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Chemoattractant gradients guide cell migration in immunity, 
tissue repair, and development, yet their spatial and temporal 
distribution remains difficult to measure. In this review, we 
discuss how the field is moving beyond static source maps 
and indirect cellular proxies toward direct visualization of 
extracellular guidance cues. We outline the strengths and 
limitations of classical approaches for inferring chemo-
attractant gradients and highlight new strategies provided by 
genetically encoded chemoattractant indicators (GECHIs). 
Emerging PBP- and GPCR-based biosensors enable contin-
uous visualization and localization of extracellular ligands in 
living tissues using fluorescence intensity- or lifetime-based 
readouts. Although the current toolbox is limited to a small 
number of chemoattractants, ongoing sensor development is 
likely to expand ligand coverage and enable multiplexed 
measurements with spectrally distinct sensors in the near 
future.
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Introduction
Chemoattractants drive cell migration in immunity, 
tissue repair, and development by providing spatial in-

formation to guide directed movement and coordinate 
collective behaviors. Ranging from chemokines to lipid

mediators, complement fragments, formyl peptides, and 
nucleotides, chemoattractants are interpreted primarily 
through G protein-coupled receptors [1—3]. Once 
released, they form dynamic extracellular gradients 
shaped by diffusion and convection, reversible binding to 
matrix and cell-surface glycans, proteolytic and chemical 
modifications and scavenging by receptors on neigh-

bouring cells [4,5]. As a result, chemoattractant distri-

butions that migrating cells experience can change 
within minutes and over distances of a few microns, 
requiring fast navigational decisions by highly motile 
cells such as leukocytes [6].

Despite decades of work defining chemoattractant 
sources, receptors, and downstream signaling path-

ways, the spatial distribution of functionally available 
chemoattractants in tissues remains poorly resolved. 
Historically, chemoattractant distributions have been 
inferred indirectly from bulk biochemical measure-

ments on homogenized samples, fixed-tissue locali-

zation by immunostaining or in situ hybridization, and 
cell-based readouts of receptor activation, intracel-

lular signaling, or migratory behavior (Figure 1). 
These approaches have been highly informative, but 
each sacrifices some combination of spatial resolution, 
temporal resolution, or direct access to extracellular 
ligand availability (see Table 1).

In this review, we first trace how methodological ad-

vances have shifted the field from mapping chemo-

attractant sources to probing functional extracellular 
guidance fields in living tissues. We first examine this 
progression in three chemokine systems: CXCL12 in 
development, CCR7 ligands in dendritic cell navigation, 
and CXCL8-family chemokines in neutrophil recruit-

ment, where increasingly direct measurements have 
refined mechanistic models of guidance. We then 
extend this discussion beyond chemokines, focusing 
mainly on leukocyte migration. We consider direct and 
indirect strategies for measuring or inferring gradients of 
small-molecule chemoattractants and damage signals, 
including LTB 4 , fMLF, nucleotides, and H 2 O 2 . Finally, 
we discuss the emerging class of genetically encoded 
chemoattractant indicators (GECHIs) including PBP-

and GPCR-based biosensors that enable continuous in 
situ reporting of extracellular chemoattractant availabil-

ity together with the limitations that will shape their 
broader use.
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Classic methods to study chemoattractant 
guidance and gradient distribution
Studies of primordial germ cells, dendritic cells (DCs), 
and neutrophils illustrate how successive advances in 
measuring and interpreting chemoattractant gradients 
have refined mechanistic models of cell migration and 
tissue-level ligand distribution.

Visualization of chemokines by fixed-tissue 
localization
Early efforts to map chemokine expression and distribu-

tion relied on in situ hybridization and immunostaining to

identify producing cells, define tissue localization pat-

terns, and infer how these patterns guide the migration of 
responsive cells. Such approaches established, for 
example, the “stripe” of cxcl12a expression along the 
migratory path of the zebrafish posterior lateral line, 
identified CXCL12-enriched niches in adult hematopoi-

etic tissues, and later revealed CXCL12-containing 
neutrophil trails associated with the guidance of T cells 
in influenza-infected airways [7—10]. At the same time, 
they could not explain how observed chemokine locali-

zation patterns are converted into the dynamic directional 
information perceived by migrating cells in living tissues.

