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Highlights

e  Developed and validated assay for quantifying VEGF in human plasma using a direct sandwich
ELISA platform.

o Optimized a sandwich electrochemiluminescence assay for estimation of VEGF
in plasma using the MSD technology platform.

o Comparative evaluation demonstrated the superior sensitivity, dynamic range,
and throughput of MSD ECL technology over ELISA.

o DProvides a fit-for-purpose framework for immunoassay platform selection in
biotherapeutic pharmacodynamic studies.

Abstract

Precise quantitative determination of Vascular Endothelial Growth Factor (VEGF) in human plasma
is critical for pharmacodynamic (PD) evaluation of anti-VEGF therapeutics. In this study, we
developed and optimized two immunoassay platforms, including the enzyme-linked
immunosorbent assay (ELISA) and the Meso Scale Discovery (MSD), for estimating VEGF. A direct
sandwich ELISA was validated to quantify pharmacodynamic biomarker VEGF in human plasma
using the Human VEGF Quantikine Kit, demonstrating a quantification range of 62.5-2000.0 pg/mL
and a sensitivity of 47.5 pg/mL. In parallel, a sandwich electrochemiluminescence (ECL) assay was
developed using the V-PLEX Plus Human VEGF Kit on the MSD platform, achieving a lower
quantification range of 7.7-562.0 pg/mL. Comparative analysis revealed that MSD ECL detection
with Sulfo Tag labeling outperformed traditional colorimetric ELISA in terms of signal amplification
and dynamic range, making it a valuable tool for PD biomarker analysis. Findings underscore the
importance of early platform selection to ensure robust, fit-for-purpose biomarker quantification for
clinical pharmacology studies and regulatory submissions.

Keywords: pharmacodynamic; biomarker; VEGF; ELISA; ECL

1. Introduction

Biomarkers play a vital role in drug development, guiding decisions on disease progression,
treatment efficacy, and safety. Their precise quantitative analysis enables informed choices across all
stages of development [1]. Suitable pharmacodynamic (PD) biomarkers are utilized in a biosimilar
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development program to demonstrate that there are no clinically meaningful differences from the
reference product, potentially replacing traditional comparative efficacy studies [2].

Vascular Endothelial Growth Factor (VEGF) belongs to a gene family comprising six structurally
related proteins that regulate the growth and differentiation of blood and lymphatic vessels. Among
these, VEGF-A is the most extensively studied and exists as a homodimeric glycoprotein composed
of two 23 kilodalton subunits. The human VEGF-A gene consists of eight exons and undergoes
alternative splicing to produce four major isoforms: VEGF121, VEGF165, VEGF189, and VEGF206.
These isoforms differ in their heparin-binding properties and extracellular matrix localization, with
VEGF165 being the predominant and most biologically active form, which exerts its effects by
binding to VEGFR1 and VEGFR?2 receptors on vascular endothelial cells. VEGF plays a crucial role in
vasculogenesis during embryogenesis and contributes to pathological processes, including tumor
angiogenesis, vascular permeability, and autoimmune disease progression, making it a key target for
therapeutic intervention [3]. PD assays for the potential biomarker VEGF demonstrate comparable
efficacy among anti-VEGF agents, such as Bevacizumab, Ranibizumab, and Aflibercept, during dose
optimization and biosimilar development.

Several analytical techniques have been developed for the quantifying VEGF in biological
matrices [4-10]. Immunoassay-based platforms remain the cornerstone for VEGF measurement in
clinical and preclinical studies. Among these, enzyme-linked immunosorbent assay (ELISA) is widely
employed due to its simplicity and accessibility. Nevertheless, matrix effect can compromise ELISA
performance, restrict dynamic range, and interfere with anti-VEGF drugs, leading to underestimation
of VEGF concentrations in treated patients [5,6,8]. While ultrasensitive immunoassays and aptamer-
based biosensors have been explored [1,4,7], these approaches often lack standardization, involve
complex workflows, and are not routinely validated for use in regulated environments. Similarly,
pharmacokinetic modeling studies [9,10] provide insights into VEGF-drug interactions but do not
address the need for robust, fit-for-purpose PD assays. Recent advancements in
electrochemiluminescence (ECL) technology, exemplified by the Meso Scale Discovery (MSD)
platform, offer enhanced sensitivity, broader dynamic range, and reduced sample volume compared
to conventional Horseradish Peroxidase (HRP)-based colorimetric ELISA. Despite these advantages,
comparative evaluations of ELISA and MSD for VEGF quantification in plasma remain limited,
particularly in the context of biosimilar development, where regulatory compliance and assay
reproducibility are critical. Challenges such as matrix interference, limited sensitivity, and assay
performance variability necessitate the evaluation and optimization of multiple immunoassay
platforms to ensure reliable and reproducible results.

Although multiple commercial immunoassay kits are available for VEGF quantification, their
performance can vary significantly depending on matrix type, assay conditions, and intended
application. Therefore, it is critical to assess and optimize these kits to meet the stringent
requirements of clinical and regulatory applications. In biosimilar development, regulatory
expectations impose the establishment of fit-for-purpose PD assays that are rigorously validated for
sensitivity, specificity, and reproducibility in clinically relevant matrices.

The present study addresses these gaps by developing and validating a direct sandwich ELISA
for VEGF quantification in human plasma and optimizing a sandwich ECL assay on the MSD
platform using the relevant, well-characterized, and ready to use commercial kits. Both methods were
systematically compared for sensitivity, dynamic range, and throughput using standardized
protocols and quality control measures. This is the first study to present a direct comparison between
these two commercial kits, offering valuable insights for PD assay developers and regulatory
strategists involved in biosimilar development. This work provides a comprehensive assessment of
immunoassay platforms for VEGF PD biomarker analysis, supporting informed platform selection in
clinical pharmacology and regulatory submissions.
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2. Material and Methods

2.1. Instruments

ELISA employed the Synergy H1 multimode Microplate reader for absorbance readings, and
the BioTek ELISA Microplate washer was employed for washing of the plates. MesoTM Sector S 600
Micro plate Reader used for ECL signal detection in MSD assays.

