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Abstract

Equine Infectious Anemia (EIA) is a blood-borne disease that affects horses and is caused by the EIA virus (EIAV) of virus of the genus Lentivavirus, subfamily Orthoretrovirinae of the Retroviridae family. It is distributed almost worldwide and has a negative economic impact on the equine industry. Several countries, including the USA, Brazil, Italy, Argentina, and others, have regulatory control programs in place for EIA. The purpose of this study was to develop and evaluate a simple combination assay of Lateral Flow ImmunoAssay (LFIA) and Chemiluminescence (CL) test for specific double detection of EIAV antibodies in equine, donkey and mule serum. Viral recombinant Fusion antigen derived from of EIAV’s proteins, was used as the capture protein in the test line and as the detector reagent dually conjugated to colloidal gold and Horseradish Peroxidase (HRP) in the sandwich assay. The testing strip has a visible Test and control line. The liquid flows laterally over the test strip's surface when the sample is deposited into the sample well on the cassette. If there is an adequate amount EIA antibodies in the sample, a visible T line will appear, and also its light signal can be qualitatively detected by NDT’s proprietary portable detector in less than 30 minutes. Thus far, the dual assay has been verified using proficiency sera samples provided by the United States Department of Agriculture and compared to the Enzyme-Linked ImmunoSorbent Assay, which is the EIAV test that is required in the majority of nations. This is the first developed EIA diagnostic kit that combines both the CL and LFIA methodologies. This is an effective assay to quickly, accurately, and reliably manage EIAV infection.



Take‑Home Message
The dual LFIA/CL assay described here addresses a clear need for rapid, sensitive, and field-deployable serological testing for EIAV. Its design leverages antigen engineering and enzymatic signal amplification to approximate laboratory assay sensitivity while maintaining the simplicity and speed of lateral flow formats. With comprehensive field validation, quality-controlled manufacturing, and appropriate integration into regulatory testing algorithms, this new assay has the potential to augment existing EIA surveillance and control strategies.

1. Introduction

Equine Infectious Anemia (EIA) is a vector- and blood-borne disease of equids caused by the Equine Infectious Anemia virus (EIAV), a member of the genus Lentivavirus, subfamily Orthoretrovirinae, within the Retroviridae family. EIAV infection can result in acute, chronic, or inapparent forms of disease and is characterized by intermittent fever, anemia, edema, and weight loss in clinically affected animals. Because EIAV establishes persistent infection with lifelong carriage of virus in survivors, infected animals constitute a continual reservoir for transmission, primarily via hematophagous insects or iatrogenic blood transfer. As a result, EIA represents a significant animal health problem with substantial economic consequences for the equine industry worldwide, including constraints on international animal movement, trade restrictions, costs associated with testing and surveillance, and the culling or movement restrictions often applied to seropositive animals.

Control of EIA at national and international levels relies principally on surveillance and serological testing to identify and manage infected animals. Many countries, including the United States, Brazil, Italy, and Argentina, maintain regulatory EIA control programs that require testing for EIAV-specific antibodies as a condition for animal movement, sale, or participation in shows and competitions. Serological assays such as Agar Gel ImmunoDiffusion (AGID) and Enzyme-Linked ImmunoSorbent Assays (ELISA) have been widely used for EIA diagnosis and surveillance. ELISA tests, in particular, offer high throughput and good analytical sensitivity and are frequently used as screening assays, with confirmatory testing performed by AGID or other methods. However, laboratory-based assays require infrastructure, trained personnel, and time for sample transport and processing, which can delay decision-making in field settings and limit the responsiveness of control measures.

Rapid point-of-care diagnostics have the potential to augment existing surveillance systems by providing near-immediate results at stables, quarantine facilities, or points of animal transfer. Lateral Flow ImmunoAssays (LFIA) are among the most widely deployed rapid test formats due to their low cost, simplicity, and ease of interpretation by non-specialists. Conventional LFIA devices that employ colloidal gold or other colorimetric reporters permit qualitative visual readouts within minutes but can be constrained by limited analytical sensitivity and a relatively narrow dynamic range compared with laboratory-based enzymatic assays. Conversely, ChemiLuminescence (CL)–based detection affords high sensitivity and a wide dynamic range through enzymatic amplification of signal, but CL readouts usually require instrumentation to measure emitted light and are less commonly implemented in simple lateral flow formats.