Figure 1
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Methods for detecting chemoattractants. (a) Bulk assays such as ELISA and Western blotting provide highly sensitive and quantitative measurements, 
while fixed-tissue approaches reveal detailed maps of chemoattractant distribution. However, these methods rely on endpoint sampling and tissue 
homogenization or fixation, resulting in poor temporal resolution and in the case of bulk assays, near-complete loss of spatial information. (b) Fluo-
rophore- or fluorescent protein-tagged ligands, receptor translocation-based assays, and fluorescent timers enable continuous monitoring of the 
functionally available ligand pool. However, fluorescent tagging is restricted to ligands that tolerate these modifications, and receptor turnover-based 
approaches are limited to ligand–receptor pairs in which ligand binding drives robust receptor internalization. These readouts also reflect temporally 
integrated ligand exposure, limiting temporal resolution. By contrast, PBP- and GPCR-based genetically encoded fluorescent indicators directly report 
ligand abundance by coupling binding-induced conformational changes to alterations in fluorescence properties, enabling direct and continuous 
visualization of chemoattractant gradients in vivo at unprecedented spatiotemporal resolution.
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CCR7 ligand distribution has likewise been studied 
extensively by in situ hybridization and immunostaining 
[11—15]. In the lymphatic system, these approaches 
showed that ACKR4-dependent scavenging helps 
establish properly oriented CCL21 gradients that guide 
DC migration in lymph nodes [14]. Quantitative im-

munostaining in mouse skin resolved steep peril-

ymphatic CCL21 gradients linked to how DCs approach 
lymphatic vessels, providing in vivo support for hapto-

taxis [16]. Subsequent work further showed that the 
interstitial CCL21 gradient shape is independent of 
heparan sulfates produced by lymphatic endothelium 
and can be dynamically remodeled by proteolytic 
cleavage that increases ligand solubility [17,18]. While 
these static maps were well suited for the visualization 
of surface-immobilized CCL21, the extent to which 
freely diffusible chemokines, including non-

immobilized CCL19 and soluble CCL21 species are 
preserved during fixation and staining remains uncer-

tain, raising the possibility that conventional immuno-

staining underestimates this mobile pool.

Live imaging of labeled chemokines and receptors
A major conceptual advance was to use ligand—receptor 
interactions as dynamic reporters of extracellular 
chemokine availability. In migrating zebrafish primordial 
germ cells, expression of Cxcr4b—EGFP enabled direct

visualization of receptor redistribution and ligand-

triggered internalization in vivo, demonstrating that re-

ceptor trafficking can serve as an optical proxy for local 
chemokine exposure [19]. In the zebrafish lateral line, 
pairing a Cxcl12a—GFP ligand reporter with a ratio-

metric Cxcr4b internalization readout (Cxcr4b—Kate2 
together with a membrane marker) separated total 
ligand abundance from the signaling-competent pool 
inferred from receptor engagement, revealing a graded 
signaling landscape despite near-uniform total Cxcl12a 
levels along the stripe [20]. These measurements 
converged on a model in which the lateral line creates 
and maintains a self-generated gradient, with ACKR3-

dependent scavenging at the rear shaping gradient 
steepness and feedback helping to keep ligand avail-

ability within a range compatible with robust directional 
migration [20—22].

A tandem fluorescent timer (tFT) strategy provided 
complementary support for this model [23]. In this 
approach, Cxcr4b was fused to a fast-maturing super-

folder GFP (sfGFP) and a slower-maturing TagRFP. 
Chemokine-driven internalization shifts the receptor 
population toward younger molecules, lowering the red/ 
green ‘lifetime’ ratio and thereby providing an in vivo 
proxy for local CXCL12 activity. This approach was 
instrumental in showing that the primordium sculpts a

Table 1

Details of approaches described in Figure 1.

Approach Readout Directness Spatial resolution Temporal resolution Key caveats/considerations

Bulk assays Total ligand abundance + – Endpoint No spatiotemporal 
sampling; not applicable
in vivo.

