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Abstract  

Over the last 25 years, protein engineers have developed an impressive collection of optical tools to interface with 
biological systems: indicators to eavesdrop on cellular activity and actuators to poke and prod native processes. To 
reach the performance level required for their downstream applications, protein-based tools are usually sculpted 
by iterative rounds of mutagenesis. In each round, libraries of variants are made and evaluated, and the most 
promising hits are then retrieved, sequenced, and further characterized. Early efforts to engineer protein-based 
optical tools were largely manual, suffering from low throughput, human errors, and tedium. Here, we describe 
approaches to automating the screening of libraries generated as colonies on agar, multiwell plates, and pooled 
populations of single-cell variants. We also briefly discuss emerging approaches for screening, including cell-free 
systems and machine learning.  
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Main text 

To unravel the enormous complexity of biological systems, life scientists rely on complementary devices: indicators 
to report on cellular activity (Fig. 1A) and actuators to modulate or perturb native processes (Fig. 1B). Optical 
indicators and actuators are particularly coveted because these devices enable visualization and modulation of 
cellular activity with high spatiotemporal resolution 1. Optical devices can be based on proteins, organic dyes, RNA 
aptamer-dye or protein-dye pairs, and other nanomaterials 2–6. Here, we focus on protein-based optical devices 
(PODs) because they are widely used and can be selectively expressed in distinct cell types to elucidate their 
respective functions in vivo 7,8. 

 

Figure 1. Schematic illustration of various types of optical indicators and actuators. OD: Optical domain. DBD: 
DNA binding domain. AD: Activating domain.  

 

Development spanning more than two decades has produced an impressive catalog of protein-based optical 
indicators that report a wide range of modalities, including calcium, chloride, pH, ATP, metabolites, cAMP, voltage, 
neurotransmitters, and enzymatic activity 9–12. We also consider fluorescent proteins (FPs) as indicators since they 
can be used to report on various aspects of cellular activity, including protein localization, gene expression, and cell 
cycle progression 13. There has also been explosive growth in the number of optical actuators, including light-
controllable channels, enzymes, binding domains, and transcription factors 14–17. While this Perspective focuses on 
approaches deployed for automating POD development, many of the strategies discussed also apply to engineering 
nucleic acids and other classes of proteins. The approaches described in this article are summarized in Table 1. 

Despite impressive advances with de novo protein design 18, PODs are usually engineered by repurposing naturally 
existing protein domains and optimizing their performance by screening. A common iterative screening approach 
is directed evolution 19,20. In this method, molecules like PODs are mutagenized to create libraries of genetically 
diverse variants. These variants are then assayed to identify mutants with improved characteristics. Top-performing 
variants become new starting templates for the next round of screening. Generating libraries with diverse variants 
is critical for productive POD screening. Here, we do not discuss library generation but refer the readers to other 
reviews 21,22. 
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 Manual colony 
screening 

Automated colony 
screening 

Automated 
screening with 

multiwell plates 

Automated pooled 
screening using 
flow cytometry 

Automated 
microscopy-based 
pooled screening 

Cell types used 
for screeninga 

Bacteria 

Yeast 

Bacteria 

Yeast 

Bacteria 

Yeast 

Mammalian cells 

Bacteria 

Yeast 

Mammalian cells 

Bacteria 

Yeast 

Mammalian cells 

Screening 
throughput 

(variants per 
day) 

104 - 105 104 - 105 102 – 103 106 - 108 104 - 105 

Typical number 
of plates/tubes 

per day 

10s - 100s  

of agar plates 

10s - 100s  

of agar plates 

10s  

of multiwell plates  
One tube 

One 35-mm dish or 
one well of a 24-

well plate  

Operation cost 
per variantb Low Low High (with 

mammalian cells) Low Low 

Ability to 
evaluate spatial 

properties in 
individual cells 

No No Yes Yes, when using 
imaging FACS Yes 

Ability to 
evaluate 
temporal 

properties 

No/minimal No/minimal Yes No/minimal Yes 

 Example 

Usagec 

  

