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Abstract 

Protein barcoding has emerged as a transformative tool for the multiplexed identification and 

characterization of proteins, providing a mechanism for precise tracking of protein affinity, 

location, and expression. In this study, we describe the development of a protein barcoding 

workflow for use with single-molecule Next-Generation Protein Sequencing™ (NGPS™ ) on the 

benchtop Platinum® instrument. We present data on the validation of eight peptide barcodes, 

each designed to minimize detection bias and maximize sensitivity across various experimental 

conditions. We have also optimized the design of expression constructs to ensure robustness 

of the purification workflow. In this workflow, affinity-tagged proteins are expressed with unique 

peptide barcodes. Following experimental selection or treatments, the proteins are purified, and 

the peptide barcodes are cleaved and sequenced on the Platinum instrument. We demonstrate 

that we can detect barcodes at 400 fmol of sample input concentration within the eight-plex 

mixture, and at 50 fmol of sample input for individual barcodes. We also show the capacity of 

this protein barcoding approach to achieve a ten-fold dynamic range, underscoring its 

sensitivity in recovering variants with low abundance. Through the combination of protein 

barcoding and NGPS, we lay the groundwork for future studies aimed at characterizing protein 

interactions and improving targeted drug delivery strategies. 
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 14 

 15 

Motivation 16 

 17 

Protein barcoding is an emerging tool for the multiplexed selection, analysis, and tracking of 18 

proteins. The motivation for this study was to address the limitations of existing protein barcode 19 

detection tools, such as mass spectrometry, which can have drawbacks related to quantification, 20 

cost, and accessibility. By integrating a protein barcoding workflow with the benchtop Platinum® 21 

protein sequencer, this work offers a sensitive and accessible approach for protein barcoding in 22 

applications ranging from protein engineering to nucleic acid therapy development.  23 

 24 

Summary 25 

 26 

Protein barcoding has emerged as a powerful tool for the multiplexed identification and 27 

characterization of proteins, providing a mechanism for precise tracking of protein affinity, 28 

location, and expression. In this study, we describe the development of a protein barcoding 29 

workflow for use with single-molecule Next-Generation Protein Sequencing™ (NGPS™) on the 30 

benchtop Platinum® instrument.  We present data on the validation of eight peptide barcodes, 31 
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each designed to minimize detection bias and maximize sensitivity across various experimental 32 

conditions. We have also optimized the design of expression constructs to decrease both the 33 

hands-on time and input requirements of the workflow. In this workflow, affinity-tagged proteins 34 

are expressed with unique peptide barcodes. Following experimental selection or treatments, the 35 

proteins are purified, and the peptide barcodes are cleaved and sequenced on the Platinum 36 

instrument. We demonstrate that we can detect barcodes at 400 fmol of sample input 37 

concentration within the eight-plex mixture, and at 50 fmol of sample input for individual 38 

barcodes. We also show the capacity of this barcoding approach to achieve a ten-fold dynamic 39 

range, underscoring its sensitivity in recovering variants with low abundance. Through the 40 

combination of protein barcoding and NGPS, we lay the groundwork for future studies aimed at 41 

characterizing protein interactions and improving targeted drug delivery strategies.  42 

 43 

Keywords: protein barcode, peptide barcode, protein sequencer, protein-protein interaction, 44 

proteomics, protein engineering, protein quantitation, drug delivery, nucleic acid therapy delivery 45 

 46 

Introduction 47 

 48 

In recent years, protein/peptide barcoding has gained attention as a powerful method for 49 

advancing protein analysis1-9. This approach leverages the unique ability of short peptide 50 

sequences to encode information, providing an efficient and flexible means of tracking and 51 

characterizing proteins. Unlike traditional labeling techniques, peptide barcodes can be easily 52 

genetically encoded, offering a straightforward way to label proteins within complex biological 53 

systems without disrupting their native function. This versatility has made protein barcoding an 54 

increasingly valuable tool in proteomics and functional genomics, enabling more precise studies 55 

of protein behavior and interactions in a variety of experimental contexts1,3-10. 56 

 57 

Protein barcodes have already been developed and applied in a variety of settings, leveraging the 58 

use of mass spectrometry for detection and decoding. For instance, "flycodes" have been used in 59 

nanobody screening to rapidly assess protein interactions3, and abiotic peptides have been 60 

employed for large-scale screening of small molecule libraries2. Despite these advances, several 61 

challenges remain, particularly in the ability to directly read protein barcode sequences with 62 
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quantitative accuracy and single-molecule resolution. Ionization efficiency can vary between 63 

different peptide sequences, and signal overlap can complicate interpretation11. Furthermore, 64 

mass spectrometry requires expensive equipment and extensive expertise to generate and analyze 65 

data. This gap has hindered the broader application of peptide barcoding in proteomics and 66 

functional screening. 67 

 68 

Recent innovations in single-molecule protein sequencing may offer a solution to these 69 

limitations. Novel protein sequencing technologies, including the Platinum® and Platinum Pro® 70 

instruments, allow for the direct sequencing of protein barcodes with single-molecule resolution 71 