Fixed-tissue localization Retained distribution of ligand + +++ Endpoint Preserves tissue 
architecture but may not 
accurately capture soluble/ 
mobile ligand pools. 

Fluorescent ligand Tagged ligand distribution ++ ++ Real-time Tagging may alter receptor 
binding, diffusion, matrix 
interactions and 
processing.

Receptor internalization/ 
timers

Exposure history ++ +++ Integrated Reports ligand perception 
rather than ligand 
concentration; influenced by 
receptor trafficking, 
desensitization, and 
degradation.

GECHIs Ligand occupancy +++ +++ Real-time Potential ligand buffering, 
residual signaling, and 
receptor promiscuity
based on sensor design. 
Reports occupancy rather 
than absolute 
concentration.
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self-generated CXCL12a activity gradient, one of the 
first direct in vivo demonstrations of gradient shaping by 
receptor-mediated ligand uptake [24].

Using labeled chemokines also advanced our under-

standing of CCR7-dependent DC guidance and trans-

migration across the lymphatic endothelium: CCL21-

mCherry was used to identify a chemokine-mediated 
feedback loop between DCs and lymphatic endothelial 
cells, in which DCs trigger chemokine release at endo-

thelial junctions [17]. Fluorescent CCL19 and CCL21 
variants further expanded this toolkit by enabling real-

time analysis of ligand binding, uptake, and redistribu-

tion in systems that distinguish CCR7-dependent cap-

ture from ACKR4-mediated scavenging, a key 
mechanism shaping chemokine availability in lymphoid 
microenvironments [14,25].

The role of strong heparan sulfate proteoglycan binding 
in shaping the tissue distribution and neutrophil-

guiding activity of CXCL8 has also been a long-

standing question [26,27]. Zebrafish imaging has been 
pivotal in addressing this in vivo: by creating a controlled 
focal source of xenografted cells secreting 
zCxcl8—mCherry, Sarris and colleagues visualized a 
short-range tissue-bound chemokine gradient and 
quantitatively linked it to neutrophil migration toward 
the source [28]. More recently, further zebrafish work 
demonstrated that differential ligand-induced traf-

ficking of the two zCxcl8 receptors, Cxcr1 and Cxcr2, is 
sufficient to orchestrate neutrophil clustering and 
dispersal at sites of tissue damage [29]. Neutrophil-

specific Cxcr1/Cxcr2 fluorescent timers provided 
quantitative, in vivo readouts of receptor turnover and 
exposure history, shifting the perspective from CXCL8 
as a simple attractant to a model in which immobilized 
chemokine gradients and receptor dynamics jointly 
shape recruitment, retention, and resolution. At the 
same time, where the signaling-competent CXCL8 pool 
resides over time, how it equilibrates with GAG-bound 
interstitial and vascular reservoirs, and how these gra-

dients are sculpted remain open questions that call for 
tools capable of directly measuring extracellular CXCL8 
availability in living tissues.

A key distinction between these approaches is whether 
they report ligand distribution itself or the cellular 
response to ligand exposure. Fluorescently tagged li-

gands report the distribution and potential cellular 
uptake of the ligand, if native diffusion, receptor-

binding, and signaling properties are preserved. Recep-

tor redistribution, internalization, and fluorescent-timer 
strategies instead infer the exposure history of a ligand-

sensing cell, integrating receptor engagement,

adaptation, desensitization, recycling, and ligand 
uptake. The latter can be highly informative because it 
reflects the signal perceived by the cell, but the rela-

tionship to extracellular ligand concentration can be 
indirect and temporally filtered.

Measuring gradients of small-molecular 
inflammatory cues
In addition to chemokines, leukocyte navigation is 
guided by rapidly generated gradients of small mole-

cules that act as early “danger” signals, amplification 
cues, and drivers of resolution. In zebrafish wounds, 
H 2 O 2 was directly visualized using the biosensor HyPer 
as an immediate, tissue-scale gradient emanating from 
the injury margin and functioning upstream of neutro-

phil recruitment [30]. Subsequent work linked H 2 O 2 
production to downstream lipid peroxidation and the 
generation of bona-fide chemoattractant lipids to illus-

trate how short-lived metabolites in a tissue can serve as 
directional information after damage [31,32].