2.2. Reagents and Chemicals

Recombinant Human VEGF (CR08) sourced from R&D Systems was used for VEGF
quantification. PBS (Phosphate-buffered saline) tablets and BSA (Bovine serum albumin) were used
for in-house diluent preparation and were supplied by Sigma. Normal human plasma was sourced
from Darpan Diagnostic Research Centre. The Human VEGF Quantikine ELISA kit, sourced from
R&D Systems, included components such as a Human VEGF 96-well Microplate, Assay Diluent
(RD1W), Anti-human VEGF Conjugate, Wash Buffer (25X), Color Reagent A, Color Reagent B, Stop
Solution, and Human VEGF Standard.

V-PLEX Plus Human VEGEF-A Kit from MSD involved components Human VEGF small spot 96
well plate pre-coated with mouse monoclonal capture antibody, 50X SULFO-TAG Anti-hu VEGF
detection Antibody, Cytokine Panel 1 (human) Calibrator Blend, Diluent 43, Diluent 3, MSD Read
Buffer T, Plate Seals, Wash Buffer (20X), 100mL, Cytokine Panel 1 (human) Control 1- 472 pg/mL,
Control 2- 143 pg/mL and Control 3- 49.6 pg/mL. Refer to Table 9 for a detailed summary of antibody
pairing and reagent usage across assay formats.

2.3. Procedures

2.3.1. Preparation of Solutions

All buffers used in the experiments were either provided in the commercial kit or prepared in-
house. The washing buffer was prepared by diluting 8 mL of 25X concentrated wash buffer supplied
in the kit with 192 mL of Milli-Q water to make 200 mL of 1X washing buffer. The substrate solution
was freshly prepared by mixing equal volumes of Color Reagent A and Color Reagent B (1 mL each)
to yield a total volume of 2 mL substrate solution. Additionally, the capture PBS buffer was prepared
by dissolving one PBS tablet in 200 mL of Milli-Q water. The Assay buffer contained 1 g of BSA
dissolved in 100 mL of capture PBS buffer.

The washing buffer (1X) was prepared by diluting 15 mL of 20X concentrated wash buffer
provided in the kit with 285 mL of Milli-Q water to make 300 mL of 1X washing buffer. Alternatively,
PBS5+0.05% Tween-20 was evaluated during the optimization process. Diluent 3, supplied as part of
the MSD kit, was used for reconstituting and diluting the detection antibody. Diluent 43 was used
for the dilution of plasma samples and calibrators at a 2-fold dilution. Read Buffer T (2X) was
prepared by mixing 10 mL of 4X Read Buffer T and 10 mL of deionized water to obtain 20 mL of 2X
working solution. Read Buffer T is a Tris-based buffer containing TPA as a co-reactant for light
generation in ECL immunoassays. Detection Antibody (1X) was prepared by mixing 0.060 mL of
SULFO-TAG Anti-hu VEGF-A Ab (50X) and 2.940 mL of Diluent 3 to get 3 mL of 1X Detection
Antibody. Ten recombinant human proteins, in diluent, buffered, and lyophilized, were supplied.
The standard curve included eight VEGF concentrations: 1080, 270, 67.5, 16.9, 4.22, 1.05, 0.264, and
0.00 pg/mL, corresponding to standards STD 01 through STD 08, respectively.

2.3.2. ELISA Methodology for VEGF Quantification [11,12]

The colorimetric sandwich ELISA was performed using the Human VEGF Quantikine ELISA
Kit, which employs a 96-well microplate pre-coated with a monoclonal antibody specific for 5f21-
expressed recombinant human VEGF. Each well received 100 uL of assay diluent (RD1W, a buffered
protein base), followed by 100 uL of plasma sample, calibrator, or control in duplicate. The plates
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were covered and incubated for 2 hours at 25 + 3 °C. After incubation, wells were washed three times
with 300 uL of 1X wash buffer (containing 2 mM imidazole, 160 mM NaCl, 0.02% Tween 20, and 0.5
mM EDTA) to remove unbound material. Subsequently, 200 uL of HRP-conjugated polyclonal anti-
human VEGF antibody was added to each well, and the plate was incubated for an additional 2 hours
at 25+3 °C. A second wash was performed to eliminate unbound detection antibody, followed by
the addition of 200 pL of Tetramethylbenzidine (TMB) substrate solution. Plates were incubated for
30+ 2 minutes at 25+ 3 °C, during which a blue color developed in proportion to the amount of VEGF
present. The reaction was stopped by adding 50 uL of stop solution to each well, changing the color
to yellow. Absorbance was measured at 450 nm with a reference wavelength of 570 nm within ten
minutes of adding the stop solution.

2.3.3. ECL Methodology for VEGF Quantification [13,14]

A sandwich ECL immunoassay was performed using a high-binding carbon electrode 96-well
small spot plate (MSD V-PLEX) pre-coated with a monoclonal capture antibody specific for human
VEGF-A. The plate was washed three times with 150 uL/well of phosphate-buffered 1X wash solution
containing surfactant. Subsequently, 50 UL of prepared plasma samples, calibrators, or controls were
added to each well and incubated at room temperature (20-26 °C) with shaking at approximately 700
rpm for 2 hours. After incubation, plates were washed, and 25 uL of anti-human VEGF-A detection
antibody conjugated with SULFO-TAG, a ruthenium-based electro chemiluminescent label, was
added to complete the sandwich complex. Plates were sealed and incubated under identical
conditions for an additional 2 hours, followed by a final wash. Afterwards, 150 uL of 2X Read Buffer
T was added to each well to drive the electro chemiluminescent redox reaction. The plates were
immediately analyzed using an MSD instrument, which applied voltage to the electrode surface,
generating excited states of the ruthenium complex. The relaxation of these excited states produced
photon emission (~620 nm), which was captured by a charge-coupled device camera, yielding a signal
proportional to VEGF-A concentration.

2.3.4. Validation Parameters of Sandwich ELISA

The sandwich ELISA method developed for quantifying VEGF in human plasma was validated
using the Human VEGF Quantikine ELISA kit. Validation was conducted in accordance with
regulatory guidelines and scientific considerations [15-21], encompassing key performance
parameters including accuracy, precision (intra- and inter-assay), parallelism, MRD, and sensitivity.
These assessments were performed to ensure the reliability, reproducibility, and suitability of the
assay for clinical sample analysis.

2.3.4.1. Screening of Individual Plasma Samples

Human plasma samples containing sodium citrate as an anticoagulant were used as the
biological matrix for the development of the VEGF assay. A total of 33 individual plasma lots were
initially screened to determine endogenous VEGF levels using the validated ELISA method.

