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Rapid Screening of TCRmAntibody Based on Micro-well Array for

Cancer Immunotherapy
Chenchang Jiang

Shenzhen College of International Education

Abstract

The discovery of T-cell receptor mimic (TCRm) antibodies remains a bottleneck

in translational immunotherapy due to the low efficiency and long timelines of

conventional hybridoma and phage display platforms. Here, we present a rapid

single-cell screening approach using an agarose micro-well array capable of capturing

~3.5×105 cells per chip. This platform achieved ~90% single-cell occupancy and

identified ~2% of wells as antigen-specific antibody secreting cells, corresponding to

an estimated ~6.3×103 candidate clones per screening. Compared to limiting dilution

cloning, which yields only ~10-30% efficiency and requires weeks of sequential

subcloning, our system enabled primary fluorescence-based readout within 3-4 hours

and downstream validation via flow cytometry and confocal imaging within days. By

eliminating antigen pre-coating and reducing reagent consumption, this pipeline

shortens the antibody discovery timeline while maintaining functional validation

within a single experimental workflow. This advantage is particularly applicable for

TCRm antibodies, which target intracellular antigens presented on MHC and are

notoriously rare and difficult to isolate compared to conventional monoclonal

antibodies. Although validation was limited to in vitro assays, these proof-of-concept

results demonstrate a scalable and cost-effective improvement to traditional methods,

with the potential to accelerate preclinical development of therapeutic TCRm

antibodies.

Keywords: T-cell receptor mimic antibody, immunotherapy, microwell array,
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1. Introduction

Cancer remains one of the leading causes of mortality worldwide, accounting for

approximately one in every six deaths1. Conventional treatment

modalities—including surgery, chemotherapy, and radiation therapy—form the

backbone of clinical oncology but exhibit significant limitations. Surgical resection

often fails to remove microscopic disease completely, necessitating combination

therapies, while chemotherapy and radiotherapy are hindered by systemic toxicity and

the risk of recurrence due to tumour heterogeneity2.

In contrast, immunotherapy represents a paradigm shift by leveraging the

patient’s own immune system to selectively target cancer cells. Among

immunotherapies, immune checkpoint inhibitors, targeting programmed cell

death-1/programmed cell death-1 ligand (PD-1/PD-L1) and cytotoxic T lymphocyte

antigen-4 (CTLA-4), have demonstrated remarkable clinical efficacy in otherwise

refractory cancers, including metastatic melanoma and non-small-cell lung cancer3-5.

Yet, despite these advances, immune checkpoint blockade alone benefits only a subset

of patients. As a result, combination strategies are actively being pursued to enhance

responsiveness and durability of therapeutic benefit6, 7.

Beyond checkpoint inhibition, therapeutic monoclonal antibodies (mAbs) have

become indispensable in oncology, serving as tumour-targeting agents, antibody-drug

conjugates (ADCs), and bispecific T-cell engagers (BiTEs)8-10. These antibodies,

developed primarily through hybridoma technology and phage display platforms,

have enabled the development of highly specific biologics with improved therapeutic

indices11-13. Hybridoma-based techniques allow for in vivo affinity maturation and

full-length immunoglobulin G (IgG) production, whereas phage display permits

high-throughput screening and the generation of fully human antibodies with reduced

immunogenicity8, 14.

However, a key challenge persists: conventional antibody discovery pipelines are

costly, time-intensive, and involve complex engineering steps, such as enzyme-linked

immunosorbent assay (ELISA) for hybridoma cell screening, and antibody
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humanization in phage display15, 16. Accelerating early-phase antibody screening while

reducing costs is therefore a critical unmet need in cancer immunotherapy. Recent

advances in microfabrication and biomaterials have opened the door for cost-effective

antibody screening platforms17, 18. Traditional methods for antibody validation and

hybridoma cell line screening require limited dilution, which is time consuming,

inefficient, and probabilistically disadvantaged19. Recently developed methods often

require coating microarrays with antigen-specific antibodies or recombinant

antigens—a process that is laborious, expensive, and not easily scalable, and therefore

highly limiting in terms of throughput20, 21.