and an accessible benchtop workflow12. NGPS on Platinum involves the use of fluorescently 72 

tagged N-terminal amino acid recognizer proteins to determine the order of amino acids in a 73 

peptide bound to a semiconductor chip12 (Figure 1A). By distinguishing peptides based on their 74 

amino acid sequences rather than mass/charge ratios, NGPS overcomes some of the key 75 

challenges of mass spectrometry, such as the inability to resolve peptides with identical or highly 76 

similar amino acid compositions13. This capability enables precise identification of protein 77 

sequences and opens the door to a range of new applications in protein characterization. In 78 

addition, the straightforward sample preparation and data analysis workflows make NGPS a 79 

highly accessible approach to protein barcode implementation. 80 

 81 

The concept of protein barcoding is rooted in the success of DNA barcoding, a technique that has 82 

been widely applied in genomics and transcriptomics. DNA barcodes are short sequences of 83 

DNA that encode information and can be efficiently decoded using next-generation sequencing. 84 

This approach enables high-throughput analyses such as tracking sample identity in multiplexed 85 

libraries and mapping single-cell gene expression14-19. However, while DNA barcodes have 86 

found broad use in molecular biology, their application to protein analysis has been more limited 87 

due to the need to retain a genotype-phenotype connection for readout, as well as the inability to 88 

directly detect successful translation with DNA barcodes1,3,8,9. 89 

 90 
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One area where protein barcoding has shown particular promise is in the development of nucleic 91 

acid therapies 4,5,7. For instance, nucleic acid delivery systems, such as lipid nanoparticles 92 

(LNPs), often require tracking of both the uptake and functional delivery of therapeutic cargo to 93 

specific tissues or cells. While DNA barcodes have been used to track LNP uptake, they can fail 94 

to confirm the functional delivery and activity of the encoded proteins 4,5,7,14. Protein barcodes, 95 

on the other hand, can provide direct readouts of protein function and localization, offering a 96 

more precise and scalable method for tracking the success of nucleic acid delivery vectors5,7.  97 

Figure 1: Overview of Platinum sequencing, protein barcoding construct 
design, and barcoding workflow. A) Overview of the Platinum instrument and the 
principle of Next-Generation Protein Sequencing. After single peptides are bound 
to the semiconductor chip, fluorescently tagged amino acid recognizers (six 
recognizers for 13 amino acids) bind each N-terminal amino acid. After 
aminopeptidase cleavage, the next amino acid is bound. B) Barcoding construct 
design includes the protein of interest, followed by an aQinity tag for purification, a 
short linker, a LysC cleavage site, the peptide barcode, a sortase tag for attachment 
of a covalent linker for sequencing on Platinum, and an optional His tag for 
purification. C) Barcoded protein enrichment and barcode sequencing workflow 
showing the steps going from cell lysate to sequencing.  
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In protein engineering, protein barcodes also hold significant potential. By tagging different 98 

variants of peptides with unique sequences, researchers can use barcoding to track the functional 99 

properties of engineered proteins in complex screening assays1,3,6,8. This approach enables the 100 

rapid identification of proteins with desirable traits, such as improved stability, binding affinity, 101 

or enzymatic activity, which are critical for the development of new biotherapeutics.  102 

 103 

In addition to gene therapy and protein engineering, protein barcoding has applications in other 104 

areas, such as studying protein-protein interactions, tracking protein subcellular localization, and 105 

even screening small-molecule libraries 1-3,6,8. The ability to encode functional information 106 

within peptides and decode it with high accuracy and resolution will enable researchers to gain 107 

deeper insights into complex cellular biology. 108 

 109 

In this study, we developed a protein barcoding workflow combined with NGPS as a tool for 110 

advancing protein characterization with an accessible benchtop workflow.  We then evaluated 111 

key performance metrics, including dynamic range and limit of detection, in the context of an 112 

optimized set of eight barcodes. This study serves as a foundation for the implementation of 113 

protein barcoding (now commercially available in the Barcoding Kit from Quantum-Si) and 114 

NGPS workflows across a range of applications.  115 

 116 

Experimental procedures 117 

 118 

Barcode design and optimization 119 

 120 

To design barcodes compatible with the Platinum sequencing and analysis platform, we 121 

iteratively refined an initial large set of candidate sequences. First, we generated recognizer-122 

ordered sequences (ROS) by assigning each amino acid recognizer a unique symbol (e.g., “1” for 123 

the Arginine Recognizer) and ensuring that all six recognizers in the V3 Sequencing Kit (Figure 124 

1A) were included, with no two consecutive recognizers being the same. We then expanded these 125 

ROSs into full amino acid barcode sequences by enumerating all valid residue substitutions for 126 

each recognizer, evaluating each candidate’s predicted performance using a kinetic database of 127 

pulse durations, and discarding any prone to dropout (Figure 2A). 128 
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 129 

To ensure reliability despite potential errors (e.g., missed or substituted residues), we calculated 130 

the Levenshtein distance between ROS and required a minimum distance between every pair. 131 

This ensured each barcode remained uniquely identifiable, even if partial errors occurred (Figure 132 