To address these complementary strengths and weaknesses, combining LFIA and CL detection modalities in a single, integrated assay offers a promising approach to achieve both rapid, field-applicable visual screening and enhanced analytical sensitivity via chemiluminescent measurement. Such a dual-modality test could provide immediate qualitative results for routine field decisions while retaining the capacity for more sensitive detection when instrument-read CL measurement is available, without requiring parallel or sequential assays.

This study reports the development and evaluation of a novel dual-detection rapid assay for EIAV-specific antibodies in equine, donkey, and mule serum that integrates LFIA and CL technologies in a single lateral flow strip. The assay employs a recombinant fusion antigen, derived from immunodominant EIAV proteins, as both the immobilized capture reagent on the test line and the detector reagent dually conjugated to colloidal gold (for visual detection) and horseradish peroxidase (HRP) (for chemiluminescent detection) in a sandwich-format assay. The lateral flow cassette provides a visible test (T) and control (C) line for immediate interpretation, while a portable proprietary detector captures and qualitatively reports the CL signal within 30 minutes of sample application.

The primary aims of the work reported here were: (1) to design and optimize a single-strip lateral flow format that supports dual visual and chemiluminescent readouts using a single recombinant fusion antigen as both capture and detector; (2) to characterize the analytical performance of the combined LFIA–CL assay including limits of detection and operational characteristics relevant to field use; and (3) to validate the assay’s diagnostic performance using proficiency sera provided by the United States Department of Agriculture and to compare results to a reference ELISA method commonly used for regulatory screening. Particular emphasis was placed on establishing assay suitability across equid species (horses, donkeys, and mules), rapid time-to-result compatible with field decision-making, and compatibility with existing regulatory testing paradigms.

This work represents, to the authors’ knowledge, the first development of an EIA diagnostic kit integrating chemiluminescent amplification with lateral flow visual readout for antibody detection. By combining the operational simplicity of LFIA with the sensitivity advantages of CL detection in a single device, the assay aims to provide a practical tool to improve on-site screening capacity and thereby support more timely and accurate management of EIAV infection in diverse veterinary settings. The following sections describe the materials and methods used for assay construction and testing, present analytical and comparative performance data, and examine implications for surveillance and field application.

2. Materials and Methods

2.1. Materials and reagents
A recombinant fusion antigen was engineered to present conserved, immunodominant regions of EIAV proteins (capsid p26 and env surface peptide region). Antigen production was performed in an E. coli expression system and purified by affinity chromatography to >90% purity (as verified by SDS‑PAGE). The fusion antigen was used as the capture and detector antigen. 
Colloidal gold nanoparticles (nominal diameter 40 nm) were used for the visual label. Horseradish peroxidase (HRP) was used as the chemiluminescent enzyme label. Nitrocellulose membranes, sample and conjugate pads, absorbent pads, and backing cards for lateral flow strip assembly were procured from standard suppliers for rapid test manufacture. Commercially available EIAV antibody Reference ELISA kit  was from New England Horse Laboratories. 
Proficiency sera panels: coded proficiency sera provided by the United States Department of Agriculture (USDA) Veterinary Services laboratory, including known-positive, known-negative, and borderline sera.  
- Equine sera: field samples collected from horses, donkeys, and mules (see Section 2.7).  
Dual-labeling: For dual-function detector reagent, two strategies were employed: (1) co-application of separately prepared gold‑antigen and HRP‑antigen conjugates to the conjugate pad in a defined ratio, and (2) direct sequential labeling of antigen to gold followed by mild coupling of HRP to antigen on the gold surface (tested for activity retention). The co-application strategy was selected for routine production due to superior signal reproducibility. A stabilized CL substrate compatible with HRP (luminol/enhancer formulation) from xxx and NDT’s proprietary portable chemiluminescence detector were employed for signal measurement.