In contrast, agarose-based micro-well arrays offer a versatile and economical

alternative22. Agarose is biocompatible, easy to process, and potentially provides

structural integrity for trapping single cells in defined wells, allowing for greater

scalability and eliminating the need for antibody pre-coating while reducing material

waste23.

Building on this principle, we successfully developed a single-cell micro-well

chip composed of agarose and polydimethylsiloxane (PDMS) molds, enabling

high-throughput screening of T-cell receptor mimic (TCRm) antibodies at the

single-cell level. Unlike conventional antigen-coated arrays, this approach captures

hybridoma or cancer cells directly in micro-wells, streamlining subsequent

antibody-antigen interaction assays. Our system provides rapid and high-resolution

insights into antibody specificity and binding efficacy. This platform demonstrates a

scalable, cost-effective, and high-throughput alternative to conventional antibody

screening pipelines. By minimizing reagent consumption, eliminating antigen

pre-coating steps, and providing real-time single-cell resolution, our approach has the

potential to accelerate preclinical antibody discovery for immuno-oncology

applications. Future improvements could incorporate automated cell-loading,

integrated imaging analytics, and microfluidic enhancements, paving the way for

industrial-scale screening platforms and personalized immunotherapy development.20
25
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Scheme 1. Schematic illustration of the workflow of rapid screening of TCRm
antibody based on micro-well array. Step 1 Preparation of the microwell chip:
Agarose is cast into a PDMS mold to form a microwell array suitable for single-cell
isolation. Step 2 Preparation of the single-cell array: Hybridoma cells are seeded into
the microwell chip to achieve single-cell distribution. Step 3 Characterization of the
single-cell array: Microscopic observation confirms the formation of a single-cell
array containing approximately 350,000 individual cells. Step 4 Detection of
antigen-specific antibody-secreting cells (ASCs): Fluorescence-labeled antigen is
applied to identify hybridomas secreting antigen-specific antibodies. Step 5 Retrieval
of single cells for verification: Selected hybridomas are retrieved for further culture,
antibody purification, and binding verification via flow cytometry and confocal
microscopy.

2. Methods&materials

2.1. Cell and reagents

Hybridomas were cultured in RPMI 1640 culture medium supplemented with

10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) (complete culture

medium). KMS26 and AU565 cells were cultured in DMEM culture medium with

10% FBS and 1% P/S. All cells were cultured under 37 °C with 5% CO2.

2.2. The preparation of microwell array

A 1% (w/v) agarose solution was prepared by dissolving 1 g of agarose powder in

100 mL of distilled water. The solution was heated in a microwave oven to ensure complete

dissolution, then cooled to approximately 80 °C for 20 minutes. A total of 800 μL of the

agarose solution was pipetted onto a polydimethylsiloxane (PDMS) mold, followed

immediately by the placement of a pre-cleaned glass coverslip to form a thin, uniform gel

layer. After cooling at room temperature for 10 minutes, the agarose solidified into a

structured micro-well array with high cohesion and defined micro-wells. Coverslips were
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washed with distilled water, and PDMS molds were cleaned by gentle tapping to remove dust

and residual agarose. The PDMS mold was then placed in a standard 6-cm diameter cell

culture dish and immersed in 1% PBS buffer solution under UV light., stored in a biosafety

cabinet.

2.3. The preparation of single-cells array

Frozen hybridoma cells were thawed in a 37.0 °C water bath and vortexed until

homogeneous. The suspension was centrifuged at 1000 rpm for 4 minutes, and the supernatant

was discarded. The pellet was resuspended in RPMI1640 complete culture medium. A 500 μL

aliquot of the hybridoma suspension was gently applied to the agarose micro-well array

surface dropwise and incubated for 15 minutes in 37.0 °C with 5% CO2 to allow cells to settle

into individual wells. Excess liquid was carefully removed by pipetting. Two rounds of

phosphate-buffered saline (PBS) washing (1000 μL each) were performed to remove

untrapped or loosely attached cells. Microscopic images of the resulting single-cell arrays

were captured using a digital camera attached to a light microscope. All experiments were

independently repeated three times using separate microwell chips to ensure reproducibility.

