
Review Not peer-reviewed version

Application of Biosensors in Cancer

Drug Discovery

Tynan Kelly and Xiaolong Yang *

Posted Date: 23 October 2024

doi: 10.20944/preprints202410.1857.v1

Keywords: biosensor; cancer; drug discovery; high-throughput screening; FRET; TR-FRET; BRET; NanoBRET;

bioluminescence; fluorescence

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/3382497
https://sciprofiles.com/profile/402698


 

Review 

Application of Biosensors in Cancer Drug Discovery 

Tynan Kelly and Xiaolong Yang * 

Department of Pathology and Molecular Medicine, Queen’s University, Kingston, ON K7L 3N6, Canada 

* Correspondence: yangx@queensu.ca; Tel.: 1-613-533-6000; +1-613533-6000 (ext. 75998) 

Abstract: The quest for effective cancer treatments has driven transformative strategies in drug 

discovery, and biosensors have emerged as indispensable tools, renowned for their precision, 

sensitivity, and real-time monitoring capabilities. The review begins with a brief overview of cancer 

drug discovery, underscoring the pivotal role of biosensors in advancing cancer research. Various 

types of biosensors employed in cancer drug discovery, including fluorescence- and 

bioluminescence-based biosensors, are then explored. Emphasis is placed on the integration of 

biosensors in high throughput screening (HTS) and validation for cancer drug compounds, 

elucidating their pivotal role in accelerating the identification of potential therapeutics. Real-time 

monitoring of cellular responses through biosensors yields invaluable insights into cancer cell 

signaling pathways, drug efficacy, and resistance mechanisms. The review illuminates how 

biosensors contribute to unraveling the dynamic nature of cancer cells, thereby facilitating the 

development of more targeted and personalized therapies. Challenges linked to biosensor 

applications in cancer drug discovery are addressed, alongside a discussion of emerging trends and 

future perspectives. In conclusion, this review offers a comprehensive analysis of biosensor 

applications in the dynamic field of cancer drug discovery. The integration of biosensor technologies 

holds the promise of revolutionizing the field, presenting novel avenues for the development of 

targeted cancer treatments.  
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1. Introduction 

1.1. Brief Overview of Cancer Drug Discovery 

The field of cancer drug discovery has undergone transformative advancements in recent years, 

driven by technological innovations and a deeper understanding of molecular cancer biology. This 

progress spans from improvements in HTS and small molecule (SM) therapies to new developments 

in artificial intelligence (AI) applications and targeted therapies. The integration of SMs into targeted 

cancer therapies, phenotypic screenings, and structural biology has significantly expanded the scope 

and efficacy of cancer treatments [1–3]. 

HTS remains a pivotal tool in the drug discovery process, enabling the rapid evaluation of 

thousands of compounds. Several methods have been used for HTS, including label free assays [e.g. 

surface plasmon resonance (SPR), Biocore, isothermal titration calorimetry (ITC)], fluorescence based 

assays [e.g. fluorescence polarization (FP), and anisotropy, fluorescent resonance energy transfer 

(FRET), time-resolved FRET (TR-FRET), and fluorescence lifetime analysis], bioluminescent based 

assays (e.g. NanoBiT, NanoBret, AlphaScreen, and luciferase reporter), binding based assays [e.g. 

proteolysis targeting chimera (PROTAC), covalent drug, mass-spec technology, and DNA encoding 

library (DEL)], and cell based assays [4–6]. Traditionally, HTS involved two-dimensional (2D) 

cultures, which often fell short in mimicking the complex tumor microenvironment. However, more 

recent developments incorporate 3D multicellular spheroids or animal models, which offer more 

physiologically relevant models for studying drug efficacy and resistance [7]. The ability to simulate 

the tumor microenvironment has dramatically improved the predictability of therapeutic outcomes 
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[5,7,8]. This is particularly important for targeting cancer cells within the tumor's unique milieu, 

which often influences the effectiveness of treatments. 

SMs in targeted cancer therapies represent one of the most significant advancements in oncology 

over the past two decades. Due to their small size, these compounds can penetrate cells and inhibit 

intracellular signaling pathways, offering advantages over monoclonal antibodies, which typically 

act on extracellular targets [3,9]. The FDA has approved more than 43 SM inhibitors for oncology 

indications, with many of these drugs exhibiting fewer side effects and higher efficacy compared to 

traditional cytotoxic chemotherapies [3,10]. Selective kinase inhibitors, such as sorafenib and 

sunitinib, exemplify the success of these therapies, targeting multiple kinases across various cancer 

types. This class of drugs has evolved to include multitargeted agents that inhibit a broad range of 

kinases, as well as selective inhibitors that focus on specific components of cancer signaling 

pathways. This approach has allowed for more personalized treatment strategies, tailored to the 

genetic makeup of individual tumors [3,9]. Selective EGFR inhibitors like erlotinib and gefitinib have 

revolutionized the treatment of non-small cell lung cancer (NSCLC), particularly in patients with 

EGFR mutations. Similarly, BRAF inhibitors such as vemurafenib have shown efficacy in melanoma 

patients with BRAF V600E mutations, further emphasizing the role of genomic markers in guiding 

therapy [11]. 

One of the ongoing challenges in cancer drug discovery is overcoming drug resistance, which 

often arises through mechanisms such as secondary mutations in target proteins, activation of 

compensatory pathways, or drug efflux [1–3]. Researchers are addressing this issue by developing 

next-generation inhibitors that target resistance mechanisms and by exploring combination therapies 

that prevent cancer cells from bypassing the effects of single-agent treatments [9]. Additionally, 

phenotypic screening and pooled CRISPR approaches are increasingly being used to uncover new 

targets and mechanisms of drug resistance. These strategies allow for the identification of compounds 

that modulate cancer cell behavior based on observable traits rather than predefined molecular 

targets [6,11]. CRISPR-based screens have been critical in identifying genes that contribute to drug 

resistance, providing valuable insights into potential therapeutic targets [6]. 

Artificial intelligence (AI) has also significantly impacted cancer drug discovery, particularly in 

protein structure prediction. AI-powered tools, such as AlphaFold2, have dramatically improved the 

accuracy of protein structure models, which are crucial for rational drug design. This advancement 

has accelerated the discovery of new SM inhibitors by enabling researchers to target previously 

"undruggable" proteins with greater precision [2]. AI-driven structural predictions are helping to 

identify new binding sites on oncogenic proteins, offering fresh avenues for therapeutic intervention. 