 

FPs 

Clover GFP & 
mRuby RFP 24 

mGreenLantern 29 

FPs 

mCarmine 33 
Rosmarinus 39 

FPs 

miRFP2 87 

FPs 

EGFP 55 

miRFP2 87 

mPlum & 
mRaspberry 53 

FPs 

mGold 68 

Indicators  

Calcium 

NIR-GECO1 31 

Glutamate  

iGluSnFR3 32 

Indicators  

Glutamate 

iGluSnFR3 32 

Indicators 

Calcium  

GCaMP3 88 

GCaMP6 50 

NIR-GECO1 31 

Voltage 

JEDI-2P 38 

Indicators 

Voltage 

Archon1 & Archon2 
66 

 QuasAr6a & 
QuasAr6b 69 

Indicators 

Voltage 

Archon1 & Archon2 
66 

QuasAr6a & 
QuasAr6b 69 

Actuators 

Light-inducible 
dimers90 

Channelrhodopsin 
ChromeQ 89 

Light-gated calcium 
channel 91 

Table 1. Comparing different manual and automated POD screening methods.  

a Some screening methods (e.g., multi-well and microscope-based pooled screening) do not require cells and can 
be achieved with purified proteins or cell-free extracts. 
b Excluding equipment costs (i.e., molecular biology tools, microscope systems, cell sorters) 
c Some PODs are listed in multiple columns because they were screened using multiple methods 

 

Optimization of many PODs has been achieved by manual library screening. For example, most engineered 
fluorescent proteins (FPs) have been identified by visual inspection of stacks of Petri dishes harboring bacterial 
colonies expressing different FP variants (Fig. 2A). If the fluorescence of a colony expressing a mutated construct 
appeared higher than the fluorescence of colonies expressing the library template, the mutant colony was manually 
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picked using a pipette tip or toothpick and considered for further evaluation 23–25. As another example, light-gated 
channelrhodopsins used for optogenetics — i.e., the optical control of neural activity with protein-based actuators 
26— are routinely screened by manually measuring light-driven currents in individual cells using patch-clamp 
electrophysiology 27,28.

Figure 2. Manual and automated workflows for screening Protein-based Optical Devices (PODs).
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Manual screening continues to be used 29–32 because it is simpler and often requires less expensive equipment than 
automated screening, in which most steps are outsourced to computers and motorized instruments. However, 
automation is desirable to increase screening throughput, as extensive improvements in performance are more 
likely achieved when screening a larger number of variants, avoiding repetitive tasks, increasing measurement 
sensitivity and precision, and reducing day-to-day and person-to-person variability. Also, automated approaches 
often involve the use of cameras or other hardware that enable the detection of a wider variety of POD properties 
that would otherwise be difficult or impossible to quantify using manual visual inspection with the naked eye. These 
properties include dim signals, emission outside the visible spectrum, fluorescence lifetime, organelle localization, 
temporal responses, and Förster resonance energy transfer (FRET). The feasibility and cost of automation will 
depend on the property being screened. For example, automation can be easily implemented for screening many 
optical properties, such as indicator brightness. In contrast, other properties, such as channelrhodopsin 
conductance and rectification, can be expensive and/or challenging to evaluate without a human expert. 

Automating the screening of bacterial or yeast colonies on agar plates 

In the past decade, many exciting new automated methods have been developed to accelerate POD screening. One 
approach is to automate the tedious manual steps when screening bacterial or yeast colonies on agar plates (Fig. 
2B). For example, an automated and affordable colony evaluation and picking system was developed by combining 
fluorescence imaging and robotic picking of bacterial colonies 33. This system can evaluate up to 100,000 colonies 
in ~ 11 hours within a single screening experiment. While an experienced FP engineer can evaluate plates at a similar 
speed, this platform enables screening over longer durations than typical experimentalists can sustain, thereby 
increasing the number of colonies screened per experiment. The authors used this automated system to develop a 
far-red FP 4-5 times brighter than its parental protein.  