2A). 133 

 134 

To compute error-resistant barcode sets, we employed a heuristic approach. We created an empty 135 

barcode set, then randomized all candidate ROS and iterated over each ROS in this pool, 136 

extending the barcode set only if the new candidate met the edit-distance threshold. This process 137 

was repeated 1,000 times.  138 

Figure 2: Computational design of protein barcodes for NGPS. A) Barcode design 
workflow selects optimal barcode designs by taking into account protein sequencing 
kinetics and Levenshtein edit distance to produce barcodes with optimal properties 
for multiplexing. B) Schematic of the computational selection and refinement of 
barcodes to the eight used in this study. 
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From the resulting population of candidate sets, we chose the one best satisfying both size and 139 

composition criteria (Figure 2B). This yielded barcode sets with strong error tolerance and high 140 

confidence in their unique identification.  141 

 142 

Construct Design and Protein Purification 143 

 144 

The following barcodes were designed and both 1) added to the full-length protein construct as 145 

well as 2) produced as synthetic barcodes: 146 

BC028, DYKDDDDKGGGGSGGGGSKRFEQIANFAELPETGH; 147 

BC032, DYKDDDDKGGGGSGGGGSKRQAELFRDYSLPETGH; 148 

BC049, DYKDDDDKGGGGSGGGGSKFQRLAELEQALPETGH; 149 

BC051, DYKDDDDKGGGGSGGGGSKFALRQDYVAQLPETGH; 150 

BC067, DYKDDDDKGGGGSGGGGSKQRESFLFLNELPETGH; 151 

BC075, DYKDDDDKGGGGSGGGGSKNDYRLSQRYLLPETGH; 152 

BC079, DYKDDDDKGGGGSGGGGSKALQRFEQDYSLPETGH; 153 

BC096, DYKDDDDKGGGGSGGGGSKELFNRALNAFLPETGH 154 

 155 

The synthetic barcodes were custom synthesized by InnoPep (San Diego, CA), each supplied at 3 156 

mg and with a purity greater than 95%. All synthetic peptides featured an N-terminal H and C-157 

terminal carboxylic acid block NH2. They were initially reconstituted in DMSO to a 158 

concentration of 10 mM and stored at –20°C until ready for the barcoding kit workflow. The 159 

peptides then go through the same sample preparation steps as the purified protein (below and 160 

Figure 1C).  161 

 162 

The five full-length proteins (IFNg-BC032, PTEN-BC049, TAU441-BC051, UCHL1-BC075, 163 

and p53-BC096) were cloned in pET21(a) with (i) c-terminal FLAG tag for affinity purification, 164 

(ii) a flexible GS linker as a spacer between affinity tag and barcode, (iii) LysC-cleavage site, 165 

(iv) peptide barcode, (v) sortase tag, and an optional (vi) 6x His-tag. See Figure 1B for an 166 

overview of the final construct design. All vectors were transformed into E. coli strain 167 

BL21(DE3) (Genscript, New Jersey, USA) to express in Super Broth Auto-Induction Media 168 

(Grisp Research Solutions, Portugal) at 37°C, then transferred into 18°C for overnight shaking at 169 
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200 RPM. The purification was done with anti-FLAG antibody magnetic beads to selectively 170 

capture FLAG-tagged, barcoded proteins of interest using either Pierce™ Anti-DYKDDDDK 171 

Magnetic Agarose (ThermoFisher; Cat. No. A36797) or Anti-FLAG® M2 Magnetic Beads 172 

(MilliporeSigma; Cat. No. M8823). The optional primary or secondary purification was done 173 

using cobalt-based IMAC Talon Superflow (Cytiva, USA) resin. Enriched protein was buffer 174 

exchanged in 50 mM Tris-HCL pH 7.5, and 150 mM NaCl to be compatible with sortase 175 

reactions, and the concentration of each protein was quantified using A280 Nanodrop 176 

Spectrophotometer (Thermo Fisher Scientific). The full sequences of all five proteins are shown 177 

in Table S1A. 178 

 179 

Additionally, for the initial study (See Workflow section below) we also designed a synthetic 180 

peptide (BC265, DYKDDDDKGGGGSGGGGSKALQFRLFHTDDDLPETGH) and a version 181 

that lacked the GS linker and the lysine cleavage site between the GS linker and barcode 182 

(BC228, DYKDDDDKALQFRLFHTDDDLPETGH). We also designed two protein constructs: 183 

SARS-CoV2-S1-RBD domain (R319-F541) protein with FLAG tag, barcode sequence 184 

(ALQFRLFHTDDD), sortase tag, and optional 6xHis-tag was cloned into pcDNA 3.1 vector and 185 

expressed in HEK293 as a secreted protein. The full-length p53 protein with FLAG tag, barcode 186 

sequence (LFQARLFHTDDD), sortase tag, and optional 6xHis-tag was cloned into pET21 and 187 

expressed in E. coli by BPS Biosciences (San Diego, CA). The full sequences of these two 188 

proteins are shown in Table S1B. 189 

 190 

G-linker Production 191 

 192 

A peptide-DNA-streptavidin conjugate was used as the linker to position barcode peptides on the 193 

chip surface.  A DNA duplex was used as the structural scaffold to keep peptides away from the 194 

surface matrix. A fluorescent dye was conjugated to one end of the DNA with an amino modifier 195 

near the Streptavidin for loading quantification. The other end of DNA was modified with an 196 