Negative controls included antigen-negative cell lines and isotype antibody controls where

appropriate.

2.4. The detection of secreting antibody

If cell trapping was unsuccessful, the preparation of single-cell array was repeated.

Fluorescent secondary antibodies Anti-Mouse IgG Fab2 Alexa Fluor (R) 594 Molecular

probes were then added to the single-cell microarray chip in a 1:200 ratio relative to saturated

culture media. Successful binding was then screened and observed as rings of red

fluorescence around individual wells under infrared light and photographed via light

microscope.

2.5. The screening of secreting antigen-specific antibody

The antigens were labelled with Alexa Fluor 647 (red) fluorescence using Alexa Fluor

Succinimidyl Esters (Thermofisher scientific) following the manufacturer’s instructions. The

labeled pHLA was added into RPMI-1640 medium at a final concentration of 10 μg/mL in a
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6-cm plate containing a single cell microwell chip loaded with hybridomas. The hybridomas

were cultured for 3 hours in a CO2 incubator. Following incubation, the single cell microwell

chip were scanned and imaged using fluorescence microscope. The red fluorescence ring

around a single hybridoma indicated antigen-specific antibody binding. In contract, the

absence of an fluorescence ring surrounding a single hybridoma was considered no antibody

or non-specific antibody secretion. Using the single cell obtaining device, fluorescence rings

surrounding hybridomas on the single cell microwell chip were analyzed; selected single

hybridomas were automatically isolated and transferred into individual wells of a 96-well

plate for further clonal expansion and antibody production. Across three independent runs, the

retrieval success rate of selected clones averaged ~70%, with the majority of recovered cells

remaining viable for subsequent expansion.

2.6. Flow cytometry

Samples consisting of 30 μL of KMS26 and AU565 cancer cell lines were prepared in

Eppendorf tubes. For each type of TCRm antibody under investigation, 1 μL was pipetted into

its designated micro-well, aligned with corresponding single cells on the array. After a

30-minute incubation, fluorescently labeled secondary antibodies (1 μL, diluted in 100 μL of

ddH2O) were added to each well, followed by an additional 30-minute incubation. The array

was centrifuged at 1200  rpm for 3 minutes to remove unbound antibodies. Supernatant was

discarded and replaced with 300 μL of PBS. Following washing, samples were imaged under

a light microscope to visualize fluorescent signals indicating successful antibody binding.

2.7. Confocal fluorescent microscope

To validate the binding specificity of the TCRm antibodies, samples were further

processed for confocal fluorescence microscopy. Cell suspensions were centrifuged and

diluted to a final volume of 2.4  mL with PBS. Then, 10  μL of each TCRm antibody (10

antibodies) was added into separate cell samples (KMS26 or AU565), respectively.

Fluorescent secondary antibodies used for detection included Fab2 Alexa Fluor® 594-labeled

anti-mouse IgG (Molecular Probes), prepared at a 1:200 dilution in saturated culture medium.

Fluorescence imaging was performed to assess the localization and intensity of antibody
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binding at the single-cell level, providing a rapid and visual means of screening candidate

TCRm antibodies.

3. Results

3.1. The characterization of microwell array

To evaluate the physical integrity and structure of the agarose-PDMS micro-well array,

we fabricated chips using 1% agarose and imaged them under bright-field microscopy. As

shown in Figure 1a, the micro-wells exhibited uniformity in size and consistent spacing, with

scale bars indicating 120 to 500  μm, suitable for capturing single cells. These observations

confirm that the agarose-based array successfully meets the geometric requirements for

single-cell screening, demonstrating feasibility for subsequent functional assays.