Several automated procedures were developed because detecting specific POD properties was impractical or 
impossible with the human eye. For example, while two-photon (2P) microscopy is a method of choice for deep-
tissue imaging 34,35, there are no methods to visually inspect and manually screen fluorescent bacterial colonies 
illuminated by a 2P laser. Because FPs’ brightness and photostability evaluated under one-photon (1P) and two-
photon (2P) excitations are poorly correlated 36,37, it is imperative to screen FPs and FP-based indicators directly 
under 2P illumination 38. A method for enabling and automating the 2P screening of bacterial colonies expressing 
FP variants was developed: plates were first imaged under 1P to identify the location of the colonies; a motorized 
stage moved the plates to a 2P imaging station for automated brightness quantification of individual colonies 
(10,000 colonies in ~ 7 hours); finally, promising colonies were picked manually 39. This approach also has the 
potential to screen other types of indicators that can be expressed in bacteria, such as calcium indicators. 

Many PODs require expression in mammalian cells to fold and traffic to the desired subcellular location. For 
instance, we have been unsuccessful at expressing genetically encoded voltage indicators based on 4-pass voltage-
sensing domains 40,41 in bacteria and yeast (unpublished results). Even if a POD can be expressed in bacteria or yeast, 
improvements from screening in these organisms may not translate to higher performance in mammalian cells. For 
example, the brightness of FPs in bacteria is not always predictive of their brightness in mammalian cells 42. 
Therefore, screening PODs in mammalian cells can be beneficial or required. However, while mammalian cells can 
form colonies (on plates with tissue-culture media rather than agar), visible colonies of more than 50 cells require 
growth for 1-2 weeks 43 rather than one day for bacteria. To pick mammalian colonies without cross-contamination, 
mammalian cells are typically seeded to achieve fewer than 50 colonies per plate, one order of magnitude lower 
than bacterial colonies 44,45. These limitations may explain why, to our knowledge, there are no examples of high-
throughput POD screening experiments using mammalian colonies.  

Colony-based screening is also unsuitable for indicators reporting cellular activity via changes in subcellular 
localization. For example, indicators that report kinase activity by changing their relative abundance between the 
nucleus and cytoplasm 46 would not show net changes in colony fluorescence. Nevertheless, a growing number of 
studies demonstrate that manual and automated screening of colonies on agar plates remains a valuable strategy 
for engineering many types of PODs. 
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Automating multiwell plate screening 

Given the limitations of colony-based screening, a common alternative approach is to use microscopes and plate 
readers to screen POD libraries with variants arrayed in 96- or 384-well plates (Fig. 2C). A key benefit of screening 
PODs using multiwell plates over agar plates is that mammalian cells can be used to express and screen PODs. 
Another advantage is that multiwell plates with optically clear bottoms enable high-resolution screening, with 
single-cell resolution if needed, using inverted microscopes. Moreover, the stage, illumination system, filter wheel, 
and camera/detector of microscopes and plate readers can be motorized, enabling automated data acquisition 
without human intervention. While motorized microscopes and plate readers can be expensive, they can be found 
in many academic laboratories and institutional shared facilities.  

A critical downside of traditional multiwell-based screening is its limited throughput, given that variants arrayed 
into multiwell plates are assayed sequentially. To address this limitation, Chan et al. developed a fluorescence 
imaging system that can simultaneously image all wells of a 96-well plate in 10 s and with < 1 µm resolution 47. 
However, this method requires a specialized optical system linked to a computer with significant graphic processing 
capabilities. Other limitations of multiwell screens are the cost, repetitive nature, and organizational challenges 
with preparing and screening libraries. The impact of these limitations can be mitigated by designing libraries using 
statistical approaches to maximize success and minimize cost 48,49. Integrated imaging solutions — including liquid 
handlers, plate hotels, and incubators — can automate the preparation and screening of large numbers of plates; 
however, the high cost of these instruments has limited their broader adoption in academic laboratories. Given the 
challenges of screening multiwell plates, it is usually difficult for a single academic researcher to screen more than 
several 96-well plates of transfected mammalian cells daily. Fewer than 103 variants can thus be screened per day, 
far less than the 104-105 variants that can be routinely evaluated by bacterial or yeast colony screening. 
Nevertheless, since significant performance improvements have often been achieved by evaluating less than 1,000 
POD variants, multiwell screening is a common approach for optimizing optical indicators and actuators 40,41,50.  