Additionally, the drugging of "undruggable" targets, including key oncogenes like RAS and MYC, 

has advanced through approaches such as PROTACs (Proteolysis Targeting Chimeras). PROTACs 

function by tagging disease-causing proteins for degradation rather than simply inhibiting them, 

providing a new modality for addressing proteins that were previously difficult to target with 

traditional SMs [12].  

The integration of molecular screening techniques, such as next-generation sequencing (NGS) 

and connectivity mapping, has further enhanced the drug discovery process. These techniques allow 

researchers to match patients with therapies based on their unique molecular profiles, ushering in an 

era of precision medicine. Connectivity mapping, in particular, has accelerated the discovery of 

effective treatments by linking transcriptomic data with existing drug compounds, leading to novel 

uses for established drugs [3,6]. The repurposing of existing drugs for new cancer indications, guided 

by these tools, has reduced the time and cost associated with developing new therapies [11]. 

In conclusion, the field of cancer drug discovery is experiencing rapid advancements driven by 

the convergence of HTS, AI-driven insights, and novel SM therapies. These developments are 

pushing the boundaries of what is possible, allowing for more targeted, effective, and personalized 

cancer treatments. Despite ongoing challenges like drug resistance and the complexity of cancer 

biology such as heterogenicity, the collective progress highlighted in these studies offers a promising 

foundation for future breakthroughs in oncology. 
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1.2. Significance of Biosensors in Cancer Research 

Biosensors have revolutionized cancer research by offering high sensitivity, specificity, and real-

time monitoring of molecular levels, structure and interactions, significantly advancing the fields of 

diagnostics, therapeutic monitoring, and drug discovery [13–15]. These technologies have provided 

invaluable tools for early cancer detection, particularly in cases where traditional diagnostic methods 

fall short due to complexity, invasiveness, or cost [16–19]. One of the most impactful roles of 

biosensors in cancer research is in early-stage diagnosis, particularly through the detection of 

circulating tumor biomarkers. Biomarkers such as circulating tumor cells (CTCs), circulating tumor 

DNA (ctDNA), and various proteins can be detected with high precision using biosensors. For 

example, studies have demonstrated that biosensors, including label-free electrochemical platforms, 

are effective in detecting these biomarkers in body fluids like blood, offering non-invasive methods 

for early cancer detection [16,18]. These biosensors eliminate the need for complex sample 

preparation and labeling, making them more accessible and faster to deploy in clinical settings. They 

allow for the diagnosis of cancer such as breast cancer, by identifying key biomarkers like HER2, 

CA15-3, and circulating microRNAs [16,17]. 

Moreover, biosensors have transformed the landscape of drug discovery and therapeutic 

monitoring in cancer research [20,21]. High-throughput biosensor assays, including split-luciferase 

complementation assays (SLCA), have been critical in screening potential drug candidates by 

measuring protein-protein interactions (PPIs) and receptor activity in cancer cells. These biosensors 

enable researchers to identify compounds that modulate oncogenic signaling pathways, such as the 

Hippo or Wnt pathways, which are central to cancer cell proliferation and survival [22–25]. The use 

of these advanced sensor technologies helps accelerate the identification and optimization of SM 

inhibitors, significantly shortening the drug discovery process. In addition, biosensors are being used 

for their role in personalized cancer therapy. With their ability to measure real-time responses to 

drugs, biosensors allow for precise monitoring of therapeutic efficacy, enabling adjustments in 

treatment regimens based on how a patient’s cancer cells respond. This approach is especially 

promising in targeted therapies, where biosensors can help identify resistance mechanisms, such as 

mutations in ctDNA or protein alterations, allowing clinicians to tailor treatments to individual 

patients [17,18]. 

In summary, biosensors have become integral to the advancement of cancer research, 

particularly in the realms of early detection and personalized medicine. By providing highly 

sensitive, non-invasive, and real-time diagnostic tools, biosensors enhance our ability to detect cancer 

earlier, monitor disease progression more accurately, and optimize therapeutic interventions. As 

biosensor technology continues to evolve, it promises to further revolutionize the way cancer is 

diagnosed, treated, and monitored, ultimately improving patient outcomes across various cancer 

types. 

2. Types of Biosensors 

Biosensors have evolved significantly in recent years, with various types being developed for 

different applications in fields such as healthcare, environmental monitoring, and drug discovery. 

These biosensors can be classified based on the type of transducer or biorecognition element used. 

2.1. Electrochemical Biosensors 

Electrochemical biosensors are among the most widely used due to their high sensitivity and 

relatively low cost. These sensors measure the electrical signals generated by a biochemical reaction 

between the analyte (e.g. virus, cell, protein, metabolites, etc) and a biological element called 

bioreceptor, such as DNA, peptides or antibodies (Figure 1) [26]. A common example is the glucose 

biosensor, which uses glucose oxidase to detect glucose levels in blood samples. The enzyme reaction 

produces hydrogen peroxide, which is then electrochemically detected [27,28]. Advances in 

nanomaterials, such as carbon nanotubes and metal nanoparticles, have improved the sensitivity and 

detection limits of these sensors [29]. 
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Figure 1. Electrochemical biosensors. 

2.2. Nanomaterial-Enabled Biosensors 

Nanomaterials have played a significant role in advancing biosensor technology. The use of 

nanomaterials like quantum dots, carbon nanotubes, and gold nanoparticles in biosensors has 

improved their sensitivity, selectivity, and response time. Nanomaterial-enabled biosensors are 

particularly effective in detecting small amounts of biomolecules, even at the nanomolar and 

picomolar levels, making them highly useful for early disease detection, including cancer [29]. 

2.3. Fluorescence Biosensors 

Fluorescence biosensors rely on the excitation of fluorescent molecules, or fluorophores by an 

external light source, followed by the emission of light at a different wavelength. These biosensors 

are commonly used for detecting biomolecular interactions, conformational changes, and enzyme 

activities. Fluorescence biosensors typically involve a donor fluorophore [e.g. light emitted from cyan 

fluorescent protein (CFP)] that, upon excitation, transfers energy to an acceptor fluorophore [e.g. light, 

either directly or through a process known as Förster resonance energy transfer (FRET)]. 