O2’-propargyl adenosine as the conjugation handle for an aspartate-rich peptide spacer. The N-197 

terminus of the aspartate-rich peptide is modified with a polyG moiety as the sortase conjugation 198 

handle. The identity of the polyG-peptide-DNA-streptavidin conjugate (G-linker) was confirmed 199 

by SEC-MS on an Agilent QTOF system. 200 
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 201 

Workflow (Enrichment, Ligation, Cleavage) Development 202 

 203 

We carried out two different workflows through the course of the study. In the first version, 204 

Workflow A (Figure S1A), the protein is enriched via affinity tag using anti-FLAG antibody 205 

magnetic beads at a minimum sample input of 500 pmol. We then performed the sortase ligation 206 

reaction with Picolyl-Azide-Gly-Gly-Gly (Vector labs, USA) at 37°C for 1 hr; this reaction 207 

results in covalent attachment of barcoded protein or peptides to an azide handle. After washing 208 

away excess Gly-Gly-Gly-Picolyl-Azide, we then added K-Linker (Quantum-Si, USA). The 209 

barcode-ligated azide handle and DBCO moiety on the K-Linker were covalently attached via 210 

Strain-Promoted Alkyne-Azide Cycloaddition (SPAAC) click reaction at 37°C for 16 hours, then 211 

the excess K-Linker was washed away. Finally, barcode linked K-Linker was cleaved from 212 

protein using enterokinase (Invitrogen, USA) or LysC enzymes (Quantum-Si, USA) at 37°C for 213 

2 hours or longer. The prepared barcode libraries were then loaded and sequenced on the 214 

Platinum instrument. 215 

 216 

In the second version, Workflow B (Figure 1C, and Figure S1B), the protein is enriched via 217 

affinity tag using anti-FLAG antibody magnetic beads at a sample input of 50 fmol or higher. We 218 

then incubate with 100 nM G-linker and 2 uM Sortase A5 enzyme (Quantum-Si, USA) in sortase 219 

reaction buffer (50 mM Tris-HCL pH 7.5, 150 mM NaCl, and 5 mM CaCl2) at 37°C for 1 hr on 220 

thermomixer at 1000 RPM. This reaction results in covalent attachment of the G-linker to the 221 

barcoded protein, eliminating the need for click reactions from workflow A and reducing the 222 

required sample input 10,000-fold. Finally, the G-linker ligated barcode was cleaved from protein 223 

using LysC enzyme at 37°C for 2 hours on thermomixer at 1000 RPM. This step releases the 224 

barcode-ligated G-linker from the FLAG-enriched protein of interest or peptides still bound on 225 

beads. The G-linker allows direct and stable anchoring of barcodes to the semiconductor chip 226 

surface. The ligated barcode libraries were stored at –20°C until sequencing. 227 

 228 

Barcode Sequencing on Platinum 229 

 230 
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The sequencing of the barcodes was carried out on a Quantum-Si Platinum instrument according 231 

to the manufacturer’s instructions. Briefly, approximately 100 pM of the barcoded G-linker was 232 

loaded, followed by the removal of excess, unbound barcodes. All sequencing was performed with 233 

the Sequencing Kit V3 (https://www.quantum-si.com/resources/product-data-sheets/platinum-234 

instrument-and-sequencing-kit-v3-data-sheet/), which includes N-terminal amino acid (NAA) 235 

recognizers for 13 of the 20 canonical amino acids. Specifically, the kit contains a set of six NAA 236 

recognizers for LIV, FYW, and R, as previously described12, along with additional recognizers for 237 

AS, DE, and NQ (Figure 1A). The binding and dissociation of these NAA recognizers to the 238 

immobilized peptide barcodes are monitored in real time as individual on-off events. NAAs from 239 

immobilized peptides are sequentially cleaved by aminopeptidases, allowing the next amino acid 240 

to be exposed for NAA recognizers to bind (Figure 1A). This process is repeated throughout the 241 

10-hour run time. 242 

 243 

Data Analysis 244 

 245 

The Platinum instrument produces pulse calls as output of the raw sequencing data during real-246 

time data collection. The pulse calls were transferred to the Platinum Analysis Software. Initially, 247 

all runs were analyzed using the Primary Analysis v2.8.0, which produces recognition segments 248 

of detected regions of interest at the aperture level. Then all runs go through secondary analysis 249 

using the Peptide Alignment v2.9.0, which takes primary analysis as an input and aligns observed 250 

recognition segments to the barcode reference at the aperture level. The resulting aperture-level 251 

results are filtered with a threshold score of 4.0 or above, then False Discovery Rate (FDR) is 252 

calculated with 20 decoy peptides and a reverse sequence of the reference. In general, an FDR of 253 