Work in mammalian sterile injury further established 
that formyl peptides, such as fMLF - classically associ-

ated with microbial sensing - can also function as potent 
chemotactic cues in damaged tissues and contribute, 
together with ATP released from necrotic cells, to early 
neutrophil guidance [33]. Alongside these early cues, 
neutrophil-derived lipid mediators create self-

amplifying inflammatory gradients: leukotriene B 4 
(LTB 4 ) is well established as a relay signal that recruits 
additional neutrophils and is central to collective be-

haviors such as swarming [34—37]. Conversely, lipid 
signals can also impose negative control: PGE 2 and LXA 4 
have been implicated in shaping neutrophil dynamics 
during inflammation and promoting resolution [38,39].

Despite their established role, precise measurement of 
the molecules above remains a common challenge. 
Unlike transcriptionally encoded chemoattractants, 
small-molecule cues are produced, modified, and 
cleared on even faster timescales and likely shorter 
distances, making their in situ distributions difficult to 
infer from endpoint assays. Direct labeling or immuno-

fluorescent detection therefore remains limited, and 
although emerging spatial metabolomic and mass spec-

trometry imaging approaches may eventually allow 
detection at single-cell scale, these methods mainly 
remain restricted to fixed or cryosectioned tissue sam-

ples (Figure 2a) [40,41].

Chemical indicators can be useful to detect small-

molecule guidance cues under certain conditions: 
small-molecule ROS probes and Ca 2+ dyes have pro-

vided important readouts of tissue oxidation, cellular
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activation, and chemoattractant-induced signaling dy-

namics. However, many ROS indicators report changes in 
cellular redox state or cumulative oxidative chemistry 
rather than a single molecular species: for example, DCF-

based probes are not specific for H 2 O 2 and require 
careful interpretation [42]. Boronate-based probes pro-

vide a more selective chemical strategy, but they also 
require specificity controls as they may react with other 
oxidants such as peroxynitrite or hypochlorous acid and 
can have limited sensitivity for physiological H 2 O 2 levels 
[42]. Ca 2+ imaging provides a powerful functional proxy 
for chemoattractant exposure and signal propagation, as 
illustrated by recent work linking neutrophil swarming to 
multicellular Ca 2+ waves, but it reports downstream cell 
activation rather than extracellular ligand concentration 
[37,43]. Similar considerations apply to extracellular

ATP measurements, where luciferin—luciferase assays 
and related approaches can sensitively detect nucleotide 
release but usually lack the spatial or cellular resolution 
needed to reconstruct dynamic tissue gradients [44]. 
Genetically encoded probes, including HyPer-family 
H 2 O 2 sensors and GCaMP-type Ca 2+ indicators address 
several of these limitations by enabling live imaging, 
targeted expression in defined cells or tissues, and in 
many cases ratiometric readouts [45,46]. As discussed 
below, genetically encoded probes for small-molecule 
cues, such as GRAB ATP1.0 and GEM-LTB 4 extend 
these approaches by enabling direct detection of extra-

cellular chemoattractant availability, as opposed to indi-

rect measurements of downstream cellular responses 
triggered by receptor activation. Thus, chemical in-

dicators remain valuable for accessible measurements,

Figure 2

(a) Methods of Sensor Optimization

i. HaloTag-based fluorophores ii. Expanded spectral palette iii. Lifetime-based readouts

(b) Applications: Imaging Chemoattractant Gradients in vivo

1. Affinity tuning of the 
ligand-binding pocket

2. Mutations in the
GPCR backbone

3. Insertion 
site and linker 
optimization

4. Mutations in cpFP

ii. Sensor Expression in Migrating Cells

i. Sensor Expression in Surrounding Tissues
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(c) Emerging Directions in GPCR-based Sensor Development

