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ABSTRACT
Flow cytometry-based TBNK immunophenotyping is widely used to assess immune status in research, clinical diagnostics, and 
cell therapy development. Biological control materials such as PBMCs often serve as physiologically relevant controls, but suffer 
from considerable variability due to donor differences, limited stability, and fluctuations in antigen expression levels between 
lots. These factors make it challenging to achieve consistent assay performance, especially in longitudinal or multi-site environ-
ments. TBNK Cell Mimic (synthetic controls in PhenoCyte product line, developed by Slingshot Biosciences; henceforth referred 
to as TBNK Cell Mimic in this manuscript) are polymer-based cell mimics engineered to provide defined scatter properties, 
controlled antigen density, and stable subset ratios. Their scatter profiles are designed to be biologically relevant and compa-
rable to those of native leukocyte populations. In this study, we performed a comprehensive analytical validation of a TBNK 
immunophenotyping assay using these TBNK Cell Mimics as standardized reference controls. Validation parameters included 
repeatability, intermediate precision, accuracy, linearity, specificity, robustness, stability, and carryover. The TBNK Cell Mimic 
met all predefined acceptance criteria, demonstrating ≤ 5% CV for intra- and inter-assay precision and R2 values > 0.998 across 
the linearity range. Accelerated stability studies performed at 25°C and 37°C showed < 5% variation in population frequencies, 
supporting the material's suitability for extended quality monitoring. These results indicate that TBNK Cell Mimic provides a 
consistent and reproducible reference material that can support assay validation and routine performance assessment. While not 
a replacement for biological samples when evaluating donor-specific or viability-dependent biology, their stability and lot-to-lot 
consistency offer a practical tool for reducing technical variability and improving harmonization across instruments, operators, 
and testing sites.

1   |   Introduction

The TBNK (T, B, and NK) immunophenotyping assay is a widely 
used method for identifying and quantifying major lymphocyte 
subsets and is foundational in immunology research, clinical 
diagnostics, and cell therapy development [1, 2]. Achieving re-
producible and comparable results across laboratories requires 
comprehensive analytical validation that evaluates precision, 
accuracy, linearity, specificity, stability, robustness, and re-
producibility, as recommended by CLSI, ICCS, and FDA guid-
ance [3–5].

Traditional biological control materials, particularly peripheral 
blood mononuclear cells (PBMCs), complicate validation efforts 
due to substantial donor-to-donor variability, limited stability, 
and fluctuations in antigen expression [6, 7]. These sources of 
variability affect gating reproducibility, contribute to lot-to-lot 
inconsistency, and hinder longitudinal or multisite standardiza-
tion efforts.

Flow cytometry platforms differ in optics, detector sensitivity, 
and fluorochrome response, making inter-instrument com-
parison challenging [8, 9]. Even with bead-based calibration, 
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fluorescence intensities and background levels are not fully 
harmonized, especially for MFI-based metrics [6]. Biological 
controls add another layer of variability, which can mask true 
instrument-to-instrument differences [7, 10].

In addition, antibody-related factors, including clone, fluo-
rochrome, vendor, and lot-to-lot variation, introduce another 
layer of variability, making harmonized comparisons even 
more challenging. A stable, well-defined reference material 
can help separate biological variation from instrument effects 
and support more consistent performance baselines across 
sites [11].

To address these limitations, polymer-based synthetic refer-
ence materials such as TBNK Cell Mimic have been developed 
by Slingshot Biosciences. These engineered cell mimics exhibit 
biologically relevant forward and side scatter properties and 
defined levels of stable surface biomarkers, enabling lot-to-lot 
uniformity and long-term stability. By minimizing biological 
variability, Slingshot Biosciences' synthetic controls offer a sta-
ble and reproducible alternative to PBMCs for assay develop-
ment, validation, and ongoing quality control.

In this study, we performed a comprehensive analytical valida-
tion of a TBNK immunophenotyping assay using TBNK Cell 
Mimic as standardized control materials. Validation parameters 
included repeatability, intermediate precision, accuracy, linear-
ity, specificity, stability, robustness, and carryover. Our objective 
was to validate that synthetic cell mimics can serve as reliable 
and reproducible alternatives to PBMC-based controls for TBNK 
assay standardization.

2   |   Materials and Methods

2.1   |   Sample Sources

PBMCs: Cryopreserved PBMCs (AllCells, CA, USA).

Synthetic controls: Lyophilized TBNK Cell Mimic (Slingshot 
Biosciences).

2.2   |   Reagents and Antibodies

Additional details on the antibody dilutions are provided in 
Table S1 (Table 1).

2.3   |   Instruments and Software

Flow cytometers: Cytek Aurora, Cytek Northern Lights, BD 
FACSLyric.

Analysis: SpectroFlo, FlowJo v10, Microsoft Excel.

Compensation was performed using instrument-specific 
protocols.

2.4   |   PBMC Thawing and Preparation

Standard PBMC thawing procedures were used to minimize 
osmotic shock and maintain sample integrity, with the full 
detailed protocol provided in the Supporting Information 
Section 1.1.1.

2.5   |   Cell Mimics Rehydration and Preparation

Lyophilized synthetic controls were rehydrated following stan-
dard procedures (see Supporting Information Section 1.1.2. for 
full protocol).