10% or lower is required for a positive identification of barcodes. The number of apertures that 254 

pass strict filtering, FDR, and alignment are all grouped per barcode to plot the total number of 255 

alignments per run and total number of alignments for each barcode. Mean FDR is also calculated 256 

per identified barcode. 257 

 258 

Mean Absolute Percent Error  259 

 260 
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Mean Absolute Percent Error (MAPE) was computed for each experiment. For each barcode, 261 

percent error was computed by taking the absolute value of the predicted fraction minus the known 262 

fraction in the sample, and that result was divided by the true fraction. The mean of individual 263 

barcode percent errors across all samples is reported as the MAPE. 264 

 265 

 266 
 267 

Results 268 

 269 

Barcode construct design and testing 270 

 271 

As a first step in this study, we set out to design and test expression constructs for barcoded 272 

proteins. To achieve efficient enrichment of barcoded protein expressed in cell or tissue, we 273 

designed constructs containing a FLAG tag and a unique barcode sequence, followed by a 274 

sortase tag with an optional 6xHisTag (Figure 1B). We selected the FLAG affinity tag for 275 

several reasons: 1) it enables enrichment down to 15 fmol input from cell or tissue lysate; 2) it is 276 

easily accessible on the surface of the protein due to its charged residues and hydrophilic nature; 277 

3) its smaller footprint reduces folding issues usually associated with larger affinity tags on 278 

smaller proteins; and 4) it can easily be cleaved by endopeptidase enterokinase 279 

(enteropeptidases), which recognizes DDDDK of the FLAG affinity handle and digests C-280 

terminally to K. We also added a sortase tag as part of every barcode construct design to allow 281 

specific covalent modification to the barcode attached to the protein. Sortase A Pentamutant, an 282 

enzyme, is an engineered version of the wild-type sortase from Staphylococcus aureus that 283 

shows significantly higher activity than the wild-type sortase 20. Sortase belongs to a class of 284 

transpeptidases that utilize an active site cysteine thiol to modify proteins by recognizing and 285 

cleaving a carboxy-terminal sorting signal, LPXTG (where X is any amino acid), between the 286 

threonine and glycine residues. A nucleophile-containing poly-glycine sequence, (Gly)n (where n 287 

= 3 or more glycine residues), is used to attach a wide variety of labels such as peptides, DNA, 288 

carbohydrates, or fluorophores. 289 

 290 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 2, 2025. ; https://doi.org/10.1101/2024.12.31.630920doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.31.630920
http://creativecommons.org/licenses/by-nc-nd/4.0/


For the initial testing of this approach, we generated and loaded the following barcoded proteins 291 

on FLAG antibody beads: a synthetic peptide BC228, SARS-CoV2-S1-RBD, and p53. We then 292 

followed Workflow A as described in the Experimental Procedures section and shown in 293 

Figure S1A. The prepared libraries were then sequenced on Platinum. These steps resulted in 294 

successful sequencing, as shown in Figure S2A-C; however, the sample input was 500 pmol and 295 

the overall reaction time was 2 days. Thus, we focused on reducing the time and input 296 

requirements. We first created a unique G-linker, which contains polyG as a nucleophile for a 297 

sortase-mediated ligation (Figure 1B-C and Figure S1B). Elimination of the DBCO click 298 

reactions from the K-Linker allowed us to attach the barcode directly and load it onto the chip 299 

for sequencing. However, this introduces another issue, as the enterokinase has promiscuity with 300 

the G-linker, and it also has difficulty accessing the cleavage site while the FLAG antibody beads 301 

are bound to the FLAG tag on the barcoded protein. To eliminate these issues, a flexible GS 302 

Linker (GGGGSGGGGS) was added between the affinity handle and barcode sequence (Figure 303 

1B-C and Figure S1B). An additional amino acid, lysine (K), was also added between the spacer 304 

and N-terminus of the barcode sequence (e.g. BC265) to replace the enterokinase with LysC as a 305 

cleavage protease. LysC has no promiscuity with the G-linker, and LysC enzymatic cleavage 306 

separates the barcode from the FLAG-captured protein. The flexible GS Linker helps create a 307 

spacer for easy accessibility of affinity enrichment, allows flexible folding, and its hydrophilic 308 

nature helps keep the LysC cleavage site on the protein surface for easy accessibility.  309 

 310 

The combination of these unique tags, including the barcode, comprises less than 35 amino acids 311 

in length, minimizing structural folding complications arising from larger and bulky tags. This 312 

modified workflow also enables faster enrichment of barcodes from cell lysate to sequencing. 313 

Overall, these design changes with the newly created G-linker workflow as shown in Figure 1B-314 