Intramolecular FRET and intermolecular FRET biosensors (Figure 2) are particularly valuable for 

studying dynamic changes from a singular protein and interactions between proteins, respectively, 

as the efficiency of energy transfer between the donor and acceptor depends on their proximity, 

typically within 1-10 nanometers. 

 

Figure 2. Schematic representation of intramolecular and intermolecular FRET biosensors. (A) 

Intramolecular FRET. A single protein with CFP and yellow fluorescent protein (YFP) attached at two 
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ends undergoes conformational changes, bringing CFP and YFP into proximity. Energy transfer 

occurs when CFP is excited, leading to emission from YFP. (B) Intermolecular FRET. Two interacting 

proteins, A and B, are tagged with CFP and YFP, respectively. When the proteins interact closely, 

FRET occurs as energy from the donor (CFP) is transferred to the acceptor (YFP), resulting in 

fluorescence from YFP. These FRET configurations allow the monitoring of protein interactions and 

conformational changes in live cells. 

By measuring changes in FRET efficiency, researchers can infer molecular distances and detect 

interactions in real-time [30,31]. Recently, another FRET method called Time-Resolved FRET (TR-

FRET) was developed. TR-FRET utilizes a donor, often a lanthanide (e.g., terbium), which emits light 

after excitation (320-340 nm) at wavelengths around 615 nm. If the donor and acceptor are close, 

energy transfer causes the acceptor to emit light at 665 nm (Figure 3). The delayed detection, usually 

50-100 microseconds, reduces background noise from short-lived fluorescence. Both FRET and TR-

FRET fluorescent biosensors are used extensively to monitor intracellular events, such as calcium 

signaling, kinase activity, and protein folding, providing valuable insights into cellular processes at 

a molecular level [31–33]. Fluorescence biosensors also offer high temporal resolution, making them 

suitable for applications where precise, real-time tracking of fast cellular events is required. For 

example, green fluorescent protein (GFP) and its variants have been engineered into biosensors to 

visualize the localization and activity of proteins within live cells. The real-time imaging capabilities 

of fluorescence biosensors have been instrumental in studying cancer cell behavior, drug responses, 

and the dynamics of various oncogenic signaling pathways [27]. Fluorescence biosensors are widely 

used in HTS to identify potential drug candidates by detecting changes in fluorescent signal 

corresponding to the binding or inhibition of target proteins. This is particularly important in cancer 

drug discovery, where rapid screening of large chemical libraries is essential for identifying new 

therapeutic molecules.  

 

Figure 3. Schematic presentation of TR-FRET biosensors. The target protein is bound by two 

antibodies: Eu-Ab1 labeled with a europium (Eu) donor fluorophore, and D2-Ab2 labeled with the 

D2 acceptor fluorophore. Upon excitation at 320-340 nm, the Eu donor emits at 615 nm. When the 

antibodies are in close proximity due to binding the same protein or two interacting proteins, FRET 

occurs from the Eu donor to the acceptor, resulting in a TR-FRET emission at 665 nm. 

Bioluminescence Resonance Energy Transfer (BRET) and its enhanced version, NanoBRET 

(NanoLuc BRET), are powerful techniques used to study molecular interactions in live cells. These 

proximity-based assays involve the transfer of energy from a luciferase enzyme as donor [e.g. Renilla 

luciferase (RLuc)] to a fluorescent acceptor, generating a measurable light signal (Figure 4). 

NanoBRET improves classical BRET by using NanoLuc luciferase, a smaller and more stable 

luciferase, which provides higher luminescence intensity and better spectral resolution. These 

advancements reduce background interference and enhance sensitivity, making NanoBRET ideal for 
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HTS in drug discovery. BRET/NanoBRET is widely used to detect PPIs and to screen for small-

molecule inhibitors, as it preserves the physiological relevance of cellular environments  [34–37].  

 

Figure 4. Schematic representation of the BRET and NanoBRET biosensor. The energy donor such as 

a luciferase enzyme (RLuc or NanoLuc), is fused to one protein of interest (Protein A), while a fluorescent 

acceptor is attached to the interacting partner (Protein B)(A). When the Protein A and B interact within 

a close distance (~5-10 nm), the luciferase emits energy in the presence of its substrate (e.g. 

coelenteramide), which excites the acceptor fluorophore (A), producing a measurable light signal (B). 

2.4. Bioluminescence Biosensors 

Bioluminescence biosensors are based on the emission of light resulting from a biochemical 

reaction. The most commonly used bioluminescent system is the enzyme luciferase, which catalyzes 

the oxidation of a substrate (e.g., luciferin), emitting photons as a byproduct. Unlike fluorescence, 

bioluminescence does not require external light excitation, which reduces background noise and 

makes these biosensors highly sensitive. The two most widely used bioluminescence biosensor 

systems are based on firefly luciferase and the NanoLuc luciferase. A SLCA system involves splitting 

the firefly luciferase into two non-functional halves, N-terminal (NLuc) and C-terminal (CLuc) 

luciferase (Figure 5A), which only reconstitute into an active firefly luciferase by PPI of two proteins 

(Protein A and Protein B) (Figure 5B-5C). The firefly biosensors have been widely used to study 

signaling transduction, and tumor growth in xenograft mouse model [13]. 

 

Figure 5. Schematic representation of bioluminescent biosensors using firefly SLCA monitoring 

PPIs. A) Representation of the SLCA components in luciferase structure. B) Split luciferase assays in 
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monitoring PPIs. In this biosensor system, the firefly luciferase enzyme is split into two non-functional 

fragments: the N-terminal domain (Nluc, amino acids 1-416) and the C-terminal domain (Cluc, amino 

acids 394-550; A). These fragments are fused to two proteins of interest, Protein A and Protein B. 

When Protein A and Protein B interact, the two luciferase fragments are brought into close proximity, 

allowing them to reconstitute the functional enzyme. C) Luciferase assays. In the presence of the 

substrate D-luciferin and cofactors such as Mg²⁺, the restored luciferase catalyzes the oxidation of D-

luciferin to oxyluciferin, producing light. This luminescence signal indicates the interaction between 

the two proteins and can be quantified to measure the strength and dynamics of the PPIs. 