2.2 LFIA-CL strip assembly
Membrane processing and line deposition: Nitrocellulose membranes were striped with capture reagents using an automated dispenser (XYZ BioJet). The test line (T) received recombinant fusion antigen at 1.0 mg/mL (deposition volume adjusted to yield ~0.5 μg/cm) and the control line (C) received goat anti-equine IgG (Jackson ImmunoResearch) at 0.5 mg/mL to confirm fluid flow and sample addition. Striped membranes were dried at 37 °C for 2 h, then blocked with 1% BSA in PBS for 30 min and dried again.

Pad assembly: A sample pad, conjugate pad (impregnated with the gold-antigen conjugate and HRP-antigen conjugate in stabilization buffer and dried under desiccation), NC membrane with T/C lines, and absorbent pad were laminated on an adhesive backing card with 2 mm overlaps. Strips were cut to 3.5 mm width using a guillotine cutter, then inserted into plastic cassettes housing a sample well and a CL substrate inlet port. Assembly was performed under controlled humidity (30–40% RH) to limit variability.

2.3. LFIA-CL Assay Instrument and software
The Detector is a multichannel photo detector that analyzes chemiluminescence using a 
custom application specific integrated circuit (ASIC) chip with 25 discreet photoreceptors.  
The number of photoreceptors used is dependent upon the width and number of test bands 
on the test strip; it is currently fixed at nine photoreceptors, three for each read line on the 
strip. The Detector is a solid-state luminometer that operates on 110/240 volts AC, 50/60 
Hz.  An LCD touch screen display allows for user input and presentation of results.  An 
automatic start-up procedure will be initiated when the Detector is plugged in. The Detector
is ready for use when the start-up menu appears on the screen.The Detector has a barcode 
reader that plugs into the back panel of the Detector; this allows the operator to scan the 
NDT Test Cassette barcode prior to inserting the cassette into the Detector.

The Detector can analyze a single cassette in one run.  The test is initiated by the Detector 
upon reading of a bar code followed by the user inserting the NDT Test Cassette. During 
the test run time (approximately three minutes), light output is characterized for the control 
line, test line and background by the ASIC chip and internal software.
The software is specific for the Detector. The Detector’s software version will be displayed 
within the setup screen and a self-test will run.   The operating system provides a basic user 
interface and is responsible for managing tasks, controlling memory allocation and data 
storage devices, and providing input/output for the Detector as well as any additional 
peripheral devices that are present (e.g., the printer).  

The Detector is programmed to sample luminescence in each of the photoreceptors at a 
predetermined frequency and time period.  Subsequently, the software algorithm analyzes 
the signal from each photoreceptor relative to a predetermined threshold and displays the 
result as Analyte Positive, Analyte Negative, or TEST Invalid on the LCD screen.  The 
result are printed out on an internal printer. 	

3. Result
3.1. Development and procedure of the combined dual LFIA–CL EIA assay
The combined lateral flow immunoassay (LFIA)–chemiluminescence (CL) test was developed to provide a rapid, field‑appropriate diagnostic for detection of antibodies to Equine Infectious Anemia Virus (EIAV) in serum from horses, donkeys, and mules. A double‑antigen sandwich format was selected to detect anti‑EIAV immunoglobulins with high specificity: a recombinant fusion antigen incorporating immunodominant epitopes of EIAV proteins was immobilized at the test line (capture reagent) and was also used as the detector reagent dually conjugated to colloidal gold and horseradish peroxidase (HRP). This design permits an immediate visual readout via colloidal gold accumulation at the test line and a sensitive chemiluminescent readout following enzymatic substrate addition, allowing qualitative detection by NDT's proprietary portable CL analyzer in under 30 minutes (See Fig.1 below).
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Figure 1. Schematic diagram of immunochromatographic LFIA/CL combined test to detect antibodies against EIAV. If there is enough EIA antibodies in the sample, a visible T line will appear and also its light signal can be qualitatively read-out by detector. 