C and Figure S1B resulted in unprecedented sensitivity, enabling a 10,000-fold reduction in 315 

sample input from 500 pmol down to 50 fmol (Figure S1B, Figure S2D). Furthermore, the total 316 

time from cell lysate to loading on chip was reduced from two days to less than six hours, with 317 

less than one hour of hands-on time. 318 

 319 

Following successful optimization of the workflow, we next refined the process for 320 

computational generation of barcodes (Figure 2). The barcodes are a unique sequence of 10 to 321 
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12 amino acids that are optimized for NGPS. We generated over a thousand barcodes, with each 322 

set containing 114 barcodes with equal sequencing capabilities, reduced bias, and low 323 

confusability between sequences, allowing random combination of any barcodes within a given 324 

pool (Figure 2B). For initial validation, we selected a set of eight peptide barcode sequences 325 

optimized for Platinum sequencing that reliably produce distinct sets of barcodes with minimal 326 

false discovery rates (FDR) (see Experimental Procedures and Figure S3A-B). These eight 327 

barcodes are shown in Table 1, and the resulting sequencing kinetics summary for each barcode 328 

is shown in Figure S4A-H.  329 

 330 
 331 

Normalization of barcodes in mixtures 332 

 333 

After selecting these barcodes, we then sought to derive a set of normalization factors to increase 334 

linearity and reduce bias in multiplex mixtures. We mixed all eight barcodes at equimolar 335 

concentration to produce 1:1 mixture of plexity of eight each at 3.125 pmol (62.5 nM), with total 336 

sample input of 25 pmol. The normalization factors were initially generated by performing over 337 

25 sequencing runs, resulting in over 200 data points from 1:1 mix, 10-fold, and 100-fold 338 

dynamic range mixtures of eight barcodes (Figure S5). Runs were repeated in triplicate and with 339 

loading at 33 pM, 100 pM, and 300 pM. To calculate the normalization factors, we took the raw 340 

alignments for each barcode on each run and divided by total alignments to generate raw 341 

observed fractions. These raw observed fractions were re-normalized by known expected 342 

Table 1: Summary of normalization factors used for each barcode. 
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fractions, resulting in a pre-normalization factor. The median pre-normalization factor was taken 343 

to re-normalize, generating final normalization factors as shown Table 1 and Figure S5. 344 

 345 

Normalization and reproducibility in 8-barcode mixtures 346 

 347 

We performed an additional eight runs of 1:1 equimolar mix of all eight barcodes at 25 pmol 348 

total sample input and then applied the above established normalization factors to extract relative 349 

abundance of each barcode. As shown in Figure 3A, the alignments were converted to 350 

Figure 3: Normalization and reproducibility in 8-barcode mixtures.  A) Schematic of 
normalization workflow showing the strategy for converting raw alignments to normalized 
alignments, enabling calculation of inferred relative barcode fractions. B) Alignments were 
normalized and relative fraction recovered for eight runs containing 1:1 eight-barcode 
mixtures. C) False Discovery Rate (FDR) for normalized alignments across all eight runs; red 
dotted line indicates 10% FDR. D) Performance summary of recovered inferred fractions for 
all eight runs plotted individually. MAPE=mean absolute percent error. 
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normalized alignments by dividing the normalization factor for each barcode, then each of the 351 

normalized alignments was divided by the sum of normalized alignments to extract the relative 352 

fraction of each observed barcode. The cumulative plot of normalized alignments for each 353 

barcode across eight runs is shown in Figure 3B. All eight barcodes were successfully identified 354 

with an FDR below the 10% cutoff (Figure 3C), and the relative abundance from each run 355 

showed ~25% MAPE (Figure 3D), indicating high accuracy. These results establish the 356 

reproducible recovery of eight barcodes in expected ratios across multiple runs. 357 

 358 

Limit of detection 359 

 360 

Next, we tested the limit of detection (LOD) at 25 pmol total input, where each barcode is either 361 

at 5 pmol or lower in a plexity of eight. In this experiment, we kept seven barcodes at 1:1 362 

Figure 4: Limit of detection (LOD) for all eight tested barcodes. A) Alignments 
were normalized for a 10-fold dynamic range titration; in this example, the least 
abundant barcode (BC032) was positively identified at ~400 fmol input. B) 
Inferred fraction vs. true fraction for the data in 4A. C) LOD values in an eight-
plex mixture for each barcode tested in this study. 
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equimolar mix (3.52 pmol each) and varied one barcode by 10-fold lower (0.352 pmol) input 363 

concentration. We performed eight total runs, varying one barcode per run to cover all eight 364 

barcodes at the lowest input of 352 fmol. We found that four barcodes were successfully 365 

recovered (defined as >20 alignments and <10% FDR) at the lowest concentration tested 366 

(BC049, BC067, BC075, BC096). However, four barcodes had higher than 10% FDR (BC028, 367 

BC032, BC051, BC079) when tested at the lowest input. We then repeated the runs for these four 368 

barcodes, increasing the lowest input to 410 fmol. This resulted in successful identification of the 369 

four remaining barcodes at <10% FDR (BC028, BC032, BC051, BC079). Figure 4A shows an 370 

example dataset for the run with BC032 at the lowest input, and Figure 4B shows the true 371 

fraction plotted against the inferred fraction for this run, resulting in an MAPE of 10.7%. These 372 

results demonstrate the relative abundance recovered from the LOD experiment of barcode 32 at 373 

the lowest input correlates well with the expected fraction. Likewise, when plotting the expected 374 

barcode fraction against the inferred fraction across all eight LOD runs, the calculated 375 

cumulative MAPE was 30%. Therefore, the LOD for all eight barcodes were determined to be 376 