NanoLuc is a small, bright luciferase enzyme that generates a robust light signal that is over 100 

time stronger than firefly luciferases [38–40], making it ideal for detecting molecular interactions and 

cellular events in real-time. This technology is particularly valuable in drug discovery for monitoring 

PPIs, receptor-ligand binding, and cellular signaling events. For example, NanoBiT, a SLCA system, 

involves splitting the NanoLuc luciferase enzyme into two non-functional halves, LgBiT (18 kDa) and 

SmBiT (1.3 kDa, 11 amino acids), which only reconstitute into an active NanoLuc enzyme when 

brought together by a specific interaction, such as a PPI (Figure 6) [23]. This approach allows for the 

real-time detection of PPIs in live cells with high sensitivity [23,30]. Due to their high sensitivity and 

low background interference, bioluminescent biosensors are especially useful in in vitro applications. 

For instance, they can be used to track tumor growth, metastasis, or therapeutic responses in animal 

models by tagging cancer cells or specific proteins with bioluminescent markers [13–15,27,41–43]. 

The ability to monitor biological processes non-invasively over time makes bioluminescence 

biosensors a powerful tool in cancer research and drug discovery. 

 

Figure 6. Schematic representation of the NanoBiT biosensors. The NanoBiT system utilizes two 

complementary luciferase fragments, LgBiT and SmBiT, which are fused to proteins of interest 

(Protein A and Protein B). Upon interaction between the two proteins, the fragments reassemble to 

form an active NanoLuc luciferase, generating bioluminescence in the presence of the substrate 

furimazine. 

3. Application of Biosensors in HTS 

3.1. HTS Using Fluorescence-Based Biosensors 

Fluorescence-based biosensors have become integral to HTS in drug discovery, particularly in 

cancer research. Techniques like FRET, TR-FRET, BRET, and NanoBRET offer exceptional sensitivity 

in monitoring PPIs, kinase activities, and other cellular processes critical for cancer progression. 

These methods accelerate the identification of small-molecule inhibitors targeting key signaling 

pathways. Below, we explore the various fluorescence-based biosensors and their applications in 

HTS, drawing insights from recent studies. 

3.1.1. FRET Biosensors 

FRET-based assays are widely recognized as powerful tools in HTS, offering real-time insights 

into molecular interactions and protein dynamics within live cells. By leveraging non-radiative 

energy transfer between two fluorophores, these assays detect subtle changes in molecular proximity 

(Figure 2), making them invaluable across therapeutic areas, including cancer, neurodegenerative 

diseases, and inflammation. 
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Several studies have showcased the versatility of FRET biosensors in drug screening. He et al. 

(2019) employed FRET-based biosensors to measure ERK and AKT kinase activities in triple-negative 

breast cancer (TNBC) cells, providing insights into differential kinase dependencies and helping 

identifying inhibitors to overcome resistance [44]. Similarly, Senarisoy et al. (2020) utilized FRET 

technology to study interactions between hNTH1 and YB1, crucial drivers of cancer progression, and 

identify molecules sensitizing tumors to chemotherapy [45]. Recent advancements have further 

enhanced FRET’s utility. Liu et al. (2021) integrated FRET with next-generation sequencing (NGS) to 

detect subtle kinase activities, such as ZAP70, in immune cells, improving biosensor sensitivity for 

HTS [46]. Hao et al. (2022) developed a peroxiredoxin-based FRET sensor for screening cancer 

therapeutics targeting H2O2-mediated pathways [47]. In addition, Vunnam et al. (2023) employed 

FRET assays for HTS to identify selective inhibitors of TNFR1, offering potential anti-inflammatory 

treatments without off-target effects [48]. 

3.1.2. TR-FRET Biosensors 

TR-FRET assays build on conventional FRET by reducing background noise through time-gated 

measurements, improving signal stability and sensitivity (Figure 3). This method has proven effective 

in HTS across a range of biological applications. Zhang et al. (2020) employed TR-FRET to discover 

inhibitors targeting the CBP bromodomain, disrupting oncogenic transcriptional activity and 

inhibiting MYC expression [49]. Loss of tumor suppressor genes by mutations is a hallmark of 

cancers. However, direct targeting of tumor suppressors remains challenging. To address this gap, 

Tang et al developed a TR-FRET biosensor that can recapitulate the dynamic differential interaction 

of SMAD4 and SMAD4R361H mutant with SMAD3 [50]. By using this biosensor for HTS, they 

identified Ro-31-8220, a bisindolylmaleimide derivative, as a SMAD4R361H/SMAD3 interaction 

inducer. Ro-31-8220 reactivated the dormant SMAD4R361H-mediated transcriptional activity and 

restored TGF--induced tumor suppression activity in SMAD4 mutant cancer cells [50]. TR-FRET has 

also widely used to develop biosensor monitoring PPIs. For example, Xiong et al. (2018) used TR-

FRET to develop a platform for ultra HTS (uHTS) of NSD3-MYC interactions, and identified 

inhibitors that could block NSD2-MYC-induced oncogenic activation [51]. In addition, Yang et al. and 

Ouyang et al. developed a cell lysate based TR-FRET assay to monitor MKK2-MYC and SMAD4-

SMAD2 PPI, respectively, and identified a quinoline derivative SGI-1027 and gambogic/gambogenic 

acid as potent inhibitors for MKK2-MYC and SMAD4-SMD3 PPIs, respectively [33,52]. Moreover, Du 

et al. (2024) adapted TR-FRET for screening immune-related targets by designing a biosensor for the 

SYK-FCER1G interaction. Their miniaturized 1536-well uHTS assay identified hematoxylin as a 

disruptor of this pathway, highlighting its potential for treating immune-related cancers [53]. 

Applications of TR-FRET extend to other signaling pathways as well. Singh et al. developed a 

TR-FRET demethylation screen assay for HTS and identified geldanamycin and its analog 17-DMAG 

as histone lysine demethylase (KDM) inhibitor, which inhibits tumor growth of alveolar 

rhabdomyosarcoma [54]. In addition, Larson et al. (2023) employed the method to identify 

modulators of the KRAS A146T mutant, a challenging target in oncology. They developed a novel 

high throughput TR-FRET assay that leverages the reduced nucleotide affinity of KRAS A146T. This 

assay is capable of detecting SMs that act to allosterically modulate GDP affinity or directly compete 

with the bound nucleotide. By HTS for a diversity library totaling over 83,000 compounds and further 

validation, they identified UNC10104889 as a novel compound that inhibit KRAS GTPase activity, 

which provides new therapeutic opportunities for colorectal and pancreatic cancers [55].  