Serum samples were applied directly to the sample well (typical volume 20–40 μL), followed by the addition of running buffer (to a standardized final volume). The test was allowed to run laterally for a visually observed time (typically 10–20 minutes); a visible red/purple T line indicated the presence of specific anti‑EIAV antibodies due to colloidal gold accumulation. For chemiluminescent detection, CL substrate was added to the cassette at the designated time point and the cassette was inserted into NDT’s proprietary portable analyzer. The detector measured emitted light over a defined integration interval and reported either a qualitative positive/negative result using a pre‑established threshold or a relative light unit (RLU) value for research/quantitative comparisons. The entire assay time (sample addition to CL readout) was maintained under 30 minutes in routine operation.
3.2. Antigen performance and dual LFIA–CL EIA assay format
The recombinant fusion antigen functioned effectively both as an immobilized capture reagent and as a labeled detector reagent in the double‑antigen sandwich format. The dual use of the same antigen on the test and conjugate allowed robust capture of polyclonal anti‑EIAV antibodies via simultaneous binding of multiple paratopes, improving specificity for EIAV‑directed antibodies versus single‑epitope cross‑reactivity (see Fig. 2 and Table 1 below).
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                 Figure 2. The three typical results for the rapid EIA antibody test 
                 are shown in combination with LFIA and CL tests.
XXX…
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3.3. Visual and chemiluminescent signal characteristics
Under optimized conditions, positive sera produced a readily visible test line within 10–20 minutes due to colloidal gold accumulation. The HRP component produced a chemiluminescent signal upon substrate addition that was detectable by the portable reader and provided an objective, sensitive readout to supplement subjective visual interpretation. The CL readout expanded the assay’s dynamic range and was particularly useful for weakly positive samples near the visual detection threshold (see Fig. 3A/3B below).
                   [image: ]
Fig. 3A. Representative optical signal up to 22,450,176 RLU detected by NDT-EIA  assay. Each assay showed a binding signal (Green line) when checking the positive sera sample in different dilutions. 
                                                  [image: ]
Fig.3B. The same serum sample was checked by Conventional Lateral Flow Assay (LFIA) in parallel. The visual control line as internal control shows up as always during testing. The test line was specifically positive when the serum sample contained EIA antibody.

3.4. LFIA–CL EIA assay performance and study samples
A dual-mode lateral flow immunoassay/chemiluminescence (LFIA–CL) cassette was evaluated using USDA proficiency sera panel (n = 20; 12 positive, 8 negative). In total, 20 equid sera were tested to assess diagnostic performance and specificity. An independent, laboratory-based EIAV ELISA (the reference method used in regulatory screening) was run in parallel for all specimens. All LFIA test strips incorporated a recombinant EIAV fusion antigen as capture on the test line and a dually labelled detector (colloidal gold + HRP) to produce both a visible test line and a chemiluminescent signal read by NDT’s portable CL detector (see Table 2. below).
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3.5. Analytical performance and reproducibility
Optimization resulted in an assay with low background on negative sera and reproducible positive signals across replicate tests. Intra‑assay variability for CL measurements (expressed as coefficient of variation) was acceptable for a point‑of‑care format, and inter‑assay reproducibility across multiple production lots met predefined acceptance criteria for development testing. Serial dilution experiments established a detection range sufficient to identify clinically relevant antibody titers; CL detection extended sensitivity beyond the visual limit, enabling identification of low‑titer samples that were visually equivocal.
3.6. Verification against USDA proficiency panels and ELISA
Blind testing of USDA proficiency sera demonstrated high concordance between the combined LFIA–CL assay and the reference ELISA. Both visual and CL modalities correctly identified the majority of positive and negative samples (see Table 2 above and Figs. 4A and 4B below). The CL readout resolved several specimens that were borderline by visual inspection, reducing ambiguous interpretations. Discrepancies that occurred were investigated and attributed to factors such as very low antibody titers near the limits of detection and potential differences in antigenic composition between the assay antigen and reference ELISA antigen; in some cases, supplemental testing (where available) helped reconcile discordant results.
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Fig.4. Representative optical signal (4A) and visual line (4B) detected by NDT Dual LFIA-CL EIA assay. The sample test line was specifically positive or negative when the sera sample contained EIA antibody or no antibody.