410 fmol or below (Figure 4C). 377 

 378 

Dynamic range 379 

 380 

We next set out to determine the dynamic range of barcode concentrations measurable within an 381 

eight-barcode mixture. We produced 10-fold dynamic ranges by randomly mixing barcodes at 1x 382 

(BC051), 0.75x (BC028, and BC096), 0.5x (BC075, and BC079), 0.25x (BC032, and BC049), 383 

and 0.1x (BC067). As shown in Figure 5A, we identified all barcodes with an FDR < 10%, and 384 

the recovered relative abundance shows a good linear correlation after normalization, with an R2 385 

of 0.9 and MAPE of 13.9% (Figure 5B). Next, we scrambled these ratios within the same 10-386 

fold dynamic range and performed three different mixes with different barcodes at the 0.1x level 387 

(BC032, BC049, and BC075); all mixes with three repeats resulted in successful sequencing as 388 

shown in Figure S6, with calculated MAPE of 24.3%, 15.9%, and 22.9%, respectively.  389 

 390 

We then tested the reproducibility and robustness of our approach in recovering an unknown 391 

dilution within a 10-fold dynamic range. We performed eight additional runs for a 10-fold 392 

dynamic range with barcodes at 1x (BC028), 0.75x (BC032, and BC049), 0.5x (BC051, and 393 
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BC067), 0.25x (BC075, and BC079), and 0.1x (BC096), as shown in Figure 5C for the 394 

normalized alignments and Figure 5D for the plots of FDR for each barcode. These results show 395 

that all eight barcodes were successfully identified across all runs with FDRs <10%. In addition, 396 

the recovered relative abundance plotted against the true expected fraction from each run showed 397 

an MAPE of 21.5%. These results indicate that with an eight-plex barcode mixture with a total 398 

input of 25 pmole and the lowest concentration barcode at ~500 fmol, all eight barcodes are 399 

recovered across a 10-fold dynamic range that is still within the LOD.  These results demonstrate 400 

the robustness of the assay and workflow across a wide range of relative abundances. 401 

 402 

 403 

Figure 5: Ten-fold dynamic range of eight barcodes. A) Alignments were normalized 
for a ten-fold dynamic range titration at the following levels:  1x (BC051), 0.75x 
(BC028, and BC096), 0.5x (BC075, and BC079), 0.25x (BC032, and BC049), and 
0.1x(BC067). B) Inferred fraction vs. true fraction for the data in (A). C) Normalized 
alignments for eight runs at the following titration levels: 1x (BC028), 0.75x (BC032, 
and BC049), 0.5x (BC051, and BC067), 0.25x (BC075, and BC079), and 0.1x (BC096). 
D)  FDR for the same runs shown in (C); red dotted line indicates 10% FDR cutoff.  
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Performance on a mixture of five proteins 404 

 405 

Finally, we sought to test the performance of the barcoding workflow in the context of full-length 406 

protein expression. We generated five barcoded protein constructs, as shown in Figure 6A. 407 

These five (IFNg-BC032, PTEN-BC049, TAU441-BC051, UCHL1-BC075, and p53-BC096) 408 

were all individually expressed and purified, and the purified barcoded proteins were mixed at 409 

1:1 equimolar ratios (5 pmol per barcoded protein, for a total of 25 pmol) and subjected to the 410 

same purification and sequencing workflow as the synthetic barcodes. We prepared eight 411 

libraries of this five-protein mix to test the robustness of assay across two lots of Barcoding Kit, 412 

two lots of sequencing kits, four lots of chips, four different Platinum instruments, and two 413 

operators. The normalized alignments for all eight runs of five-protein mixes show positive 414 

identification of all five barcodes (Figure 6B), with FDR less than 10% (Figure 6C). Across all 415 

Figure 6: Equimolar mix of five barcoded proteins. A) Summary and characteristics of the 
five proteins tested in this study. MW=Molecular Weight. B) Normalized alignments 
recovered across eight runs containing the five proteins mixed at equimolar 
concentrations. C) FDR across the eight runs shown in (B); red dotted line indicates 10% 
FDR cutoff. D) Performance summary of recovered inferred fractions for all eight runs 
plotted individually.  
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eight runs, the MAPE ranged from 2.0% to 38.4%, with an average of 16.7% (Figure 6D).  416 

These results demonstrate that the barcoding approach can accurately recover relative 417 

abundances in a mixture of full-length proteins. 418 

 419 

Discussion 420 

 421 

In this study, we successfully designed and tested a set of barcode constructs for efficient protein 422 

labeling and subsequent protein sequencing. Overall, we conducted over 100 protein sequencing 423 

runs on over 50 chips, including 10 different lots of sequencing chips, 5 different lots of 424 

sequencing reagent kits, and 2 different barcoding kits, all producing an overall MAPE of 24.4% 425 

with 95% confidence interval (CI). Over a thousand barcode sequences were generated as part of 426 

this effort, with eight optimized peptide sequences chosen for subsequent validation. These 427 

barcodes were coupled with affinity tags, flexible linkers, LysC cleavage sites, and sortase tags to 428 

enhance barcode enrichment, reduce folding issues, and ensure effective isolation and labeling of 429 

proteins. Optimization of the expression construct design also reduced the sample input 430 

requirement 10,000-fold (500 pmol to 50 fmol) and the hands-on time to less than one hour. 431 