While TR-FRET is a powerful tool, challenges in assay design persist, including donor-acceptor 

pair optimization and fluorophore stability. However, innovations such as machine learning for data 

analysis are improving assay reliability and scalability, as reported by Shimizu et al. (2021) [56]. 

3.1.3. BRET and NanoBRET Biosensors 

BRET and its advanced version NanoBRET (Figure 4) have become pivotal in HTS, offering 

unparalleled sensitivity for studying PPIs in live cells. NanoBRET has been instrumental in 

monitoring the RAS-RAF PPI, critical in cancer progression, identifying both inhibitors and pathway-
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specific modulators [36]. Similarly, this technology has been used for HTS for drugs targeting the 

PTK7-β-catenin interaction, a key driver in colorectal cancer [57]. Researchers have used it to screen 

inhibitors of TNFR interactions, identifying molecules that modulate receptor assembly with 

precision [34]. NanoBRET has also provided insights into neo-protein interactions in cancers, 

revealing vulnerabilities associated with oncogenic mutations, such as BRAF V600E [34]. 

The integration of DELs with BRET assays offers a powerful workflow for drug discovery. DELs 

provide chemical diversity, while BRET-based assays validate target engagement in live cells, 

streamlining the identification of lead compounds. Teske et al. (2023) demonstrated this by converting 

DEL ligands, particularly from an Aurora kinase A screen, into cell-active functional BRET probes. 

These probes enable stratification of cell permeability and are useful for prioritizing DEL-derived hits 

without requiring detailed structure-activity relationship (SAR) data. The DEL/BRET approach is 

generalizable across multiple target classes, accelerating the hit-to-lead process in live-cell assays 

during HTS [37]. 

3.2. HTS Using Bioluminescent NanoBiT Biosensors 

NanoBiT is a cutting-edge bioluminescent tool increasingly used in drug discovery, specifically 

for monitoring protein levels and PPIs in cells (Figure 6). The small size of the fragments and the high 

sensitivity of the NanoLuc system make NanoBiT highly suitable for dynamic, real-time applications 

across diverse drug discovery platforms. In addition, NanoBiT retains high specificity and sensitivity 

even in the presence of widely used kinase inhibitors. This resilience is critical for screening chemical 

libraries, where assay interference from certain compounds can lead to false-positive or false-negative 

results [58]. 

NanoBiT biosensors have been used for screening drugs disrupting PPIs. As demonstrated by 

Miyamoto et al. (2019), NanoBiT-based biosensors were developed to detect RAF dimerization, a 

process that contributes to resistance in cancer therapies targeting RAF kinases [59]. Their study 

highlighted that split luciferase complementation can be used for HTS of drug candidates, identifying 

inhibitors that specifically modulate RAF dimerization. In a similar context, Claes and Bollen (2023) 

demonstrated the utility of NanoBiT for screening SMs that modulate phosphatase subunit 

interactions [60]. Their SLCA provided a robust platform for HTS of compounds that interfere with 

phosphatase holoenzyme formation, which has therapeutic implications for diseases such as cancer 

and neurodegenerative disorders. To enable screening for SM compounds that disrupt the YAP-

TEAD interaction, we recently developed an ultra-bright NanoLuc biosensor to quantify YAP/TAZ-

TEAD PPIs both in living cells and in vitro using biosensor fusion proteins purified from bacteria. 

With this biosensor, we conducted an in vitro HTS of SM compounds and identified and validated 

Celastrol as a novel inhibitor of the YAP/TAZ-TEAD interaction. Additionally, we demonstrated that 

Celastrol can inhibit cancer cell proliferation, transformation, and migration by disrupting YAP/TAZ-

TEAD PPI [24]. Using a similar cell-free approach, in another study, Cooley et al. (2020) developed 

NanoBiT biosensor to detect weak protein interactions between RAS and its effectors [61]. This 

allowed for the screening of poorly soluble protein domains, demonstrating that the flexibility of 

NanoBiT enables its use in challenging drug discovery applications. Such versatility has made 

NanoBiT a valuable asset for identifying inhibitors that target PPIs relevant to cancer and other 

diseases. 

Targeted protein degradation (TPD) is a promising therapeutic strategy that involves the 

selective destruction of disease-related proteins [62,63]. NanoBiT technology has been adapted to a 

HiBiT system for use in TPD studies, providing a sensitive and high-throughput platform for 

monitoring protein levels in real-time. In this HiBiT system, the 11-amino acid SmBiT sequence is 

modified to HiBiT with the same size but has much higher affinity to LgBiT, another component of 

the NanoBiT system (Figure 6). When HiBiT is fused to a protein of interest and expressed in cells, it 

can spontaneously associate with the LgBiT fragment, forming a functional luciferase enzyme. This 

reconstituted enzyme emits light in the presence of a substrate, allowing for the quantification of 

HiBiT-tagged protein levels. Moreover, Lankford et al. (2024) developed a protocol for HiBiT tagging 

endogenous proteins using CRISPR-Cas9, which enhances the ability to study endogenous proteins 
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in real-time, which is essential for understanding the effects of drug candidates on physiologically 

relevant protein targets [64].   

 The HiBiT system is particularly useful for HTS for SMs causing protein degradation in living 

cells due to its high sensitivity and simplicity [65]. For example, Uchida et al. (2021) used HiBiT-

tagged PD-L1 proteins to screen chemical libraries for compounds that modulate PD-L1 expression 

[66]. This approach identified several compounds that upregulate or downregulate PD-L1, a key 

immune checkpoint molecule. Modulating PD-L1 expression is central to the development of 

immune checkpoint inhibitors, a class of drugs that has revolutionized cancer immunotherapy. In 

addition, we recently utilized HiBiT biosensors to monitor the stability of YAP/TAZ proteins in breast 

cancer cells [43]. Our HTS identified many novel SMs causing degradation of oncogenic YAP/TAZ 

proteins, providing a valuable tool for developing YAP/TAZ-targeted TPD anti-cancer therapeutics. 