2.3.4.2. Data Analysis and Calibration Curve

All the intermediate stock solutions for calibration standards and quality control samples were
prepared. The Calibration curve and Quality control samples were prepared freshly by spiking an
appropriate volume of VEGF in assay buffer and processed during validation. Linearity was
determined by plotting a curve of optical density (OD) versus nominal concentrations. The standard
calibration curve consisted of a blank and eight non-zero standards, including two anchor points, one
above upper limit of quantification (ULOQ) and one below lower limit of quantification (LLOQ). A
calibration curve was generated using a Non-Linear 4 Parameter Logistic (PL) regression model with
a weighing factor 1/y2. Data was analyzed using the Synergy H1 Microplate reader using GEN5TM
(version: 2.09 Secure) Software. The concentration of Calibrators within the quantifiable range should
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be between 80% and 120% of nominal concentration. For the LLOQ and ULOQ, the concentration
should be between 75% and 125% of the nominal concentration. The precision measured as the
percent coefficient of variation (% CV) between duplicates of each calibrator should be <20%. For the
LLOQ and ULOQ, the precision should be < 25%. No such acceptance criteria are applicable for
anchor points, however anchor points may be masked (i.e., to improve curve fit) with appropriate
justification.

2.3.4.3. Accuracy and Precision in Assay Buffer

Inter-run and intra-run precision and accuracy values were determined across six precision and
accuracy runs by analyzing six replicates of QC (Quality Control) samples prepared in Assay buffer
at five concentration levels upper limit of quantification quality control (ULOQQC), High Quality
Control (HQC), Medium Quality Control (MQC), Low Quality Control (LQC), and lower limit of
quantification quality control (LLOQQC) in each run. The accuracy of the assay was defined as the
ratio of back-calculated mean values of the quality control samples to their respective nominal values.
Precision was measured as the % CV over the concentration range of quality control samples during
the validation. The back-calculated concentrations, obtained by averaging duplicate values, were
considered for reporting. This experiment was conducted to assess the accuracy and precision in the
assay buffer. The inter-run and intra-run precision (% CV) for LQC, MQC, and HQC samples should
be <20% and <25% for ULOQQC & LLOQQC. The inter-run and intra-run accuracy & %Bias were
between 80-120% & + 20% for LQC, MQC, HQC, and between 75-125% & + 25% for ULOQQC &
LLOQQC. Total error (% TE) must be < 30% for LQC, MQC, HQC, and < 40% for LLOQQC and
ULOQQC.

2.3.4.4. Accuracy and Precision for Plasma Samples

Accuracy and Precision of endogenous VEGF levels in pooled plasma samples (PM-01 and PM-
02) were assessed over six runs conducted on four separate days. Fresh VEGF calibration standards
were prepared in Assay Buffer. Pooled matrix samples were diluted at the selected MRD with a 4-
fold dilution in Assay Buffer.

2.3.4.5. Parallelism Evaluation

Parallelism was performed to demonstrate that the sample dilution-response curve was parallel
to the standard concentration-response curve. It is an indicator that the interaction of the assay’s
critical reagents with the standard calibrator material and the analyte of interest in the samples is
similar, and that the assay is therefore suitable for measuring the analyte. Ten individual human
plasma samples were serially diluted in Assay Buffer till they crossed the analytical range below
LLOQ using dilution factors ranging from 1 (undiluted) to 1:32. VEGF concentrations were back
calculated at each dilution level to assess parallelism and confirm the assay’s ability to maintain
linearity across the dilution range.

2.3.4.6. Minimal Required Dilution

The lowest dilution at which at least 80% of samples have accuracy between 80% and 120% is
selected as the MRD for individuals and future sample analysis.
2.3.4.7. Sensitivity

The highest back-calculated concentration from the selected MRD of all individuals will be the
sensitivity of the method.
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2.3.4.8. Stability Experiments

Stability for the endogenous Pooled matrix PM-01 and PM-02 of VEGF was determined by
comparing the mean of back-calculated concentrations of the samples under various stability
conditions with those of freshly retrieved comparison pooled matrix samples of PM-01 and PM-02.

2.3.5. Study Sample Collection and Analysis

The validated ELISA method was applied to quantify VEGF concentrations in 147 human
plasma samples collected for PD evaluation from 20 subjects enrolled in an open-label, prospective
clinical study to explore PK, PD, safety and efficacy of Bevacizumab (BVZ) intravitreal injection in
wet AMD (Age-related Macular Degeneration) patients. Each patient received three intravitreal
injections of different doses of BVZ (1.25 mg, 1.00 mg or 0.75 mg based on body weight groups) in
the study eye on Day 1, Day 30, and Day 60. Blood samples for systemic VEGF level assessment were
collected at the following points: Day 1 (pre-dose and 3 hours post-dose), Day 3, Day 7, Day 15, Day
30, Day 60 (pre-dose and 3 hours post-dose), Day 67, and Day 90. Plasma was separated into two
aliquots and stored at -80 °C. Days 3, 15, and 67 were optional and not collected for all subjects. Pre-
dose samples established baseline VEGF levels, while post-dose samples assessed systemic VEGF
changes following treatment.

Plate Layout consisted of a Blank, Calibration curve, and subject samples with at least two sets
of QC samples in buffer, along with PM-01 & PM-02 samples (pooled during Method Validation) in
each plate. All the samples for each subject were analyzed in duplicate, and each time point for the
subject was analyzed consecutively in the same analytical run (Plate) to minimize the effect of
variation within subject samples.

3. Results

3.1. ELISA Optimization for VEGF

The ELISA-based PD assay configuration for the Direct Sandwich ELISA was optimized for
measuring free VEGF-A 165 in human plasma using the Quantikine Human VEGF immunoassay Kit.
Optimization focused on different concentrations of the Diluent, Stop Solution, and Wash Buffer
provided in the Manufacturer’s Kit and prepared in-house to enhance assay sensitivity and
reproducibility. Modifications to the manufacturer’s protocol were made to strengthen signal-to-
background ratios and improve overall assay performance.