3.2. The characterization of single-cell array

To verify the efficiency of single-cell occupation, hybridoma suspensions were deposited

on the microwell arrays and observed microscopically following washing. Figure 1b displays

examples of occupied and unoccupied wells, demonstrating that cells could be isolated

reliably in individual chambers without overlap or aggregation. The successful formation of

single-cell arrays is critical for downstream functional analysis, confirming the system’s

compatibility with compartmentalized screening protocols. Figure 1c represents quantitative

analysis of single-cell occupancy rate, with approximately ~90% occupation rate across n = 6

randomly selected fields. This reflects the high success rate of cell occupation in our method,

coinciding with our goals of achieving high-throughput in antibody screening. Notably, the

observed occupancy rate (~90%) significantly exceeded the theoretical single-cell occupancy

predicted under limiting dilution at μ≈0.3 (~22%, p < 0.01, Chi-square test), underscoring the

efficiency of the microwell approach.
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Figure 1. The characterization of microwell chip and single-cell array. (a) Image of the prepared
agarose microwell array cast in a 3.5-cm Petri dish, shown under low magnification, with progressively
magnified views highlighting the uniform arrangement and consistent dimensions of the microwells
(scale bars: 500 μm, 500 μm, 120 μm). (b) Representative bright-field images following hybridoma cell
seeding, demonstrating uniform distribution of individual cells within microwells (scale bars: 420 μm,
100 μm, 60 μm). (c) Quantitative analysis of single-cell occupancy rate, showing a high proportion of
wells containing single cells (mean ± SD, n = 6 randomly selected fields, across n = 3 technical
replicates).

3.3. Successful detection of secreting antibody

To detect general antibody secretion, Alexa Fluor 594-conjugated secondary antibodies

were added to the hybridoma-loaded microwell arrays. As illustrated in Figure 2a, and

magnified specific examples in Figure 2b, hybridomas secreted varying levels of IgG

antibodies, visualized by red fluorescent rings encircling the wells. Varying degrees of

secretion were compared in complementary couples in Figure 2b: strong secretion, cell

present (1); no secretion, cell present (2); weak secretion, cell absent (3); and weak secretion,

cell escaped (4). Figures 2c displays a quantitative analysis of the varying degrees of secretion

across n = 6 randomly selected fields. Approximately ~96% of cells showed no secretion,

with approximately 2% and 1% showing weak and strong secretion respectively. The measure

of high discrimination (1% measure of strong secretion) reflects a high degree of specificity,

coinciding with our goals of screening for high-specificity antibodies. This

fluorescence-based classification demonstrates that the microarray platform effectively

distinguishes hybridoma clones based on secretion intensity at the single-cell level.
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Figure 2. The successful detection of secreting antibody using fluorescence-labeling antibody. (a)
Representative bright-field (BF) and merged fluorescence images showing single hybridoma cells
seeded in microwells, with secreted antibodies detected via AF-647–labeled antigen binding (red
signal). Wells containing secreting cells display localized fluorescence halos surrounding the cell.
Scale bar: 380 μm. (b) Higher magnification BF and merged images illustrating examples of strong
secretion, cell present (1); no secretion, cell present (2); weak secretion, cell absent (3); and weak
secretion, cell escaped (4). Scale bar: 60 μm. (c) Quantification of detection rates for strong, weak, and
non-secreting hybridoma cells (n = 6 random fields; error bars = SD; across n = 3 technical replicates).

3.4. Rapid screening of secreting antigen-specific antibody

To evaluate antigen specificity, AF647-labeled peptide-MHC complexes were added to

hybridoma-containing arrays, followed by imaging under fluorescence microscopy. In Figure

3a, red fluorescence rings indicated specific antigen binding, while wells without such rings

represented either non-secreting or non-specific antibody-secreting cells. Figure 3b

represented a magnification of cells 1 and 2 selected as examples in Figure 3a, illustrating the

difference between secreting cells and non-secreting/non-specific cells. Figure 3c represents

quantitative analysis of occupation rate of antigen-specific cells. With an occupation rate of

approximately 2% across 6 randomly selected fields, the high specificty of antibody secreting

cell lines detected further support our goal of screening for highly specific antibodies. The

system reliably distinguished specific binders from background, validating its capacity for

functional TCRm antibody screening without the need for antigen immobilization.
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Figure 3. The successful detection of secreting antibody using fluorescence-labeling antigen. (a)
Merged AF-647 fluorescence and bright-field (BF) images of microwells containing single hybridomas,
with antigen-specific secretion indicated by strong AF-647 signals (well 1) compared to absence of
signal (well 2). (b) Enlarged views of wells 1 and 2 confirm antigen-specific secretion in well 1 and no
detectable secretion in well 2. (c) Quantification of detection results showing the proportion of
antigen-specific ASCs versus wells with no detection (mean ± SD, n = 6 random fields per chip, across
n = 3 technical replicates).