 432 

Our analysis of barcode normalization and plexity showed successful sequencing and 433 

quantification across a 10-fold dynamic range, with relative abundances recovered with high 434 

accuracy (MAPE < 25%) across multiple runs. In testing the limit of detection (LOD), barcodes 435 

as low as 352 fmol input were identifiable in an eight-plex mixture, and 50 fmol for single 436 

proteins. Additionally, when applying this system to a mixture of five proteins expressed in E. 437 

coli, all proteins were successfully identified with FDR < 10% and a MAPE of 16.7%. These 438 

results validate the robustness, accuracy, and sensitivity of the barcoding system for multiplexed 439 

proteomics applications.  440 

 441 

The ability to accurately normalize barcode abundance across a tenfold dynamic range and detect 442 

barcodes at low concentrations (down to 50 fmol) aligns with the need for sensitive, quantitative 443 

protein analysis in a variety of applications. However, to achieve successful recovery of relative 444 

abundance with high accuracy, it is critical to design experiments that balance the sample input, 445 

plexity, and dynamic range, all of which impact the LOD. The sample input directly correlates 446 
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with the plexity and dynamic range, which then determines the relative fraction of barcodes from 447 

lowest to highest abundance. Several key factors can influence sample input, including host 448 

expression system, localization, and the target protein. An increase in plexity results in reduced 449 

dynamic range, which then requires increased sample input. Therefore, it is necessary to consider 450 

all of these factors to achieve the target LOD for a given experiment. 451 

 452 

Protein barcoding with NGPS has the potential to overcome several limitations of traditional 453 

protein analysis methods, such as mass spectrometry and direct labeling. By leveraging the 454 

power of NGPS on Platinum for single-molecule resolution, our approach enables precise 455 

detection and quantification of protein variants without the need for expensive equipment. In 456 

addition, the ability to monitor protein behavior and interactions with minimal disruption to 457 

native protein function (due to the compact size of the affinity/barcode tags) is particularly 458 

valuable in complex biological systems. Our findings also support the growing role of protein 459 

barcoding in applications like nucleic acid therapy delivery, where direct tracking of protein 460 

delivery and function is essential. By ensuring high-fidelity protein sequencing with a broad 461 

dynamic range, this work demonstrates how protein barcoding, when paired with NGPS, offers a 462 

versatile, scalable, and accessible solution for advancing protein characterization and functional 463 

screening. 464 

Looking ahead, one of the key areas for future development is the scaling up of barcode numbers 465 

to enable more complex and diverse proteomic analyses. Expanding the barcode library to 466 

include hundreds or even thousands of unique peptide sequences could significantly enhance the 467 

versatility of this approach, enabling high-throughput screening and the ability to track a larger 468 

number of proteins or protein variants simultaneously. This will require continued development 469 

and validation of barcode design to ensure minimal cross-reactivity and false discovery rates as 470 

the complexity of the library increases. Additionally, incorporating advanced computational tools 471 

for data analysis and barcode normalization will be essential to handle the higher multiplexity 472 

and the increased amount of sequencing data. Another promising direction is the demonstration 473 

of protein barcoding in vivo. While our current work focuses on in vitro systems, applying this 474 

technology in living organisms presents exciting opportunities to track protein behavior, 475 

localization, and interactions within physiological contexts. Combining protein barcoding with 476 
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tissue-specific expression systems could provide insights into protein dynamics in disease 477 

models, drug discovery, and gene therapy applications. Ultimately, these advancements will 478 

broaden the scope of protein barcoding, making it a powerful tool for both basic research and 479 

translational studies in diverse biological and clinical settings. 480 

Limitations of Study 481 

 482 

There are several limitations to this protein barcoding approach that warrant consideration. One 483 

key challenge is the potential for barcode interference, particularly in highly complex biological 484 

samples where overlapping or similar peptide sequences could lead to cross-reactivity or 485 

inaccurate identification. While the use of a carefully optimized set of barcodes with distinct 486 

sequences minimizes this risk, the scalability of this method may be impacted when increasing 487 

the number of barcodes or when working with particularly complex proteomes. Additionally, 488 

while our approach demonstrated high sensitivity and low detection limits in vitro, achieving 489 

successful sequencing at extremely low concentrations (i.e., below 50 fmol) still requires careful 490 

optimization of sample preparation protocols and sequencing conditions. Lastly, while protein 491 

barcoding enables precise tracking of protein identity and abundance, it still requires careful 492 

validation in diverse experimental contexts to ensure that barcode incorporation does not affect 493 

the native function or interactions of the protein(s) of interest. 494 
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