3.1.1. Standard and Dilution Optimization

The recombinant Human VEGF (CRO08) from R&D Systems was used to evaluate the assay’s
linearity (tested from 15 to 2600 pg/mL) and the optimum dilution factor. Sixty individual plasma
lots were screened to determine the endogenous VEGF concentration, which ranged from 9.1 to 749.2
pg/mL, with an average of 257.0 pg/mL. Eighteen lots showed concentration greater than 300.0
pg/mL. Various MRD of plasma samples were tested at 1:2, 1:4, 1:8, 1:16, and 1:32. The final VEGF
concentration in the well was 62.5-2000.0 pg/mL. The optimal dilution was identified as 1:4, which
provided the best balance between signal intensity and background reduction.

3.1.2. In-House Diluent Composition

The in-house assay buffer, 1% BSA in PBS, was evaluated against the manufacturer’s diluents.
The in-house buffer demonstrated comparable performance in maintaining signal consistency across
replicates and was used for further optimization experiments.
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3.1.3. Stop Solution and Wash Buffer Optimization

The stop solution provided in the commercial kit was compared with an in-house 2N sulfuric
acid solution. Preliminary trials confirmed that its kit-provided stop solution effectively halted the
colorimetric reaction without overshooting the signal and was therefore selected for the final
protocol. For the wash buffer, the manufacturer supplied a 25X wash buffer, and a freshly prepared
PBS + 0.5% Tween 20 solutions were evaluated. The kit buffer diluted to 1X (using Milli-Q water)
showed consistent performance and was adopted for the method.

These minor modifications, comprising adjustments to buffer composition, optimization of
dilution factors, and refinement of wash conditions, contributed to an improved signal-to-noise ratio
and enhanced assay precision, ensuring compliance with regulatory validation requirements.

3.2. MSD ECL Assay Optimization for VEGF

The MSD sandwich immunoassay was optimized using the V-PLEX Plus Human VEGF Kit,
which employs ECL detection for enhanced sensitivity and dynamic range. The platform’s ECL
system, combined with optimized read buffers, enabled low background and high signal stability.
Optimization focused on critical parameters, including diluent selection, shaking speed, and
calibration curve generation. The final protocol utilized a shaking speed of 700 rpm and a minimum
required dilution (MRD) of 2, ensuring accurate quantification across a broad range of concentrations.

The MSD assay achieved a validated quantification range of 7.7-562 pg/mL, supporting
detection of low-abundance VEGF levels. Serial dilution factors of 2, 4, 8, 16, 32, 64, 128, 256, 512, and
1024 were evaluated to confirm linearity and precision across the dynamic range. A representative
calibration curve is shown in Figure 1, demonstrating the non-linear 4-parameter logistic (4PL)
regression model applied for data fitting. These optimizations collectively improved assay
reproducibility and sensitivity, aligning with the platform’s capability for biomarker analysis in
complex clinical studies.
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Figure 1. Representative Calibration Curve for VEGF (MSD).

This figure illustrates the standard curve generated using the MSD platform for VEGF
quantification. The curve demonstrates the electro chemiluminescent signal response across the
calibration range (0.264-1080 pg/mL), confirming assay linearity and sensitivity.

3.3. Validation Results of the ELISA for VEGF

3.3.1. Screening of Individual Plasma Samples

VEGEF concentrations across 33 lots ranged from 70.9 pg/mL to 783.2 pg/mL with mean of 335.6
pg/mL. Based on this screening, plasma lots with high VEGF levels were pooled to create two distinct
plasma batches for further validation experiments. Pool PM-01 was prepared from biological matrix
lot numbers BM-20-1091 (783.2 pg/mL), BM-20-1137 (649.2 pg/mL), and BM-20-1140 (752.2 pg/mL);
Pool PM-02 comprised BM-20-1113 (414.1 pg/mL) and BM-20-1150 (432.1 pg/mL). Additionally, ten
individual plasma lots exhibiting high VEGF levels were selected for parallelism evaluation, MRD
assessment, and sensitivity testing. Two lots (BM-20-1091 and BM-20-1113) were chosen to perform
the further validation activities after performing an accuracy and precision run.

3.3.2. Calibration Curve (Linearity)

Eight-point calibration curves, including anchor points, were plotted within the range from 62.5
to 2000.0 pg/mL for VEGF. Nineteen accepted calibration curves were analyzed in this range. Back-
calculated concentrations of VEGF in calibration standards were determined by taking the mean of
each duplicate value for each standard calculated for the run. The 4PL fit of the calibration curve of
VEGF was observed to be sigmoidal, as shown in Figure 2. The results for freshly prepared
calibrators, analyzed across multiple runs are presented in Table 1. This table presents the
performance metrics of calibration standards used in the VEGF ELISA assay. These results confirm
the assay’s reproducibility and accuracy across the dynamic range of 62.5-2000 pg/mL.
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Figure 2. A Representative Calibration Curve PD ELISA.
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Table 1. Results of Calibrator.
Inter-
Spiked Measured Mean Inter-Assay Total
Calibration Assay
Concentration Concentration Accuracy | Error (%
Standards (pg/mL) (pg/mL) Precision (% Bias) TE)
'm m ias
P P @%cy) |
STD 1 2600 Upper Anchor point
STD 2/ ULOQ 2000 1979.1 1.18 -1.04 2.22
STD 3 1000 1002.0 1.94 0.21 2.15
STD 4 500 506.43 1.86 1.29 3.15
STD 5 250 248.8 1.61 -0.46 2.07
STD 6 125 121.4 1.98 -2.85 4.83
STD 7/ LLOQ 62.5 65.8 5.01 5.39 10.40
STD 8 31.25 Lower Anchor point

STD=Standard.

3.3.3. Accuracy and Precision in Assay Buffer

The intra-run and inter-run accuracy and precision results are summarized in Tables 2 and 3,
respectively. QC levels with intra-run % CV, accuracy, and bias demonstrate repeatability of the
ELISA assay. Inter-assay precision is expressed as % CV, accuracy as % Bias relative to nominal
concentrations, and % TE as the sum of absolute bias and precision. All values were within the
predefined acceptance criteria, confirming the assay’s reliability under buffer conditions.

Table 2. Intra-Run Accuracy and Precision in Assay Buffer.