Current Opinion in Cell Biology

Present and future of GPCR-based fluorescent sensors. (a) Development of GPCR-based fluorescent sensors typically requires extensive optimization 
and therefore requires high-throughput screening strategies. Ligand affinity can be tuned by rational mutagenesis of the binding pocket, and iterative 
refinement of the GPCR backbone, cpFP insertion site, linker length and composition, along with mutations of the fluorescent protein can influence 
affinity, dynamic range, basal fluorescence, and downstream signaling properties of the sensor. (b) Since these sensors are genetically encoded, they 
can be expressed in a cell type-specific manner, enabling chemoattractant gradients to be mapped either (i) within surrounding tissues or (ii) in the cells 
responding to the gradient. (c) Advances in both sensor engineering and optical readout strategies are broadening the applicability of GPCR-based 
sensors. (i) Orthogonal labeling approaches and (ii) an expanding palette of cpFPs are making multiplexed imaging of parallel processes increasingly 
feasible. In addition, (iii) moving from intensiometric to fluorescence lifetime-based readouts may reduce measurement bias from variable probe 
expression levels and excitation laser intensity.
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especially in primary human cells or systems where ge-

netic manipulation is difficult, but genetically encoded 
biosensors provide a more flexible route toward cell-

type-specific, real-time mapping of rapidly produced 
small-molecule chemoattractants in living tissues.

A new era: receptor-based genetically 
encoded fluorescent biosensors
Although direct fluorescent tagging of chemoattractants 
and their receptors proved invaluable in pioneering 
in vivo studies, these approaches generally do not mea-

sure extracellular ligand concentration directly. Instead, 
they infer ligand exposure from systems in which ligand 
binding drives robust, quantifiable receptor internali-

zation, or from ligands that tolerate fusion or chemical 
labeling, such as chemokines. A further limitation is that 
exogenous receptor expression can buffer ligand avail-

ability and perturb endogenous ligand—receptor stoi-

chiometry. In addition, internalization-based readouts 
depend on endocytosis, recycling, and degradation ki-

netics, such that they often report a temporally inte-

grated history of exposure, potentially with a lag that 
filters rapid fluctuations in extracellular ligand 
levels (Figure 1b).

By contrast, fluorescent protein (FP)-based genetically 
encoded biosensors are designed so that the detection of 
a molecular event is coupled directly to a change in the 
fluorescence properties of the reporter. In most cases, a 
sensing unit, such as a ligand-binding domain undergoes 
a conformational change that is transduced to a report-

ing unit, which produces an optical output (Figure 1b) 
[47]. Depending on design, FP biosensors can generate 
either ratiometric signals, typically based on FRET, or 
single-FP intensiometric signals. The sensors often use 
circularly permuted FPs (cpFPs) having an exposed 
chromophore environment, which renders them 
conformationally sensitive [48]. Compared with multi-

FP ratiometric designs, single-FP cpFP sensors often 
achieve larger dynamic ranges, but they are also more 
susceptible to intensity artifacts caused by motion or 
focal drift and can be sensitive to environmental vari-

ables such as pH or ionic strength [47].

Genetically encoded calcium indicators (GECIs) were 
among the earliest and most influential sensor families, 
and the biosensor field has since expanded into a broad 
toolkit reporting intracellular signaling and biochemical 
state variables, including ions, metabolites, pH, voltage, 
and redox state [47,49]. In parallel, efforts to detect 
extracellular ligands, driven especially by neuroscience, 
have produced sensor designs well suited to the chal-

lenges of chemoattractant mapping, including high 
spatiotemporal resolution, molecular selectivity in 
complex tissue environments, and continuous in situ 
readout of ligand availability [50,51].

Design principles of PBP- and GPCR-based 
biosensors
The emergence of periplasmic binding protein (PBP)- 
and GPCR-based biosensors has transformed optical 
detection of neurotransmitters and other extracellular 
molecules [52]. Both sensor classes exploit ligand-

induced conformational change coupled to an FP re-

porter, but they differ in how they are engineered and 
which ligand classes they naturally cover [53].

PBPs are soluble bacterial receptors that naturally bind 
nutrients and small metabolites [54]. Their main 
advantage as sensor scaffolds is engineerability: through 
binding-pocket redesign and directed evolution, PBPs 
can be retuned toward a broad range of small molecules 
[55]. Ligand-dependent closure can be coupled to 
changes in fluorescence by inserting the cpFP into the 
PBP and optimizing linker sequences and further resi-

dues of the sensor to efficiently transduce the confor-

mational change to the chromophore environment [56]. 
In favorable cases this yields large intensiometric re-

sponses (ΔF/F 0 ), as exemplified by the iGluSnFR family 
[56,57]. Because the scaffold is soluble, PBP-based 
sensors can also be targeted flexibly to the cytosol, or-

ganelles, or the extracellular space through secretion or 
anchoring strategies. In addition, they are typically less 
likely than GPCR-based biosensors to perturb endoge-

nous signaling pathways [55].