Moreover, Lin et al. (2024) introduced lysine-deficient HiBiT and NanoLuc variants to eliminate 

potential degradation artifacts caused by traditional tagging systems [67]. Their study highlighted 

that these variants maintain the sensitivity and specificity of the original NanoBiT system, making it 

an ideal tool for studying the effects of protein degraders like PROTACs. 

4. Application of Biosensors in Drug Validation 

Biosensors have revolutionized drug discovery by enabling real-time, sensitive monitoring of 

biological processes, providing critical insights into the efficacy, target engagement, and mechanism 

of action of drug candidates. In drug validation, various biosensors—including FRET, NanoBRET, 

and NanoBiT—play pivotal roles in assessing SM drugs, including PROTACs. This section discusses 

the roles of these biosensors in drug validation. 

4.1. FRET and TR-FRET Biosensors 

FRET biosensors are widely used to investigate PPIs and protein conformational dynamics upon 

ligand binding. These assays are crucial in validating drug efficacy by tracking how SMs modulate 

these interactions. For example, Sahin et al. (2021) applied FRET biosensors to validate novel 

inhibitors disrupting anti-apoptotic BCL-2 complexes targeting the apoptotic pathway in cancer [68]. 

Similarly, Borysko et al. (2018) utilized FRET to visualize drug-induced dissociation of BRD4 from its 

interaction partners, contributing to the identification of novel BRD4 inhibitors [69]. FRET biosensors 

are also highly effective in live-cell assays, facilitating the study of drug effects in physiological 

conditions. For example, Farmer et al. (2022) used FRET-based peptide biosensors to monitor GPCR 

activation and quantify the influence of intracellular allosteric modulators, broadening the 

application of FRET in GPCR-targeting drug validation [70]. 

TR-FRET builds on FRET principles by using time-resolved detection to minimize background 

fluorescence (Figure 3). This enhanced sensitivity makes TR-FRET particularly valuable in studying 

binding affinities and protein conformational changes in drug validation. For example, Lin et al. 

(2021) developed a TR-FRET assay to quantify ternary complex formation between BRD4, PROTAC 

molecules, and CRBN ligase, providing insights into PROTAC mechanism of action [71]. In addition, 

Ali Abed et al. (2023) applied TR-FRET assays to evaluate novel inhibitors disrupting the Keap1-Nrf2 

interaction, a key target for oxidative stress modulation [72]. Moreover, Payne et al. (2023) further 

demonstrated the versatility of TR-FRET by using it to quantify endogenous BRD4 protein levels in 

cancer cells, enabling the rapid validation of small-molecule degraders of BRD4 [73]. TR-FRET's 

adaptability makes it a valuable tool for validating a wide range of therapeutic candidates beyond 

PROTACs. 

4.2. BRET and NanoBRET Biosensors 

BRET and NanoBRET biosensors offer a non-invasive, highly sensitive platform for studying 

molecular interactions in living cells (Figure 4). These techniques leverage energy transfer from 

luciferase to a fluorophore, providing real-time, quantitative insights into drug-target engagement. 
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NanoBRET, with its improved luminescence and reduced background noise, has become particularly 

valuable in drug validation. 

4.2.1. Ligand-Receptor Binding Inhibitor Validation 

NanoBRET assays have been widely applied to study ligand-receptor interactions. Kozielewicz 

et al. (2022) used NanoBRET to evaluate the binding affinities of SMs targeting the SMO receptor in 

Hedgehog signaling, providing critical insights into competition with known agonists [74]. Similarly, 

Lay et al. (2022) developed a NanoBRET assay to study intracellular binding kinetics of BET 

inhibitors, helping to optimize drug efficacy by measuring dissociation rates [75]. 

4.2.2. Kinase Inhibitor Validation 

NanoBRET is increasingly used to study kinase inhibitors. Yang et al. (2023) developed cell-

permeable NanoBRET probes to monitor Polo-like kinase 1 (PLK1) engagement, providing critical 

insights into kinase inhibitor potency in real-time [76]. Moreover, Kong et al. (2024) use NanoBRET 

biosensor to validate inhibitors targeting MERTK and AXL kinases, essential in overcoming 

chemoresistance in lung cancer cells [77]. 

4.2.3. PROTAC and Molecular Glue Validation 

NanoBRET is also used for the validation of PROTAC, offering valuable insights into their 

intracellular target engagement, bioavailability, and mechanisms of action. By measuring real-time 

interactions between PROTACs, target proteins, and E3 ligases, NanoBRET allows for the 

quantitative analysis of these interactions in living cells. This approach provides detailed data on 

ternary complex formation, intracellular accumulation, and target degradation, which are essential 

for optimizing PROTAC design. One of the primary applications of NanoBRET in PROTAC 

validation is the assessment of target engagement within live cells. The technology enables the 

measurement of the binding affinity between PROTACs and their targets by monitoring the energy 

transfer between NanoLuc-tagged proteins and fluorescent tracers. For instance, Vasta et al. (2021) 

presented a high-throughput NanoBRET-based assay to evaluate the intracellular permeability and 

target engagement of PROTACs targeting CRBN and VHL E3 ligases [78]. This approach helps 

prioritize PROTAC candidates based on their relative intracellular availability and engagement with 

E3 ligases, making NanoBRET a critical tool for drug discovery. 

In addition to target engagement, NanoBRET plays a significant role in understanding the 

ubiquitination process, a key step in PROTAC-induced protein degradation. Bai et al. (2022) 

highlighted how NanoBRET assays can be used to model and predict target protein ubiquitination 

efficiency [79]. These insights are crucial for evaluating whether ternary complex formation leads to 

productive ubiquitination and subsequent proteasomal degradation. The ability of NanoBRET to 

measure such interactions in a live-cell context provides a comprehensive view of how PROTACs 

induce degradation, aiding in the optimization of their design. 