Quality Intra-run precision (% Intra-run
Intra-run accuracy .
Control CV) % Bias
ULOQQC 3.69% to 12.29% 86.83% to 98.23% 13.17% to -1.77%
HQC 1.70% to 3.99% 89.76% to 94.24% -10.24% to -5.76%
MQC 2.39% to 4.45% 90.91% to 105.85% -9.09% to 5.85%
LQC 3.77% to 7.14% 91.62% to 107.41% -8.38% to 7.41%
LLOQQC 5.06% t014.39% 91.32% to 106.21% -8.68% to 6.21%
Table 3. Inter-Run Accuracy and Precision in Assay Buffer.
. Spiked Measured Mean Inter-Assay Inter- Total
Quality . . .
Control Concentration Concentration Precision Assay Error (%
ontro
(pg/mL) (pg/mL) (% CV) Accuracy TE)
ULOQQC 2000 1879.5 7.40 -6.02 13.42
HQC 1500 1385.4 3.44 -7.64 11.08
MQC 350 346.7 6.14 -0.93 7.07
LQC 180 180.6 7.58 0.36 7.94
LLOQQC 62.5 61.9 10.01 -0.91 10.92
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3.3.4. Accuracy and Precision for Plasma Samples

Upper Accuracy limit for endogenous levels of Plasma samples for PM-01 and PM-02 was
118.66. The lower accuracy limit for endogenous levels of Plasma samples for PM-01 and PM-02 was
81.34. Results for each plasma sample are presented in Table 4. All results fell within this range,
indicating consistent assay performance in the plasma matrix.

Table 4. Accuracy and Precision in Plasma.

Level PM-01 PM-02
Mean VEGF Conc. 787.4 pg/mL 468.5 pg/mL
SD 449 31.6
% CV 5.70 6.74
n 36 36
Mean CV 6.22
Range (3* Mean CV) 18.66
Upper Limit (100+Range) 118.66%
Lower Limit(100-Range) 81.34%

Acceptance limits for accuracy were derived from three times the global mean % CV, establishing a
range of 81.34% to 118.66%.

3.3.5. Parallelism Evaluation

The results demonstrate consistent recovery and proportional decrease in measured
concentrations with increasing dilution, supporting the validity of the assay for quantifying
endogenous VEGF across a broad dynamic range. Dilution linearity was maintained until
concentrations fell below the LLOQ, confirming the assay’s sensitivity and robustness in the plasma
matrix. Figure 3 represents the Parallelism of VEGF Quantification across Dilution Factors.

—8— BM-20-1091 —&' BM-20-1137
=i BM-20-1106 BM-20-1138
7001 —A-- BM-20-1113 -4 BM-20-1140
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Figure 3. Parallelism of VEGF Quantification across Dilution Factors.
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Back-calculated VEGF concentrations (pg/mL) for ten individual plasma samples at serial
dilutions (1 to 1:32) demonstrate proportional decrease and confirm assay linearity.

3.3.6. Minimal Required Dilution

MRD was determined using parallelism data from ten individual plasma samples serially
diluted in Assay Buffer. Accuracy was calculated at each dilution level relative to the concentration
observed at 4-fold dilution, considered as the nominal (100%) reference. Dilution factors ranging from
1 (neat) to 1:32 were assessed for each plasma lot. Accuracy values between 80% and 120% were
considered acceptable. Among all dilution levels, the 4-fold dilution consistently demonstrated the
least deviation and highest compliance with acceptance criteria across individual samples. Therefore,
a 4-fold dilution was selected as the MRD for clinical sample analysis to ensure reliable quantification
of VEGF within the validated analytical range. Results are presented in Table 5.

Table 5. MRD.
Analyte Name: VEGF
Individual BM-20- BM-20- BM-20- BM-20- BM-20- BM-20- BM-20- BM-20- BM-20- BM-20-
PlasmaID 1091 1106 1113 1120 1133 1137 1138 1140 1145 1150
Conc Conc Conc Conc Conc Conc Conc Conc Conc Conc

Dilut (pg/ % (pg/ % (pg/ % (pg/ % (pg , (pg/ , (pg/ , (pg/ o (pg/ % (pg/,
ion mL)* Accu mL)* Accu mL)* Accu mL)* Accu mL)* oA ce mL)* oA cc mL)* oA ce mL)* oA mL)* Accu mL)* oA ce

Fold Dilu racy Dilu racy Dilu racy Dilu racy Dilu Y23Y pita Y pitu Y Dty Y uracy

Y Dilu racy Dilu
tion tion tion tion tion tion tion tion tion tion
Fold Fold Fold Fold Fold Fold Fold Fold Fold Fold

1 727.0 10(())'0 526.6 108'0 397.0 108'0 442.4 108'0 525.0100.00559.3100.00489.8100.00724.5100.00496.7 108'0 435.9 10(())'0

% 2 696.795.82558.9 102'1 397.3 103'0 492.1 1151'2 507.3 96.63 553.3 98.94 516.8105.50758.8104.74577.2 1126'2 434.8 99.76

Accu
106.7 112.0 118.7 122.8 105.6
racy 4 7762 758097 7377795155252 " 556.0105.90592.1105.88545.9111.45805.4111.17610.0 4604
using 1
no 8 882.5%612.5 1116'3 397.6 10;) 15402 123%1563.3107.29781.7139.78555.5113.41 837.4115.59651.713’%447.6 1092'6
Diluti 2 = =
on 16 7464 1062'6 548.5 10:.1 334.884.34493.8 1131'6 511.9 97.50 642.4114.86497.2101.51761.2105.07628.5 124&360.7 82.76
1033 108.6
32 618.585.07518.7985122195590457.1 " 363.2 69.19 4603 8231 479.8 97.96 600.6 82.90 539.8 1792 4111
1 10;1‘3 94.22 99.91 89.89 10349  101.07 94.79 95.47 86.04 102'2
5, 100.0 100.0 100.0 000 000 10000 10000 10000 1000 100.0
Accu 0 0 0 0 0 0
racy 4 1114 1055 95.07 1067 Jo960 10701 10564 10614 026 105.8
using 2 4 2 7 8
1in2 126.6 109.5 100.0 109.7 112.9 102.9
it 8 s 0 ) o 111.04 14127 10750  110.35 0 .
16 1047‘1 9813 8426 102'3 10090 11609 9622  100.32 1088'8 82.96
32 88.78 92.81 55.85 92.88 71.60 83.19 92.85 79.15 93.51 41.21
1 93.67  89.27 1095'0 84.23 94.43 94.45 89.73 89.95 81.42 94.68
% 105.1
Accu 2 89.75 9475 o 93.71 91.24 93.45 94.66 94.22 94.63 94.44
racy
100. 100. 100. 100. 100. 100.
using 4 00.0 00.0 00.0 00 Jo000 10000 10000 10000 00.0 00.0
T 0 0 0 0 0 0
4 8 113.6 1038 1052 1028 yo1s1 13202 10177 10397 1008 97.23
o 9 4 5 6 4
Diluti 103.0
on 16 96.16 92.98 88.63 94.02 92.06 108.48 91.08 94.52 5 78.35
32 79.68 87.94  58.74 87.03 65.33 77.74 87.90 74.57 88.49 38.92