Automated pooled library screening by flow cytometry 

Screening pooled libraries, in which each cell expresses a different variant, can increase screening throughput over 
screening using multiwell plates. A common technique to screen pooled libraries, called flow cytometry, is to rapidly 
move cells through a capillary and evaluate their fluorescence as they cross one or more laser beams (Fig. 2D). In 
Fluorescence-Activated Cell Sorting (FACS), cells are steered toward collection or discard tubes based on user-
determined fluorescence thresholds (“gates”) 51,52. A primary advantage of FACS is high throughput: modern 
instruments can screen up to 104 cells per second. FACS has been used for POD engineering, for example, to identify 
brighter fluorescent proteins 53–55. 

Exciting recent advances in flow cytometry open new opportunities to optimize PODs using FACS. Spectral FACS 
enables the measurement of fluorescence spectra, which could enable screening for different POD color variants 
(i.e., shifting the emission and excitation spectra). Spectral FACS can also have higher sensitivity for dim 
fluorescence signals 56,57. Imaging FACS can capture (or reconstruct) images of cells flowing through the 
microcapillaries and obtain spatial information of individual cells 58,59. Imaging FACS may be utilized for high-
throughput POD optimization of selected spatial properties such as the subcellular localization of fluorescent-
labeled proteins. For example, this technique enabled detailed cell cycle analyses that distinguish between mitotic 
stages 58. However, spatial resolution remains poor compared with even traditional widefield fluorescence 
microscopy, limiting the ability to screen for more subtle spatial phenotypes.   

Arguably the most critical drawback of FACS instruments is their inability to measure fluorescence at many time 
points. The lack of temporal resolution precludes longitudinal analyses of cellular dynamics and the screening for 
critical POD temporal properties, including photostability, response kinetics, and the peak amplitude of transient 
responses 38,60. To mitigate this problem, custom microfluidic chips were designed to measure fluorescence before 
and after cells are presented with an analyte61 or submitted to a photobleaching laser pulse 62,63. The sorting speed 
of these devices is lower than that of conventional FACS systems by orders of magnitude. Nevertheless, these chips 
can still sort thousands of cells per hour; screening throughput can thus remain higher than with multiwell plate 
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screening. However, flow cytometry is not well adapted to measuring characteristics that require many 
measurements over time. Moreover, because cells are evaluated sequentially, screening PODs with slow response 
kinetics (e.g., several seconds or longer) may be impractically long using microfluidic flow cytometry. Finally, false 
positive and negative rates can also be higher than those in multiwell plate screening since the performance metrics 
are evaluated in single cells. Nevertheless, flow cytometry remains a popular and valuable approach for screening 
PODs 63–65. 

Automated microscope-based pooled library screening 

Microscope-based pooled screening approaches have been developed to combine the higher throughput of pooled 
screens with the ability to optimize PODs’ spatial and dynamical properties (Fig. 2E). In typical screens, up to 
hundreds of thousands of cells expressing different variants are mixed, and fields-of-view containing large numbers 
of cells are imaged sequentially. The characteristics of individual cells are analyzed, and the cells with desirable 
properties are retrieved for further characterization, genotyping, or both.  