NanoBRET is also useful for exploring new E3 ligase ligands in PROTAC design. Pei et al. (2023) 

demonstrated the use of NanoBRET to confirm that a Piperlongumine-based PROTAC recruits 

KEAP1 as its E3 ligase to degrade CDK9 [80]. This approach expands the toolkit for PROTAC design 

by identifying novel E3 ligases that can be leveraged for targeted degradation, thus broadening the 

applicability of PROTACs to different cellular contexts and protein targets. Furthermore, NanoBRET 

helps assess the bioavailability and intracellular accumulation of PROTACs, which are critical 

parameters influencing drug efficacy. Yu et al. (2023) developed a NanoBRET-based platform to 

measure the intracellular accumulation of PROTACs, providing a quantitative method to evaluate 

their cellular permeability [81]. This information is essential for improving the pharmacokinetics of 

PROTACs and ensuring that they reach sufficient intracellular concentrations to induce target 

degradation effectively. Zerfas et al. (2023) further advanced the application of NanoBRET in drug 

validation by developing a CRBN-specific NanoBRET assay [82]. This assay measures the occupancy 

of the CRBN binding site, allowing researchers to study the relationship between CRBN engagement 
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and target degradation. Such data are vital for optimizing PROTACs that rely on CRBN-mediated 

degradation pathways, providing a detailed understanding of the interaction dynamics that drive 

their efficacy. 

4.2.4. Covalent Inhibitor Validation 

Covalent inhibitors, designed to form irreversible bonds with target proteins, benefit from 

NanoBRET’s ability to monitor real-time interactions and verify the specificity of drug binding. In 

their 2022 study, Borsari et al. used NanoBRET to confirm covalent binding of phosphoinositide 3-

kinase α (PI3Kα) inhibitors to a distal cysteine residue, highlighting how this method allows for 

precise assessment of target engagement and off-target interactions in live cells [83]. By combining 

NanoBRET with X-ray crystallography and mass spectrometry, the authors validated the covalent 

interaction of acrylamide-based inhibitors with PI3Kα, providing a comprehensive view of drug 

action. In addition, Weeks et al. (2022) also demonstrated the utility of NanoBRET biosensor in live-

cell validation of Ras covalent inhibitors. Their study leveraged a Ras activity biosensor to track the 

inhibition kinetics of KRasG12C inhibitors in living cells [84]. This approach enabled real-time 

observation of Ras activity modulation, thus facilitating the validation of covalent inhibitors and their 

dynamic effects within a cellular environment. Together, these studies underscore the effectiveness 

of using NanoBRET in validating covalent drug mechanisms and refining therapeutic strategies. 

4.2.5. Validation of Candidate Inhibitors from DEL Screening 

DEL Screening is a high-throughput technology used in drug discovery to identify SMs that can 

bind to target proteins or other biological macromolecules. The method involves creating large 

libraries of SMs, each attached to a unique DNA barcode that serves as an identifier. This DNA tag 

encodes the identity of the SM and allows for the rapid screening of millions to billions of compounds 

in a single experiment [85]. NanoBRET biosensors are increasingly used to validate SMs identified 

from DEL screening. Teske et al. (2023) developed cell-permeable BRET probes from DEL hits 

targeting aurora kinase A, allowing real-time assessment of target engagement [37]. In addition, 

Madasu et al. (2024) extended this approach to EPH receptor kinase inhibitors, using NanoBRET to 

evaluate cellular selectivity and potency, guiding further optimization [86]. These studies suggest 

that NanoBRET can be used for validation of hits from DEL screening. 

4.2. NanoBiT Biosensors 

NanoBiT biosensors have become an essential tool in drug validation, particularly for 

monitoring real-time PPI in cellular processes. For instance, Hinz et al. (2021) developed a NanoBiT 

assay to monitor the interaction between human Geranylgeranyltransferase Type I (GGTase-I) and 

its substrate Rap1B, providing real-time insights into interaction dynamics [87]. This sensitive 

platform is instrumental for screening and validation of GGTase-I inhibitors, potential therapeutic 

agents in cancer treatment. NanoBiT effectively captures subtle changes in protein interactions 

caused by drug candidates, facilitating the assessment of drug efficacy in modulating these 

interactions. Similarly, Reyes-Alcaraz et al. (2022) designed a NanoBiT-based assay to quantify 

membrane protein internalization and recycling, a process critical to both physiological and 

pathological mechanisms. This assay is particularly valuable for validating drug candidates targeting 

membrane proteins, especially in the context of drug-receptor interactions [21]. 

Moreover, NanoBiT has been applied in diverse areas such as receptor oligomerization, as 

demonstrated by Morató et al. (2023), where it was used to study the heterodimerization of S1R with 

the binding immunoglobulin protein (BiP) [88]. This application highlights NanoBiT’s utility in 

validating compounds that affect PPIs, proving its relevance in drug discovery for cancer and 

neurodegenerative diseases. The versatility of NanoBiT extends to therapeutic drug monitoring 

(TDM) of monoclonal antibodies, as shown by Campbell et al. (2023) [89], enabling real-time 

monitoring of drug levels to improve treatment outcomes. Additionally, Claes and Bollen (2023) 

employed NanoBiT for validation of phosphatase subunit modulators [60], while Rohrer et al. (2023) 
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utilized NanoBiT to investigate RAF kinase dimerization, further showcasing its value in drug 

validation for key signaling pathways like RAF/MEK/ERK [90]. 

Lastly, We developed a NanoBiT biosensor for GSDMD, a critical effector in pyroptosis linked 

to cancer and inflammation-related diseases [91]. This biosensor allowed for the quantification of 

GSDMD’s intramolecular interaction and levels both in vitro and in vitro, exemplifying NanoBiT’s 

potential in cancer research and therapeutic validation. 

5. Biosensors in Studying Cancer Cell Signaling Pathways 

Advances in biosensor technologies have significantly enhanced our understanding of cancer 

cell signaling pathways by enabling the study of PPIs, ligand binding, enzyme activities, protein 

levels, and conformational changes. These biosensors provide insights both in vitro and in real-time 

within living cells or in vivo cancer xenograft mouse models. This section discusses various biosensor 

technologies, such as NanoBRET, NanoBiT, and FRET, and their applications in uncovering key 

aspects of cancer signaling pathways. 