3.5. The verification of antibodies using Flow cytometry

To quantitatively assess specificity of TCRm antibody candidates, flow cytometry was

conducted using KMS26 and AU565 cancer cell lines. As shown in Figure 4a-4b, a panel of

antibodies (Ab-1 to Ab-7) exhibited variable binding ability, with Ab-3 (5.4%) and Ab-4

(4.4%) displaying higher positivity compared to others (1.3%-3.7%). These results indicate

that the screening platform can effectively triage TCRm clones based on antigen recognition

capability, providing a scalable and semi-quantitative readout.

Figure 4. Purified antibody verified using flow cytometry. (a) Representative histograms showing
binding of purified antibodies (Ab-1 to Ab-7) to target cell lines KMS26 and AU565 (representative
histograms from one of n = 3 technical replicates). Percentage values (in red) indicate the proportion of
cells positively stained with anti-mouse IgG-AF488 for each antibody. (b) Overlay plots of all seven
antibodies for each cell line, illustrating differences in binding profiles. High binding is observed for
Ab-6 and Ab-7 against KMS26, and for Ab-7 against AU565, indicating antigen specificity, while
other antibodies display low or negligible binding.

3.6. The specific binding of antibodies to tumor cells using

fluorescence imaging

To further validate antigen-specific binding at the cellular level, KMS26 and AU565

cells were incubated with selected antibodies and analyzed by confocal microscopy. KMS26

is a tumor cell line known to express the target antigen, whereas AU565 lacks this target and

serves as a negative control. Based on the flow cytometry results (Figure 4a-4b), Ab-6 and
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Ab-7 exhibited the strongest binding activity among all candidates, and were therefore

selected for additional imaging experiments.

As shown in Figure 5a-5b, clear AF488 fluorescence was observed on the surface of

KMS26 cells treated with Ab-6 and Ab-7, while AU565 cells displayed negligible signals.

The green AF488 signal was predominantly localized at the cell membrane, consistent with

antigen-specific binding, while DAPI staining confirmed nuclear localization. Together, these

results confirm that antibodies identified through the micro-well screening platform not only

bind effectively to their intended antigen but also retain this specificity in intact cancer

cells.

Figure 5. Verification of purified antibodies using confocal fluorescence microscopy.
Representative confocal images showing binding of purified antibodies Ab-6 and Ab-7 to KMS26 cells
(top row) and lack of detectable binding to AU565 cells (bottom row) (representative confocal images
from one of n = 3 technical replicates). (a) AF488 channel images show antibody binding visualized
with Alexa Fluor 488 (green). (b) Merged images with DAPI-stained nuclei (blue) highlight the
cellular localization of antibody binding. Scale bars: 50 μm (a) and 100 μm (b).

3.7. Comparative performance with limiting dilution

To contextualize the performance of our agarose microwell array, we compared its

statistical outcomes to traditional limiting dilution cloning. The Poisson distribution

governing limiting dilution predicts that, at μ≈0.3 cells/well, only ~22% of wells will contain

exactly one cell while ~74% remain empty, necessitating multiple rounds of recloning and

yielding reported single-cell cloning efficiencies of only ~10-30%24. By contrast, our platform

achieved ~90% single-cell occupancy (Fig. 1c), with ~2% of wells showing antigen-specific
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secretion (Fig. 3c). Extrapolated to the ~3.5×105 microwells per chip, this corresponds to

~6.3×10³ candidate wells identified in a single screen. Detection occurred within hours via

fluorescence (Figs. 2-3) and was confirmed by flow cytometry and confocal imaging (Figs.

4-5), compressing a workflow that ordinarily requires weeks into a single experimental cycle.

