanoFluors. Importantly, our NanoFluors do not meaning-
fully impact the innate binding affinity of the nanobodies, en-
abling picomolar LODs and LOQs, and we were able to achieve
a further 13-fold enhancement in EC;, by introducing a second
nanobody moiety to achieve bivalent, cooperative binding.

In future work, we will be focusing on improving the signal-to-
noise ratio achieved by our NanoFluor sensors, which currently
remains relatively modest. Much of the observed noise is likely
due to the inherent activating effect of HaloTag (or SNAPtag)
coupling on the dye moiety, as it has been widely reported that
such conjugation strongly promotes a shift toward the zwitteri-
onic form of silicon-thodamine dyes.[?224#4] We believe that
this can be addressed by optimizing features of the NanoFluor
backbone including linker length and flexibility, dye position-
ing, dye conjugation strategies, and the direct modification of
dye-contacting residues on the HaloTag or SNAP-tag surface.
For example, the Johnsson group reported an engineering ap-
proach for the HaloTag protein that can modulate the bright-
ness and fluorescence lifetime of HaloTag-labeled rhodamine
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Figure 7. NanoFluor measurements in undiluted serum. Each fluorescent sensor was immobilized on streptavidin beads and analyzed by flow cytometry
after 30 min incubation with various concentrations of A,B) TNF-a (VHH2 and VHH3, respectively), C) IL-23, and D) Clq in filtered, undiluted chicken
serum. Data points show the average of three independent experiments, with curves fitted to Langmuir isotherms. Error bars show standard deviations.
E) Detection properties of our NanoFluors as derived from Langmuir fits. F) IL-23 tandem Nanofluors immobilized on streptavidin beads were analyzed
with epifluorescence microscopy. Beads were incubated for 30 min in filtered, undiluted pooled human serum with increasing concentrations of spiked
in IL-23. Scale bar is 10 pm. G) Beads from (F) were analyzed and averaged with respect to their maximum fluorescence and detection properties were
derived from Langmuir fits. Error bars show standard deviations.
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dyes,!””] which may be beneficial for reducing the fluorescence
of the target-free NanoFluors. Reducing the background contri-
bution of the HaloTag or SNAP-tag to the dye fluorescence would
be key going forward, as suggested by the superior fold-change
performance of directly conjugating dyes to the variable regions
in nanobodies in recent work by Kuru et al.l*! Additionally, re-
cent reports of nanobodies and multimeric fusions with ultrapo-
tent femtomolar target affinities®’*®! should enable analyte de-
tection in the low pg/mL ranges, provided that these nanobod-
ies have sufficiently high association rates (k ,) to reach equilib-
rium at reasonable timescales. While traditional immunoassays
such as ELISA achieve high analytical sensitivity through multi-
step workflows and enzymatic amplification, NanoFluors provide
a complementary alternative that enables rapid, one-step ana-
lyte detection without the need for washing, labeling, or sample
preparation. As such, direct comparisons to ELISA may not fully
capture the distinct operating context and utility of our approach.
In conclusion, we believe the results presented here demonstrate
that the NanoFluor design offers a highly modular and general-
izable strategy for achieving sensitive, single-reagent analyte de-
tection in complex samples with little or no sample preparation
required, potentially enabling important advances in both basic
research and POC diagnostics.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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