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0597.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 March 2026 d0i:10.20944/preprints202603.0597.v1

12 of 19

Igd“l” BM-20- BM-20- BM-20- BM-20- BM-20- BM-20- BM-20- BM-20- BM-20- BM-20-
I‘]‘; 1091 1106 1113 1120 1133 1137 1138 1140 1145 1150
C C C C C C C C C C
) o ) o ) o ) ) ) )
D n n n n n n n n n n
i C C C C C. C. C C C C
1 (p (p (p (p (p (p (p (p (p (p
u Ign/ 0/o i'/l O/o Ign/ O/o i'/l O/o Ign/ i fﬂl Ign/ i 0/0 i
0, 0, 0, 0, 0,
tn AL AL A A %o % % % AT %
i, e« [ cc [ c , c . Ac [ Ac [ Ac [ Ac [ c _ Ac
:)l D :l‘ D l:l' D l:l' D :l‘ D :ur D :ur D :ur D :ur D I:I' D :ur
e il AR DR | DR | M | B AN | B A B A B AN B
.t Vowt Y w Y ow Y w ut ut ut w Y ut
1 io io io io io io io io io io
d n n n n n n n n n n
F F F F F F F F F F
ol ol ol ol ol ol ol ol ol ol
d d d d d d d d d d
) 8; 895 989 8; 93. 71. 88. 86. 7—;3 97.
) . s 5 o 20 54 17 52 1 38
Ac 7—3 921 9; 911 90. 70. 93. 90. 8§ 97.
cu n . X ) 06 79 02 62 o 14
rac
Yo, 897 9; 93 927 98. 75. 98. 9%. 9: 102
usi . ! : 5 70 75 27 18 0 85
g 10 10 10 10 10
1 100 100 100 100 100
n ° 0. 0. 0. 0. 00 00 00 00 0. 00
o 00 00 00 00 : : : : 00 :
. 4 4 1
Dil 1 85 859 82 9 . 90. 82. 89. 90. 9: 80.
p . . . .
2; . 5 . ) 87 17 50 90 | 59
sy % % % e s s o T a
2 9 5 1 ) 48 88 37 72 3 03
7
. 9Z 93’ ;1 8; 102 87. 98. 95. —3 120
. ) 1 i N 57 06 51 17 s 83
Ac 9 10 1 » 99. 86. 103 99. o 120
2 3 1. 8. 6 I i % . 8 ”
cu 4 90 68 6 : 5 ==
rac
10 10 11 10 97
y 108 9. 109 105 127
.4 3. 7. 2. 6. o s 7 %0 0 s
‘;sg‘ 99 55 83 36 : : : 6 22
) 11 11 11 10 1o n M 1o 10 124
in 8 8. L 8 S 05 69 73 01 3 09
iy 24 67 76 40 : 2> : : 69 ==
Dil 1 EO BO BO 100 100 100 100 100 20 100
‘;; 00 00 00 00 00 00 0 00 00 00
,® % & 7 a a . a % .
2 - 8 g 7 96 66 50 90 9 67
% 11 10 17 9% 144 16 102 120 92 243
Ac 1 7. 1. 8. 7 5 55 08 s 0 -
cu 55 51 90 8 2= : : 0% 1 =2
rac 11 10 17 10 139 115 107 126 10 242
y 2 2 7 2. 7 66 32 70 34 6. 66
usi 64 75 06 66 22 : : == 94 22
T, ;—2 131 % 11 153 123 113 134 131 256
in 50 71 23 90 07 4 77 L 00 23

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0597.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 March 2026

d0i:10.20944/preprints202603.0597.v1

13 of 19
. F T T T = = w om ¢ w
uti 68 07 18 19 08 22 78 42 7 A0
R ;—2 150 t_s 20 140 133 103 126 161 201
% A o % m w @ a4 om
3 to 20 20 BO 100 95. 100 100 %)0 100
2 o o o o 00 93 00 00 o 00

3.3.7. Sensitivity

Sensitivity was assessed using Parallelism data. At the selected MRD, 4-fold dilution, when
considering the concentration as nominal (100%), it was found that at the 16-fold dilution, the %
accuracy for all ten lots ranged from 80-120%, except one plasma lot. “Common dilution method”
was employed whereby the greatest dilution, i.e., 16-fold, at which all individual samples produced
a parallel response was identified. The highest concentration observed at 16-fold dilution is set as the
sensitivity of the endogenous VEGF level. Results are presented in Table 6. The selected sensitivity
for the endogenous concentration of VEGF in human plasma is 47.5 pg/mL which will be used for
analyzing clinical samples.

Table 6. Sensitivity.

Analyte Name: VEGF
... | BM-20-| BM-20- | BM-20- | BM-20- | BM-20- | BM-20- | BM-20- | BM-20- | BM-20- | BM-20-
Dilutio 1091 1106 | 1113 | 1120 | 1133 | 1137 | 1138 | 1140 | 1145 | 1150
n Fold Obtained concentration in pg/mL
Neat | 727.0 | 526.6 | 397.0 | 4424 | 525.0 | 559.3 | 489.8 | 7245 | 496.7 | 4359
1:2 3483 | 2794 | 198.6 | 246.0 | 253.6 | 276.6 | 2584 | 379.4 | 288.6 | 217.4
1:4 1940 | 1474 | 944 | 131.3 | 139.0 | 1480 | 1364 | 201.3 | 1525 | 115.1
1:8 1103 | 76.5 49.7 67.5 70.4 97.7 69.4 | 1046 | 814 55.9
1:16 46.6 34.2 20.9 30.8 31.9 40.1 31.0 47.5 39.2 225
1:32 19.3 16.2 6.9 14.2 11.3 14.3 14.9 18.7 16.8 5.6

3.3.8. Stability Experiments

The % CV between the duplicates for each plasma sample was <20%. The % accuracy at each
plasma sample was between 81.34% and 118.66%. The % Difference at each QC level, HQC and LQC,
was between +20%. Stability is acceptable as 2 out of the 3 sets at each plasma sample met above

acceptance criteria. The stability, expressed as a % difference, is presented in Table 7.