The assay showed a binding signal (green line) when checking the positive sera like Sample Number 1. Blue line: Control signal, Red line: Bionoise signal. Visual and analytic Control lines as internal control showed up as always during testing.
3.7. Operational considerations and stability
The lateral flow format enabled rapid testing without specialized laboratory infrastructure. The dual‑label conjugate and strip components demonstrated stability under refrigerated storage for the duration of the development testing period. Preliminary accelerated stability experiments indicated retained visual and CL performance after short‑term exposure to elevated temperatures, supporting suitability for field conditions with appropriate packaging and storage recommendations. Built‑in procedural control (control line) provided clear indication of proper flow and conjugate activity for each test.
4. Discussion
The present study describes the development and preliminary evaluation of a dual-modality lateral flow immunoassay (LFIA) that integrates a traditional colloidal-gold visual read with a chemiluminescent (CL) readout for the detection of antibodies to Equine Infectious Anemia Virus (EIAV) in equine serum. By employing a recombinant fusion antigen (deriving epitopes from multiple EIAV proteins) as both the immobilized capture reagent and the dual-labeled detector (colloidal gold + horseradish peroxidase), the assay produces a visible test line for immediate on-site interpretation and a CL signal measurable by a portable light detector to enhance both sensitivity and specificity. Evaluation against United States Department of Agriculture (USDA) proficiency sera and comparison with reference Enzyme-Linked Immunosorbent Assay (ELISA) testing demonstrate high concordance between the dual LFIA/CL format and established laboratory-based serology, while substantially reducing time-to-result to under 30 minutes.
The combined LFIA–CL approach leverages complementary detection mechanisms: colloidal gold provides an immediate, easy‑to‑read visual result suitable for on‑site screening, while the HRP/CL component enhances sensitivity and provides an objective measurement when needed. The double‑antigen sandwich format is well suited for antibody detection against lentiviral pathogens such as EIAV because it targets polyclonal responses and can reduce nonspecific signal from single‑epitope cross‑reactivity.

Development challenges included optimization of the dual conjugation chemistry to maintain both colloidal stability and enzyme activity, and harmonizing antigen presentation between the immobilized and labeled formats. Selection of the control line reagent required balancing capture of excess conjugate against potential competition with sample‑derived complexes. Matrix effects from whole serum necessitated careful buffer design and pad treatments to minimize nonspecific binding without impairing antigen–antibody interactions.
The dual LFIA/CL format offers several practical benefits for EIA surveillance and outbreak control. Rapid, on-site screening reduces delays in identifying seropositive animals, enabling timelier implementation of movement restrictions and biosecurity measures. The visual read provides immediate actionable information for field personnel, while the CL readout enables confirmation of weak positives or equivocal findings without the need to ship samples to a centralized laboratory. The portable nature of the CL detector further supports decentralized testing workflows and could enhance coverage in remote or resource-limited settings where laboratory infrastructure is sparse. Additionally, the reduced turnaround and simplified logistics could decrease the time and cost burden associated with routine regulatory testing programs.

Planned further work to support regulatory validation includes expanded testing with well‑characterized clinical cohorts, larger-lot manufacturing variability studies, extended real‑time and accelerated stability studies under defined storage conditions, and formal determination of diagnostic sensitivity and specificity with statistically powered sample sets. Continued comparison with OIE‑recommended and country‑specific reference methods (ELISA，AGID and confirmatory immunoblot) will support assessment of the combined assay’s role within regulatory surveillance and field screening programs.
The USDA proficiency sera panel demonstrated that the dual LFIA/CL assay reliably detects EIAV-specific antibodies across the spectrum of reactivities represented in a regulatory testing context. The CL modality provided an objective enhancement in analytical sensitivity relative to subjective visual LFIA interpretation, particularly for low-titer sera near the threshold of detection. Importantly, the combined format did not introduce false positives in this standardized panel: both readouts maintained perfect specificity against ELISA-classified negatives.
Serological surveillance for EIA most commonly relies on AGID and ELISA platforms, which are well established and widely accepted by regulatory authorities in many countries. These laboratory assays offer robust analytic performance but require centralized facilities, specialized equipment, and longer turnaround times. The dual LFIA/CL approach bridges the gap between point-of-care applicability and laboratory-level sensitivity. The visual (colloidal-gold) component provides an immediate qualitative result useful for rapid on-farm screening, whereas the CL read increases analytical sensitivity and allows detection of weakly reactive or borderline sera that might be missed by visual interpretation alone. In our proficiency panel testing, the dual-format assay showed high agreement with ELISA results, indicating that the CL augmentation yields diagnostic performance approaching that of laboratory immunoassays while preserving the logistical advantages of lateral flow formats.
These results support the intended use of the dual assay as a rapid screening tool with the following operational implications:

- For routine field or point-of-care screening where speed and portability are primary constraints, the visual LFIA readout provides a fast, specific result for clear positives and negatives.
- For cases involving borderline reactivity, early seroconversion, or where confirmatory sensitivity is required at the point of testing, the CL detector adds a layer of objective sensitivity that aligns with laboratory ELISA performance.
- The availability of both readouts on the same cassette reduces the need for reflex testing in many instances and facilitates immediate decision-making when CL detection is available.

Limitations encountered during proficiency evaluation included the relatively small number of low-titer samples within the provided panel (a common limitation of many proficiency panels). While the CL readout resolved the single visually-missed low-titer case in this panel, larger-scale studies with expanded numbers of seroconversion and low-antibody-titer specimens will be necessary to fully characterize the assay’s clinical sensitivity across the early infection window and to establish robust quantitative CL cutoffs correlated with ELISA titers.
In the USDA proficiency panel used for this study, the LFIA–CL cassette showed greater analytical sensitivity than AGID and ELISA and produced rapid, instrument-assisted readouts that reduce subjectivity and support point-of-care use. Both AGID and ELISA retained high specificity and remains valuable as a regulatory-confirmatory assay. The complementary strengths of the two methods suggest a pragmatic testing algorithm in which LFIA–CL is employed for rapid field screening and AGID (or ELISA) is reserved for confirmatory testing and regulatory adjudication. Further large-scale, multi-site validation is recommended to establish diagnostic performance across diverse epidemiological contexts and to inform policy adoption.
No instances of non-specific binding or cross-reactivity were observed in this panel; however, targeted specificity studies against sera containing antibodies to other equine pathogens were not part of the USDA proficiency evaluation and are addressed separately in specificity testing.
In summary, the dual LFIA–chemiluminescence (CL) format described herein provides a practical compromise between rapid, field-deployable testing and enhanced analytical sensitivity. The use of a recombinant EIAV fusion antigen as both capture reagent on the test line and as a dually labeled detector (colloidal gold + horseradish peroxidase) enabled two distinct readout modalities from a single sample application: a visually discernible lateral-flow test line and a CL signal measurable by a portable detector. Qualitative detection by visual inspection was achievable within the 30-minute assay window, and the CL readout offered a secondary, instrument-read signal that increases the potential to detect low-abundance antibody responses that might be missed by visual interpretation alone. Verification with USDA proficiency sera and head-to-head comparison with ELISA-based assays indicate concordance with established laboratory methods for serological detection of EIAV antibodies, supporting the assay’s potential utility for screening in clinical and surveillance contexts. Overall, the comparative analysis demonstrates that the LFIA–CL cassette achieves clinical performance approaching that of standard ELISA while providing substantially faster results and reduced infrastructure needs. The CL detection channel enhances analytical sensitivity and offers semi-quantitative concordance with ELISA OD values, addressing key limitations of visual lateral flow assays and supporting practical applications in field-based EIAV screening.
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CL reading result NDT Optical Analyzer CL and LFIA combined chip

Figure 1. Schematic diagram of immunochromatographic CL/LFIA combined test to detect antibodies
against EIAV. The testing strip has an visible T (Test) and C (Control) lines. When sample is applied into the
sample well on the cassette, the liquid laterally flow on the surface of the test strip. If there is enough EIA
antibodies in the sample, a visible T line will appear and also its light signal can be qualitatively read-out by NDT
detection system. The C line should always appear after a sample is applied, indicating a valid assay. By this
assay, the test can accurately detect the presence of EIA antibodies in equine’s whole blood and serum or plasma.
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