GPCR-based biosensors take advantage of the fact that 
many neurotransmitters and chemoattractants already 
have cognate GPCRs with evolved ligand-binding 
pockets, providing a natural sensing scaffold that can 
be converted into a fluorescent reporter of ligand 
engagement [51]. Structurally, GPCRs are comprised of 
seven transmembrane helices with three extracellular 
and three intracellular loops. Ligand binding induces 
conformational rearrangements that can be translated 
into fluorescence changes by inserting a cpFP into 
permissive cytoplasmic regions, most commonly the 
third intracellular loop (ICL3) [58]. Developing effi-

cient sensors requires extensive optimization to pre-

serve membrane trafficking while maximizing ΔF/F 0 
and minimizing residual signaling, so that the sensor 
functions primarily as an optical reporter rather than an 
active receptor. In practice, this is largely an empirical, 
high-throughput process involving screening of insertion 
sites and linker libraries, often combined with receptor 
or cpFP mutagenesis, to identify variants with suitable 
signal-to-noise ratio, on/off kinetics, and affinity 
(Figure 2a) [51,59].

The growing set of PBP- and GPCR-based genetically 
encoded neurochemical indicators (GENIs), including 
the SnFR, GRAB, and Light families, now covers most 
major small-molecule neurotransmitters. These tools
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enable real-time imaging of ACh, glutamate, GABA, 
norepinephrine, serotonin, dopamine, ATP, and addi-

tional neuromodulators with high spatiotemporal reso-

lution and specificity in vivo [58,60]. These advances 
provide a conceptual template for measuring extracel-

lular ligands beyond neurobiology. For example, 
GRAB ATP1.0 , originally developed to measure synaptic 
ATP release, has also been used to visualize ATP pat-

terns after sterile wounding in zebrafish, consistent with 
ATP acting as a danger signal [61]. Applying this strategy 
to chemoattractant gradients requires transgenic 
expression of the sensor in the tissue where ligand 
release and distribution are to be monitored (Figure 2b).

New insights from genetically encoded 
chemoattractant indicators
The past few years have seen the emergence of bona fide 
chemoattractant biosensors, GECHIs. A first example 
was GEM-LTB 4 , a BLT1-based green cpEGFP sensor 
optimized to detect LTB 4 in the low-nanomolar range 
[62]. In an ex vivo assay, stable GEM-LTB 4 -expressing 
HEK293A cells were used as a sensing surface onto 
which neutrophils were deposited and stimulated with 
fMLF, enabling direct visualization of radially emanating 
signals consistent with LTB 4 release from single neu-

trophils. Endogenous LTB 4 production was also detec-

ted in live zebrafish expressing the sensor ubiquitously 
[62]. A key design requirement for such GPCR-based 
sensors is minimizing unintended signaling in sensor-

expressing cells: in GEM-LTB 4 , cpEGFP insertion into 
ICL3 yields a reporter lacking detectable downstream 
Ca 2+ transients and β-arrestin recruitment, consistent 
with minimal coupling to canonical BLT1 signaling. At 
the same time, as with other high-affinity GPCR-based 
sensors, ligand buffering remains an important inter-

pretive caveat at high expression levels [51].

Extending the same engineering logic to chemokines, 
CRAFi-CCR2 was developed and optimized through 
high-throughput screening to generate a sensor with 
large fluorescence responses and nanomolar sensitivity 
to CCR2 ligands [63]. hCRAFi-CCR2, expressed in 
cultured primary astrocytes detected temporally 
resolved chemokine release profiles induced by inflam-

matory stimulation that closely matched ELISA-

quantified concentrations. Long-term imaging of the 
visual cortex of hCRAFi-CCR2-expressing mice 
revealed patch-like CCR2 ligand microdomains after 
systemic LPS challenge and a progressive, injury-

centered fluorescence increase following laser ablation 
[63]. Caveats of the approach are inherent to chemokine 
biology: because CCR2 is promiscuous, the measured 
signal reflects a composite of CCR2 ligands rather than 
the concentration of a single chemokine species.