Table 7. Summary of Stability Experiments for VEGF in Human Plasma.

Stability Condition & . .
QC Level % Difference (n=3) Duration
Temperature
PM-01 -0.19 7.78 12.72
FT Stability II cycle & -75 °C
PM-02 -4.70 -9.54 -4.05 )
Up to six
. PM-01 11.50 9.07 9.36
FT Stability IV cycle & -75 °C
PM-02 0.02 -2.24 -5.00 FT cycles
PM-01 7.22 -0.09 6.55
FT Stability VI cycle & -75 °C
PM-02 -3.90 -0.69 -3.60
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PM-01 -0.39 6.97 13.10
FT Stability II cycle & -20 °C
PM-02 8.38 6.25 2.00
Up to six
PM-01 9.34 6.02 0.78
FT Stability IV cycle & -20 °C
PM-02 -1.09 1.45 -0.96
FT cycles
PM-01 4.80 1.97 1.60
FT Stability VI cycle & -20 °C
PM-02 -4.33 2.23 5.75
Bench Top Stability at Room PM-01 6.57 9.98 6.65
27 Hours
PM-02 8.93 -3.17 -4.89
Temperature
Refrigerator PM-01 9.00 12.33 9.59
74 hours
Stability at 2-8 °C PM-02 -9.98 -11.57 -10.53

FT= Freeze-Thaw.

3.4. Application of Validated Sandwich ELISA

The validated Quantikine colorimetric sandwich ELISA method was applied to quantify
systemic free VEGF concentrations in human plasma samples collected during a clinical study.
Measured concentrations for each subject were calculated using the calibration curve generated
during analysis and tabulated against scheduled time points (Table 8). The calibration curve range
was adequate for quantifying the study samples, and quality control coverage was ensured through
the inclusion of HQC, MQC, LQC, and parallel monitoring samples (PM-01 and PM-02) in each
analytical run.

A total of 147 plasma samples were analyzed across eight runs, including repeat analysis. The
calibration curve demonstrated acceptable accuracy and precision across the validated range,
confirming suitability for clinical sample analysis. The primary objective was to evaluate the potential
systemic VEGF inhibition resulting from systemic exposure following intravitreal administration of
BVZ. VEGF concentrations were reported for all subjects and time points; these values will serve as
the basis for subsequent pharmacodynamic calculations.

Table 8. Concentration of VEGF in Human plasma (pg/mL).

. Day 1- Day 1-
D -
Subject b e Post Day3 Day7 Day15 Day30 Day60 3% Daye7 Dayoo
ID Post Dose
Dose Dose
11202 Missing Missing 715 BLQ BLQ 706  BLQ 725  BLQ 595
11203 BLQ Missing BLQ BLQ BLQ BLQ 702 BLQ BLQ 844

11-204 1273 2352 671 1743 158.1 137.1 103.3 156.7 Missing 123.8
11-205 1955 2868 895 BLQ BLQ BLQ 90.2 Missing Missing Missing

11206 627 736 BLQ BLQ BLQ BLQ 69.9 BLQ BLQ BLQ
11210 748 504 504 BLQ BLQ 684 BLQ BLQ BLQ Missing
21-001 BLQ BLQ BLQ BLQ 543 BLQ Missing
21-002 BLQ BLQ BLQ BLQ BLQ BLQ BLQ
21-003 BLQ BLQ BLQ BLQ BLQ BLQ BLQ
21-004 BLQ BLQ BLQ BLQ BLQ BLQ BLQ
21-005 BLQ  54.8 BLQ BLQ 830 BLQ BLQ
21-006 659 BLQ BLQ BLQ BLQ Missing BLQ
21-007 BLQ BLQ BLQ BLQ BLQ BLQ BLQ
21-008 BLQ BLQ BLQ BLQ BLQ 2306 BLQ
21-009 BLQ BLQ BLQ BLQ BLQ BLQ BLQ
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21-010 121.7 59.6 126.0 BLQ BLQ BLQ BLQ
21-011  80.3 BLQ BLQ BLQ BLQ 75.6 BLQ
21-012 133.2 101.5 829 138.3 90.2 BLQ 116.9
21-013 BLQ BLQ BLQ BLQ BLQ BLQ BLQ
21-014 BLQ BLQ BLQ BLQ BLQ BLQ Missing

Table summarizes VEGF plasma concentrations in pg/mL obtained after administering three
intravitreal injections of different doses of BVZ in the study eye on Days 1, 30, and 60 in wet AMD
patients (n=20) including instances of BLQ= below limit of quantification (Sensitivity 47.5 pg/mL),
which were common at later time points, consistent with expected VEGF suppression.

4. Discussion

4.1. Strategy and Design for Assay Development

The development of PD biomarker assays for VEGF quantification was approached using both
ELISA and MSD platforms, integrating commercially available kits and in-house optimization to
ensure assay sensitivity, specificity, and reproducibility. Both platforms relied on validated
commercial kits that provided standardized reagents and protocols, facilitating consistency across
laboratories. However, customized validation was essential to ensure assay reliability for biosimilar
evaluation [22]. This dual-platform approach was strategically selected to provide robust
performance across diverse clinical and analytical contexts. The ELISA method employed a
quantitative sandwich immunoassay format, where VEGF in the sample was captured between a pre-
coated monoclonal antibody and an enzyme-linked polyclonal detection antibody, resulting in a
colorimetric signal. ELISA was chosen for its reliability, cost-effectiveness, and adaptability in routine
bioanalytical workflows. In parallel, the MSD platform was selected for its advanced ECL detection
technology, which offers superior sensitivity and dynamic range [23]. The rationale for including
MSD was to explore its potential for detecting VEGF at lower concentrations, supporting informed
selection for clinical and regulatory requirements.

