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ABSTRACT: Assay formats such as ELISAs have effectively employed  
antibodies for detection of small molecules, but often  require numerous steps, 
complex protocols, and lack modularity making them useful, but ultimately 
unfieldable technologies for the warfighter. Nanobodies are small, single chain 
forms of antibodies and hold several advantages for use as biological sensors, 
including their compact size (~12-15 kDa), superior folding stability, and simple 
single peptide chain that make them amenable to rapid evolution towards 
desired targets. In this work, we have developed sensors incorporating 
nanobodies that bind to insecticides fipronil and cyanitriliprole that when fused 
to nanobody FRET pair proteins and brought together with a dimerizer produce 
an effective sensor for the insecticides. To reduce the complexity of the optics 
needed for measuring the sensor signal, the FRET pair was replaced with a 
split luciferase and the system was further tested in one-pot, lyophilized cell-
free reactions containing the DNA for the fusion proteins, the organic dimerizer, 
and one of the small molecule targets. We found that both liquid and lyophilized 
cell-free reactions produced a visible signal presence of either of the nanobody 
targets. We hypothesize that the continued development of nanobody-based 
biological sensors will enable high-throughput production of fieldable detection 
tools for a variety of chemical and biological threats.

Figure 2. Protein-based sensors for small molecules. A) Nanobodies fused to FRET pair proteins are brought together by an organic ”dimerizer” terminated with the target compounds of the nanobodies, 
resulting in an increased FRET signal. Introduction of either of the target small molecules disrupts dimerization, decreasing FRET. B) Donor fluorescence increases (indicating less FRET) with 
introduction of target pesticides fipronil or cyantraniliprole. RFU: relative fluorescence units. C) Nanobodies fused to split luciferase (SmBiT and LgBiT) are brought together with a dimerizer, resulting in 
light generation. D) Addition of methotrexate or cyantraniliprole reduces light production. RLU: relative light units.

Figure 4. A) Depiction of the multi-layer flow design used with an early prototype of the DEVCOM CBC Dial a Threat Device, with an 
example positive indication shown at the lower right. B) A 3D printed holder designed to directly interface with an ECHO liquid handler and 
plate reader holding a 384-well paper biosensor to enable high-throughput experimentation for optimization of cell-free reactions on paper. C) 
lyophilized cell-free reaction on paper matrix resuspended in 2 and 4 µl of 13.5 ng/µL of sensor DNA and measured using a custom plate-
reader apparatus. The 2 µL control was used to compare to standard resuspension volume for a  lyophilized CFPS reaction. D) Workflow of 
a Design-Build-Test-Learn cycle for performing Design-of-Experiments. E). DOE-based experimental matrix for optimizing the expression of 
cell-free nanobodies using a cheap cell-free formulation. 
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Figure 1. A) Protein-based luciferase “on” sensor. Fusion protein containing two nanobodies  and each component of split-
NanoLuciferase or split-LacZ fused with cognate antigen  “latch” and activated by the presence of the antigen. B) Split version 
of nanoluciferase. Combined protein produces a visible luminescent signal.     
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Figure 3. A) Left. Individual expressed nanobody nanoluciferase subunits expressed with increasing concentrations of MTX. Right. Representative date of linked nanoluc sensor combined with 
increasing concentrations of the sensor. B) Potential modality for dual sensor based on linker and analyte concentration. C) Linker length variations showcase that increased and decreased 
concentrations based on linker length. Each reaction in this and following experiments were performed using single microliter cell-free reactions. 
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Conclusions
• Fluorophore coupled nanobody conjugates can be reversibly dimerized and disrupted in the 

presence of a ligand in the environment thus allowing the system to function as a biosensor.
• Linking the nanobody conjugates enables a single molecule to function as dual-reporter for 

fipronil or cyantraniliprole.
• The amplitude of the luminescence is directly correlated to the concentration of the sensor, 

linker, and analyte. 
• Our nanobody sensors function in lyophilized paper ticket formats, but more testing is required 

to improve their expression and speed. 
• A 1536-well plate format effectively enables high-throughput and low-resource testing. 
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