A key challenge of microscope-based screens is how to automate the retrieval of the target cells. One strategy is to 
use automated micropipetting to aspirate the best-performing cells. This method was used to develop brighter 
voltage indicators after screening 12,500 individual cells 66. Aspiration-based cell retrieval methods, while valuable, 
are limited in throughput because of the time required to move the micromanipulator, aspirate, eject the cell, and 
clean the pipette. They have been established for mammalian cells but not smaller cells like yeast and bacteria, 
which are commonly used for protein engineering. An alternative method, µSCALE, is to screen bacterial or yeast 
pooled libraries loaded into a dense array of millions of small (10-20 µm) microcapillaries 67. The cell suspension is 
pipetted onto the array at a concentration that results in most microcapillaries being empty or occupied by a single 
cell. Incubating the array can be performed to achieve clonal expansion in each microcapillary, thereby increasing 
the fluorescence signal. After automated library imaging, pulsed ultraviolet light is used to excite magnetic beads 
mixed with the cell suspension. This process disrupts the surface tension at the bottom of the microcapillary, 
possibly due to bead heating and the formation of a cavitation bubble. The contents of the microcapillary are 
thereby released into an extraction plate located below the array. µSCALE was used for various protein engineering 
applications, including screening bacterial libraries to color-shift an FP from red to orange. However, further studies 
are needed to determine whether the µSCALE cellular release method can be used with mammalian cells, which 
are more fragile than yeast and bacteria. 

Because µSCALE and aspiration-based screening methods are only compatible with some cell types, our group 
developed SPOTlight, a versatile method for screening bacteria, yeast, and mammalian cells 68. With SPOTlight, 
individual cells expressing POD variants are screened, and cells expressing improved variants are optically tagged 
on the microscope. The optically tagged cells are subsequently recovered using FACS.  Optical tagging was 
performed by labeling cells with a photoactivatable FP or dye that irreversibly converts from a dark state to a 
fluorescent state, followed by single-cell illumination using a light patterning device. Notably, the identification and 
optical tagging of target cells were automated. Three million single-cell variants expressed in yeast were screened 
using SPOTlight, leading to the identification of a bright and photostable yellow fluorescent protein (YFP) variant 
called mGold that is 4-5-fold more photostable than its predecessor 68. A pre-print also recently reported using a 
similar approach to screen ~120,000 single cells for voltage indicators with increased brightness and response 
amplitude, in this case using a green-to-red photoconvertible FP for optical tagging 69. 

A key benefit of microscopy-based pooled screening compared with multiwell-based screening is the much higher 
achievable throughput. For example, multiwell-based screening of 3 million variants – the number of YFPs variants 
we screened to develop mGold – would require screening four 96-well plates per day for 21 years (assuming one 
variant per well and screening four plates per day). By comparison, microscopy-based pooled screened enabled us 
to evaluate 3 million variants in eight rounds of screening, each requiring one day. Another benefit of pooled 
libraries is the lower cost of consumables. Screening 3 million variants would otherwise require ~30 thousand 96-
well plates made from individually picked bacterial/yeast colonies or mammalian cell transfections of miniprepped 
DNA. In contrast, only eight wells of a 24-well plate were used for SPOTlight screening of mGold: each round of 
screening was conducted in one well of a 24-well plate, and a total of eight rounds of screening were conducted. 
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Each pooled library was produced by a single transformation reaction with yeast cells. Although microscopy-based 
pooled screening requires additional hardware add-ons (e.g., a digital micromirror device for SPOTlight), the cost 
of the add-on can be rapidly compensated by faster throughput and lower operating costs. For example, the 105 

variants we routinely screen in a single round of SPOTlight would cost over $100,000 with standard multiwell plate 
screens (given that DNA minipreps alone typically cost $1-10 per variant), compared with $30-60,000 for a digital 
mirror device used to selectively photoactivate cells.  

There are several challenges with microscope-based pooled screening. First, as with flow cytometry pooled screens, 
high cell-to-cell variability in the measured properties can produce high false positive and negative rates. Retesting 
promising variants in a larger number of cells is thus often required to confirm the improved POD properties. 
Second, while cost-effective for large screens, microscope-based pooled screening techniques require expensive 
hardware to retrieve target cells, for example, a robotic cell picker or optical patterning device. These additional 
pieces of equipment must also be carefully calibrated for optimal results. Finally, sophisticated software is also 
needed to distinguish (segment) and characterize individual cells — although recent advances in machine learning 
can facilitate these tasks 70–72. 