This compression of screening into a single cycle, with hours-scale primary readout (Figs. 2-3)

and downstream confirmation (Figs. 4-5), highlights the microwell array’s superior

throughput and sensitivity. A side-by-side statistical summary is presented in Table 1.

Metric
Limiting dilution
(hybridoma)

Agarose microwell array
(this study)

Linked
Figures

Throughput per run
~10²–10³ wells (96–384

plates)
~3.5×10⁵ wells per chip

Scheme 1;
Fig. 1a

Single-cell occupancy
Poisson at μ≈0.3 →

~22% single-cell, ~74%
empty

~90% single-cell
occupancy

Fig. 1c

Antigen-specific “hit”
rate

Typically requires
multiple ELISA rounds;

low

~2% of occupied wells
antigen-specific

Fig. 3c

Time to readout
Days–weeks (growth +
ELISA, recloning)

Hours (fluorescence) to
days (flow/confocal)

Figs. 2–5

Rounds to
monoclonality

≥2-3
1 (chip enforces
single-cell)

Fig. 1b–c

Expected
antigen-specific
clones/run

Highly variable; often
low

~6.3×10³ = (3.5×105×0.9 ×
0.02)

Fig. 1c; Fig.
3c

Reagent use / cost
High (antigen coating,

ELISA reagents,
subcloning)

Lower (no pre-coating;
localized diffusion)

Methods,
Fig. 2a–c

Table 1. Comparative statistics between limiting dilution and microwell array screening. Values
for limiting dilution cloning efficiency (~10-30%) are from de St Groth & Scheidegger (1980)24. All
microwell array metrics (throughput, occupancy, antigen-specific detection rate) are derived from this
study (Figs. 1-3). “Expected antigen-specific clones/run” was estimated as total wells (3.5×105) × mean
occupancy (~0.9) × antigen-specific frequency (~0.02). Time to readout and reagent use are
approximate and reflect standard workflows (ELISA and recloning for limiting dilution vs
fluorescence/flow cytometry for microwell arrays). Abbreviations: ELISA, enzyme-linked
immunosorbent assay.20
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4. Discussion

The present study establishes a proof-of-concept for an agarose micro-well array

platform designed to overcome the inefficiencies of conventional antibody discovery. By

integrating single-cell isolation with fluorescence-based secretion assays, flow cytometry, and

confocal imaging, we achieved a complete pipeline from screening to validation within days

rather than weeks. Our platform demonstrated ~90% single-cell occupancy and ~2%

antigen-specific detection (Figs. 1–3), translating into ~6.3 × 103 candidate clones per chip. In

contrast, limiting dilution cloning is statistically constrained by Poisson distribution, typically

yielding only ~10–30% efficiency and requiring multiple rounds of recloning24. These

comparative results (Table 1) highlight the superior throughput, speed, and sensitivity of the

microwell approach.

A critical advantage of the agarose micro-well array is its ability to preserve local

microenvironments around individual cells. In conventional limiting dilution or bulk assays,

secreted antibodies rapidly diffuse into the culture medium, lowering local concentrations and

raising the risk of false negatives. In the microwell format, antibodies remain

compartmentalized, creating localized zones of high concentration around secreting cells.

This greatly enhances detection sensitivity and allows discrimination between strong, weak,

and non-secreting clones (Fig. 2). Such compartmentalization also reduces the risk of

cross-contamination between clones, a recurring challenge in supernatant-based ELISAs.

These design features explain, at least in part, the superior resolution and specificity we

observed relative to traditional approaches.

Another critical consideration is the minimization of false positives and negatives. In

traditional supernatant-based ELISAs, antibody diffusion can cause false positives through

cross-well contamination, while dilutional effects contribute to false negatives by lowering

local antibody concentration below detection thresholds. By maintaining secretion products

within confined microwells, our platform reduces both risks, ensuring more accurate

identification of true antigen-specific clones.