GRAB-LoX3-1.0 is a further chemokine biosensor, based 
on CXCR3, that detects its endogenous ligands

including CXCL9, CXCL10, and CXCL11 [64]. It ex-

hibits a robust fluorescent response and detects 
chemokines in the nanomolar sensitivity range. In vivo, 
GRAB-LoX3-1.0 visualized micrometer-scale CXCL10 
gradients after skin wounding and helped dissect state-

dependent chemokine patterning linked to inflamma-

tory phase transitions [64].

Finally, PBP-based sensors provide a conceptually 
important contrast, because they can be deployed as 
purified proteins to directly measure extracellular gra-

dients without genetically modifying the responding 
cells. Using the aspartate sensor jAspSnFR3 [65], self-

generated chemoattractant gradients were visualized 
during collective bacterial migration, leading to a revi-

sion of classic models of bacterial chemotaxis [66].

Concluding remarks and future prospects
GPCR- and PBP-based GECHIs now make it possible to 
monitor extracellular chemoattractant availability in 
living systems with a spatiotemporal resolution that was 
difficult to achieve with previous approaches. By 
coupling ligand binding directly to fluorescence changes 
that report ligand availability in real time, these probes 
move the field beyond endpoint measurements and in-

direct cellular proxies toward direct measurements of 
the signals that migrating cells are most likely to sense. 
Early applications already show that this strategy can 
reveal chemokine and lipid microdomains in vivo 
[62—64]. As improved sensors and quantitative imaging 
strategies emerge, these tools should enable direct tests 
of long-standing models of self-generated gradients, 
relay signaling, and local buffering and scavenging 
of chemoattractants.

Multiplexed measurements are also coming into reach 
(Figure 2c). Although most published chemoattractant 
reporters are currently GFP-based, the expanding cpFP 
palette and orthogonal labeling strategies, including 
HaloTag-based designs, provide realistic routes toward 
multicolor imaging and integration with readouts such as 
Ca 2+ signaling or actin dynamics in the same prepara-

tion [67,68].

At the same time, these measurements require careful 
interpretation. Sensor readouts reflect ligand occupancy 
rather than absolute concentration, so quantitative 
comparison depends on normalization and, where 
possible, calibration across defined ligand concentration 
ranges in the relevant cellular or tissue context [60]. 
High sensor expression can also buffer ligand availability 
and perturb the chemoattractant gradient itself, 
particularly for GPCR-based sensors, even when down-

stream coupling and internalization have been strongly 
reduced. Sensor expression should therefore be mini-

mized or titrated, and where possible, compared with 
physiological receptor abundance. Receptor promiscuity
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remains an additional challenge for inflammatory 
chemokines and lipid mediators, where a single sensor 
may integrate several ligands into one optical signal. 
Sensor-dependent perturbations should be evaluated by 
testing whether sensor-expressing and non-expressing 
cells or tissues show comparable migration, signaling, 
inflammatory recruitment, or ligand clearance. Binding-

deficient sensor variants harboring point mutations in 
the binding pocket provide important controls, and 
where relevant, signaling-silenced GECHI variants 
should be developed. Orthogonal measurements such as 
ELISA, mass spectrometry, pharmacological inhibition, 
or genetic perturbation of ligand production and degra-

dation can provide useful benchmarks, although they 
rarely replace calibration in living tissues.

Future progress will therefore depend on both refined 
probes and more rigorous interpretation. Improved 
ligand selectivity, expanded spectral diversity, fluores-

cence lifetime-based readouts, and closer integration 
with quantitative modeling should enhance both inter-

pretability and multiplexing capacity (Figure 2c) 
[58,69—71]. As these tools mature, they should allow 
chemoattractant gradients to be treated less as inferred 
concepts and more as measurable physical variables that 
can be linked directly to the rules governing cell navi-

gation in vivo.
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