Emerging approaches in automated POD engineering 

While screening strategies described so far used cells to express PODs, emerging high-throughput screening 
approaches use cell-free transcription and translation systems. As with cell-based screening, DNA libraries must 
first be constructed. However, rather than being transformed or transfected in cells, the libraries are expressed in 
a reconstituted environment containing gene expression machinery 73,74. For example, a recent study reported a 
cell-free system for screening fluorescent indicators in semipermeable beads 75. This system was deployed to 
engineer a lactate indicator with higher response amplitude and lower pH sensitivity than previous sensors. When 
bound on a coverslip, the beads could withstand buffer changes in a perfusion chamber, thereby allowing the rapid 
determination of indicators’ responses to different lactate and pH levels.  

Cell-free approaches are advantageous as they are not subject to cell-to-cell variability in POD expression or 
function during screening. They also obviate the need to grow and maintain cells. However, proteins optimized in 
cell-free environments may not fold and perform identically in cells. Variations in protein performance between cell 
and cell-free environments are likely prevalent for membrane proteins 76, which is a significant limitation given the 
importance of membrane proteins in the toolbox of optical indicators and actuators 9,60. Nevertheless, we anticipate 
that cell-free approaches will be increasingly used for POD engineering in the next several years. 

Because the number of ways a POD could be mutated exceeds the number of atoms in the universe 77, even pooled 
library methods can only sample a small fraction of the enormous sequence space. The ability to prioritize specific 
mutations —or at least residues to target by saturation mutagenesis— can accelerate POD engineering and increase 
success. Structure-guided directed evolution is a popular approach to prioritizing specific residues or mutations 
when the POD — or one or more of its component domains — is understood mechanistically 78. Structured-guided 
approaches can benefit from computational methods that predict how mutations will affect POD function. For 
example, the Rosetta molecular modeling program 79 was used to design a library of light-inducible dimers. These 
photodimerizers were predicted to have stronger binding affinity in the dark, thereby producing larger light-driven 
changes in binding affinity. The computationally designed library was screened experimentally, and several variants 
were identified with larger binding affinity changes upon light stimulation 78.  

Machine Learning (ML) is an emerging and complementary approach to guide directed evolution: POD 
characterization data acquired during screening is used to train a computational model to predict sequences with 
improved performance 80. ML model training data can consist of individual protein sequences and their 
corresponding performance metrics. Pooled sequences from groups of variants (e.g., functional vs. non-functional 
variants or indicators with slow vs. fast kinetics) can also be used to train ML models. More sophisticated models 
can include information about protein structure and amino acid properties to explore novel mutations not present 
in the training dataset, leading to new combinations of mutations that would not be considered otherwise. While 
predictive models can be achieved with a low amount of data (e.g., 100-200 sequences and their corresponding 
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properties) 81,82, the accuracy of ML models can improve with increasing amounts of high-quality data. ML can thus 
benefit from automated screening. 

Proof-of-concept studies used ML to increase FP fluorescence 82 and improve a fluorescent serotonin sensor83. ML 
was also used to create opsins with efficient plasma membrane localization, high conductance, and a range of 
deactivation kinetics 81. These ML-designed opsins outperformed commonly used variants under some illumination 
conditions, enabling light-induced activation of neurons deeper in the mouse brain.  

Concluding remarks 

Nobody aspires to conduct tedious and repetitive tasks. Incorporating automation into POD engineering frees 
human hands, eyes, and brain to improve library design, high-throughput characterization assays, and hit selection 
strategies. Automation can also increase screening throughput and accuracy. The ultimate dream of POD engineers 
is an automated platform that can rapidly conduct all screening steps — developing libraries, evaluating variants, 
and selecting hits — without user involvement. This lofty goal may not be farfetched given innovations in self-
learning robotic platforms 84 and automated continuous evolution systems 85,86. 
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