The comparison with limiting dilution provides one benchmark, but it is equally

important to consider alternative discovery platforms. Phage display, for example, offers
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high-throughput screening but requires recombinant antigen preparation, antibody

engineering, and often downstream humanization. Similarly, antigen-coated microarrays

necessitate costly antigen immobilization and may fail to capture conformational epitopes

relevant to native tumor environments. In contrast, our agarose-based system requires no

pre-coating, reduces reagent consumption, and interrogates antibodies secreted under

physiologically relevant conditions. These distinctions position the microwell array as a

complementary tool that bridges the gap between the scalability of phage display and the

functional relevance of hybridoma-derived antibodies.

Our findings further suggest that direct antigen labeling (Fig. 3) provides more reliable

readouts than secondary antibody labeling (Fig. 2). Antigen labeling yielded clear

fluorescence halos around positive clones, whereas antibody-labeled assays occasionally

produced ambiguous signals. This difference underscores the importance of assay design in

minimizing background and improving specificity. Flow cytometry (Fig. 4) and confocal

imaging (Fig. 5) subsequently confirmed that candidates identified through antigen labeling

retained specificity against target cell lines, validating the robustness of the screening pipeline.

Statistical reasoning further reinforces the advantage of this approach. Under limiting dilution

at μ≈0.3, the probability of exactly one cell per well is only ~22%, with ~74% of wells empty

and the remainder often containing multiple cells. Our observed ~90% single-cell occupancy

(Fig. 1c) represents a significant improvement over this theoretical baseline, effectively

compressing weeks of subcloning into a single experimental cycle. Moreover, by increasing

the number of wells per run (~3.5×105 vs ~103 in plate-based systems), the effective sampling

size increases by two orders of magnitude, lowering the risk of missing rare, high-affinity

clones.

Despite these advantages, several limitations remain. The number of validated antibodies

was modest, reflecting both the restricted input pool and potential losses during loading and

retrieval. Our validation relied primarily on in vitro assays, leaving open questions regarding

stability, pharmacokinetics, and tumor-targeting efficiency in vivo. In addition, the platform

was tested against a narrow antigen panel. Expanding this to a broader range of

tumor-associated antigens will be essential to assess the generalizability of the approach.

Technical limitations also exist: agarose chips can be fragile during handling, and the current
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workflow still requires manual microscopy. Integrating microfluidic delivery, automated

imaging, and AI-based image analysis could further improve reproducibility and throughput.

Clinically, the implications are significant. TCRm antibodies are an emerging class with

the potential to target intracellular antigens presented on MHC, thereby expanding the

therapeutic landscape beyond traditional cell-surface markers. However, their discovery is

hindered by low yields and stringent specificity requirements. A platform that can rapidly

recover rare, high-specificity clones in a single cycle could shorten preclinical development

timelines from weeks to days, reduce costs, and enable more personalized antibody

generation. This is especially critical for TCRm antibodies, which recognize intracellular

peptide–MHC complexes and therefore expand the therapeutic landscape to targets

inaccessible to conventional surface-binding antibodies. Their rarity and specificity

requirements make rapid, high-throughput recovery methods particularly valuable. In

resource-limited settings, the reduction in antigen and reagent requirements could also

democratize access to advanced antibody discovery methods.

Future work should build on these strengths. Scaling the system to larger input pools will

allow for the recovery of even rarer clones. Incorporating orthogonal assays such as ELISA,

Western blotting, or surface plasmon resonance (SPR) would provide complementary binding

data and kinetic information. Integration with AI-driven image analysis and high-content

screening platforms could further enhance throughput by enabling automated recognition of

fluorescence patterns and reducing human bias in interpretation.. Most importantly,

preclinical testing in animal models will be critical to confirm therapeutic potential,

biodistribution, and off-target effects. In parallel, collaboration with industrial partners could

help translate this proof-of-concept into a robust pipeline for antibody discovery at scale.

In summary, this study demonstrates that agarose micro-well arrays represent a powerful

alternative to traditional antibody discovery platforms. By achieving ~90% occupancy, ~2%

antigen-specific detection, and thousands of candidate clones per run, this system offers

unmatched throughput and sensitivity relative to limiting dilution. While limitations remain,

the integration of compartmentalized single-cell screening with functional validation provides

a blueprint for accelerating TCRm antibody discovery. With further optimization and

translational validation, this platform could play a transformative role in developing
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next-generation immunotherapies.
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