5.1. FRET-Based Biosensors 

FRET-based biosensors provide valuable insights into kinase activities and protein interactions 

within specific cellular compartments. These biosensors leverage energy transfer between 

fluorophores to track molecular interactions with high temporal resolution. Hsu et al. (2014) applied 

a split-luciferase complementation assay to identify multiple kinases involved in the assembly of ion 

channel complexes [92]. Ouyang et al. (2024) further demonstrated the power of FRET biosensors by 

developing a tool to monitor C-terminal Src kinase (CSK) activity in live cells, tracking the kinase’s 

activity within distinct membrane regions. This approach highlights how FRET biosensors can 

provide insights into spatial dynamics of signaling molecules. 

5.2. NanoBRET Biosensors 

NanoBRET has emerged as a powerful tool for studying ligand binding and protein interactions 

with high spatiotemporal resolution. This technology enables researchers to monitor drug-target 

engagement both in live cells and in vitro. Alcobia et al. (2018) used NanoBRET to visualize ligand 

binding to β2-adrenoceptors in real-time, demonstrating the method's effectiveness in providing 

dynamic insights into receptor-ligand interactions [93]. Stoddart et al. (2015) further improved ligand 

binding assays using NanoBRET to monitors GPCR activity in real-time, surpassing the sensitivity of 

traditional radioligand binding techniques [94]. 

Dosquet et al. (2021) showcased the versatility of NanoBRET by developing biosensors to 

monitor receptor tyrosine kinase (RTK) activity, focusing on EGFR and AXL [95]. Building on this, 

Boon et al. (2023) developed REGA-SIGN, a suite of NanoBRET-based biosensors capable of tracking 

G protein activation across multiple G protein families, illustrating the broad applicability of 

NanoBRET in signaling pathway studies [96]. 

5.3. Firefly luciferase Biosensor and NanoBiT Biosensors 

Firefly luciferase biosensor and NanoBiT biosensors are widely employed to study protein 

interactions and pathway regulation due to their ability to monitor real-time interactions with high 

sensitivity. We have recently developed a bioluminescence-based biosensor using firefly split 

luciferase assays to monitor the activity of LATS kinase, a core component of the Hippo signaling 

pathway [41]. This LATS biosensor (LATS-BS) allowed non-invasive, real-time measurement of LATS 

activity in vitro and in vitro with high sensitivity and quantification. By using the LATS-BS and a 

library of kinase inhibitors, we performed a screen to identify kinases modulating LATS activity. This 

screen revealed VEGFR as an upstream regulator of the Hippo signaling pathway. We found that 

VEGFR activation by VEGF triggers PI3K/MAPK signaling, which subsequently inhibits LATS and 

activates the Hippo effectors YAP and TAZ. Further experiments showed the Hippo pathway is a 

critical mediator of VEGF-induced angiogenesis and tumor vasculogenic mimicry. Inhibition of 
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YAP/TAZ reduced VEGF-stimulated angiogenesis in multiple in vitro and in vitro models. We have 

also developed a more sensitive NanoBiT biosensors that can monitor LATS activity [97]. Gain-of-

functional and loss-of-functional screenings using this LATS biosensor identified many receptor 

tyrosine kinases (e.g. ALK, FGFR, AXL, MERTK, and RET) as novel regulators of the Hippo signaling 

pathway in tumorigenesis, metastasis, and immune evasion [97,98]. By using this biosensor for a 

gain-of-functional screening, we have also identified several tyrosine phosphatases including 

PTPN12 as novel regulator of the LATS kinase and the Hippo pathway [99]. Similarly, Poti et al. (2023) 

further expanded NanoBiT applications with PhALC (Phosphorylation-Assisted Luciferase 

Complementation) [100], enabling real-time monitoring of kinase activity and PPIs. In addition, 

Kupcho et al. (2019) developed a real-time bioluminescent annexin V assay using NanoBiT to detect 

apoptosis [101], while Inoue et al. (2019) applied this technology to comprehensively profile GPCR-G 

protein coupling selectivity [102]. Moreover, Zeghal et al. (2023) and Pipchuk et al. (2024) 

demonstrated the utility of NanoBiT biosensor in studying GPCR signaling and Merlin tumor 

suppressor protein conformation, respectively [22,103]. 

6. Challenges and Future Perspectives 

The application of biosensors in drug discovery, particularly in cancer research, presents several 

challenges. Despite their precision and ability to monitor real-time molecular interactions, the 

integration of biosensors into HTS for drug compounds faces technical and operational hurdles. One 

significant challenge is the complexity of designing biosensors that accurately mimic the 

physiological conditions of cancer cells. This includes ensuring biosensors can function effectively in 

complex environments, such as 3D tumor models, where traditional 2D cultures fail to replicate the 

intricate interactions of the tumor microenvironment. Another challenge lies in the scalability of 

biosensors for HTS. The sensitivity of biosensors often requires sophisticated instrumentation and 

precise calibration, limiting their accessibility for large-scale drug screening. Additionally, biosensors 

sometimes exhibit limited stability over long periods, complicating their use in extended screening 

processes. Achieving high specificity while avoiding cross-reactivity between biomolecules is also a 

challenge, as unintended interactions can lead to false positives, reducing the reliability of the results. 

Moreover, validation of hits from HTS using biosensor can be also challenging. Multiple approaches 

have to be employed to further exclude the off-target hits obtained due to quenching of 

bioluminescent or fluorescent signals. 

Looking ahead, the future of biosensors in drug discovery is promising. Advances in 

nanomaterials, such as carbon nanotubes and quantum dots, offer the potential to enhance biosensor 

sensitivity and specificity. These materials can improve signal transduction and lower detection 

limits, making biosensors more efficient for early disease detection and personalized medicine. 

Additionally, integrating artificial intelligence (AI) with biosensor technologies could help analyze 

large datasets generated by HTS, facilitating the identification of novel drug candidates and 

optimizing biosensor design. 

7. Conclusion 

Biosensors such as FRET, TR-FRET, NanoBRET, and NanoBiT have significantly advanced our 

understanding of cancer cell signaling pathways. These technologies enable real-time, sensitive, and 

specific detection of protein levels, PPI, ligand binding, and enzyme activities in live cells. By 

uncovering novel regulatory mechanisms, identifying new drug targets, and providing valuable tools 

for drug discovery and validation, biosensors play an essential role in modern cancer research and 

drug discovery. As these technologies continue to evolve, they promise to yield deeper insights into 

the complex signaling networks that underlie cancer biology, facilitating the development of 

innovative therapeutic strategies. 
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