For this study, the Quantikine Human VEGF ELISA kit (R&D Systems) was selected because it
is widely recognized as the gold standard for VEGF measurement, offering well-characterized
performance, regulatory acceptance, and compatibility with plasma matrices. Its established use in
clinical and translational research ensures reliability and comparability with existing literature. In
parallel, the MSD V-PLEX Plus Human VEGEF kit was selected for its advanced ECL technology,
which offers superior sensitivity, a broader dynamic range, and reduced sample volume compared
to conventional colorimetric ELISA. The MSD platform also supports multiplexing capabilities,
enabling efficient biomarker analysis in complex clinical studies. Together, these kits represent two
distinct and widely adopted technologies, allowing a robust comparative evaluation of traditional
ELISA versus ECL-based immunoassays for pharmacodynamic biomarker quantification.

4.2. Comparative Assessment of PD Assays Developed for VEGF

A comparative evaluation of the ELISA and MSD platforms was conducted to assess their
suitability for VEGF quantification in human plasma. Both assays used sodium citrate-treated plasma
and recombinant VEGF (CR08) as the standard. MSD provided enhanced analytical sensitivity as
expected due to ECL detection compared to the colorimetric signal measured with ELISA. This
comparative analysis highlights the strengths of each platform. ELISA offers a cost-effective and
scalable solution for routine PD analysis, while MSD is better suited for low-abundance detection in
early-phase or specialized clinical studies. Key assay parameters are summarized in Table 9 to guide
the selection of assays based on clinical study needs.

Table 9. Comparative Assessment PD assays developed for VEGF by ELISA and MSD.
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PD assays for VEGF in plasma

Parameter

ELISA

MSD

Biological matrix

Normal Human plasma

Normal Human plasma

Plasma
Sodium Citrate Sodium Citrate
Anticoagulant
Recombinant Human VEGF
Standard Recombinant Human VEGF (CR08)
(CRO8)

Calibration curve

range

62.5 pg/mL -2000.0 pg/mL

7.7 - 562 pg/mL

Anchor points

Upper —2600.0 pg/mL, Lower-31.25

pg/mL, MRD: 4

1.12- 1080 pg/mL, MRD: 2

Analytical Direct Sandwich ELISA- Dual
Sandwich ECL Detection
technique Colorimetric Detection
Regression Non-Linear (4PL) Non-Linear (4PL)
Weighing factor 1/Y? 1/Y?
Sample Volume 100 pL 50 uL
Time required 05 Hours 05 Hours
Wash steps 2 3
Human VEGF Quantikine ELISA kit, V-PLEX Plus Human VEGF
Kit/ Vendor

R&D systems

Kit, MSD

Pre-coated plate

mAb specific for 5f21-expressed

recombinant human VEGF-A165

Anti-hu VEGF Antibody

Detection

Antibody

peroxidase-conjugated Anti-human

VEGF Conjugate polyclonal Ab

SULFO-TAG™ Anti-hVEGF

Antibody

The comparative evaluation of ELISA and MSD platforms for VEGF quantification highlights

fundamental differences in sensitivity, dynamic range, and operational parameters that influence
platform selection for PD studies. Both assays employ a sandwich immunoassay format but differ in
detection chemistry: ELISA uses enzyme-linked colorimetric detection, whereas MSD employs ECL,
leveraging ruthenium-based SULFO-TAG labels triggered by an electrical stimulus in the presence
of tripropylamine (TPA). This technological distinction underpins the superior analytical
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performance of MSD. The validated ELISA method achieved a quantification range of 62.5-2000
pg/mL.

In contrast, MSD demonstrated a markedly lower quantification range (7.7-562 pg/mL) and
vendor-reported LLOD of 1.12 pg/mL, aligning with published studies [24,25] that emphasize ECL’s
ability to detect low-abundance biomarkers with high precision. This enhanced sensitivity is crucial
for PD studies, where systemic VEGF levels may drop below conventional ELISA detection limits
following anti-VEGF therapy. Both platforms require approximately 5 hours for assay completion;
however, MSD’s multiplexing capability offers scalability for simultaneous measurement of multiple
angiogenic biomarkers, improving efficiency in complex PD studies. Both assays employed non-
linear 4PL regression with a 1/Y? weighting factor, ensuring accurate curve fitting across wide
concentration ranges. MSD’s broader dynamic range (up to 1080 pg/mL) provide flexibility for
samples with variable VEGF expression, reducing the need for repeat dilutions.

Study objectives should guide the choice between ELISA and MSD. ELISA remains a cost-
effective, regulatory-accepted option for routine PD analysis when VEGF concentrations are expected
to be within mid-range levels. Conversely, MSD is advantageous for studies requiring high
sensitivity, low sample volume, and multiplexing, particularly in biosimilar development and clinical
scenarios involving VEGF suppression. ECL technology has been increasingly adopted for biomarker
quantification due to its low background noise, multiple excitation cycles, and decoupling of signal
from stimulation, which collectively enhance assay robustness. Our findings corroborate literature
reports that MSD assays outperform conventional ELISA in detecting VEGF at sub-picogram levels,
supporting its application in pharmacodynamic monitoring and immunogenicity assessments.

5. Conclusions

This study advances the field of bioanalytical assay development by presenting a comparative
evaluation of two distinct VEGF pharmacodynamic assay platforms, Quantikine sandwich ELISA
and MSD V-PLEX ECL assay, optimized for use in human plasma. The validated ELISA
demonstrated robust sensitivity within the regulatory bioanalytical framework and was successfully
applied to the analysis of clinical samples. In contrast, the MSD assay achieved higher sensitivity,
offering a promising solution for studies that require ultra-sensitive detection. Compared to
conventional approaches, this dual-platform strategy provides a practical framework for assay
selection tailored to study-specific needs, striking a balance between sensitivity, cost efficiency, and
regulatory compliance.

Limitations and Future Directions

Only the ELISA method was fully validated and applied to clinical sample analysis, while the
MSD assay was optimized but not validated to the same extent. The cost and accessibility of MSD
technology may also limit its widespread adoption in routine workflows. Future work should focus
on the full validation of the MSD assay, the inclusion of plasma samples from patients undergoing
anti-VEGF therapy to evaluate potential interference and leveraging MSD’s multiplexing capability
for the simultaneous quantification of VEGF and related angiogenic biomarkers. Comparative studies
with external reference methods and clinical correlation will further strengthen translational
relevance and regulatory acceptance.
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