After rehydration, samples were centrifuged at 600 × g for 5 min, 
washed twice with the staining buffer, and resuspended for 
staining.

2.6   |   Staining Protocol

A consistent 100 μL antibody cocktail was used for all samples; 
Zombie NIR was used in all PBMC conditions, with full staining 
details provided in the Supporting Information Section 1.1.3.

TABLE 1    |    Antibody panel used for PBMCs and TBNK Cell Mimic, including fluorochrome, clone, vendor, and catalog number.

Antibody Fluorochrome Clone Vendor Catalog no.

CD45 efluor450 2D1 Invitrogen 48-9459-42

CD3 FITC SK7 Biolegend 344804

CD4 PE-Cy7 SK3 Biolegend 344612

CD19 APC SJ25C1 Biolegend 363006

CD8 AF700 SK1 Biolegend 344724

CD14 V500 M5E2 BD 561391

CD56 BB700 NCAM 16.2 BD 566573

CD16 PE B73.1 BD 347617

Zombie NIR NIR NA BioLegend 423106
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2.7   |   Particle Counting

All samples underwent two standardized wash steps. To eval-
uate potential particle loss associated with washing, replicate 
samples were processed identically and total event recovery was 
quantified following acquisition.

2.8   |   Gating Scheme

A standardized gating hierarchy was applied:

•	 FSC-H versus FSC-A to exclude doublets

•	 FSC-A versus SSC-A to identify leukocytes.

•	 CD45 to define leukocyte lineages

•	 CD3, CD19, CD14, CD16/CD56 to classify subsets.

•	 The full gating schematic is shown in Figure 1.

2.9   |   Product Specification

TBNK Cell Mimic are polymer-based cell mimics with defined 
scatter properties and attached surface biomarkers. They are 
designed to replicate the relative characteristics of human lym-
phocytes, monocytes, and granulocytes, providing a stable, con-
sistent reference material. Table 2 summarizes the key product 
specifications.

2.10   |   Analytical Validation Parameters

The analytical performance of the TBNK immunopheno-
typing assay was evaluated following established regulatory 

and cytometry-specific guidelines, including the Clinical and 
Laboratory Standards Institute (CLSI) recommendations [3], 
the FDA Bioanalytical Method Validation Guidance [4], and 
validation principles outlined by the International Clinical 
Cytometry Society (ICCS) [5]. These standards define the core 
parameters required to demonstrate assay reliability and suit-
ability for quantitative immunophenotyping. The validation 
experiments described in Table 3 were designed to assess these 

FIGURE 1    |    Gating schematic for TBNK immunophenotyping assay using TBNK Cell Mimic.

TABLE 2    |    Product specifications of TBNK Cell Mimic.

Population type
Target 

value (%) Key biomarkers

Granulocytes CD45+ ~5 CD45+

Monocytes CD45+ ~14 CD45+

Lymphocytes CD45+ ~81 CD45+

B Cells CD19+ ~15 CD45+, CD19+

T Cells CD3+ ~74 CD45+, CD3+

T Cytotoxic Cells 
CD8+

~32 CD45+, CD3+, 
CD8+

T Helper Cells CD4+ ~68 CD45+, CD3+, 
CD4+

NK Cells 
CD3− CD19−

~12 CD45+, CD3−, 
CD19−

NK Cells CD16+ 
CD56+

~100 CD45+, CD3−, 
CD19−, CD16+, 

CD56+

Classical Monocytes 
CD14+

~100 CD45+, CD14+, 
CD16−
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characteristics using standardized approaches consistent with 
current best practices in flow cytometry method qualification.

3   |   Results

3.1   |   Precision—Repeatability (Intra-Assay)

Intra-assay precision determines whether the assay performs 
consistently under identical conditions[34]. Six replicates of 
TBNK Cell Mimics were analyzed to assess population and 
MFI stability. All populations exhibited ≤ 3.0% CV, well 

within the predefined acceptance criterion of < 5% CV 
(Table  4). Expanded population and MFI replicates are pro-
vided in Tables S1 and S2.

3.2   |   Precision—Intermediate Precision 
(Within-Laboratory Reproducibility)

Intermediate precision assesses reproducibility across normal 
sources of within-laboratory variation, including operator, in-
strument, and day-to-day differences. TBNK Cell Mimic demon-
strated ≤ 4% CV across all evaluated conditions: same-day 

TABLE 3    |    Summary of analytical validation parameters and acceptance criteria for the TBNK immunophenotyping assay, following CLSI I/
LA-33, ICCS, and FDA guidance.

Parameter Design/purpose Acceptance criteria (% population)

Precision—repeatability 
(intra-assay)

Analyze six replicate samples on the 
same day by the same operator using the 
same instrument and identical conditions 

to evaluate within-run variability.

% CV ≤ 5%

Precision—intermediate 
precision (within-laboratory 
reproducibility)

Assess variability across:
Inter-operator: Two operators on the same 

day using the same instrument.
Inter-instrument: One operator using 

two instruments on the same day.
Inter-day: One operator using the same 

instrument on multiple days.

% CV ≤ 5% across conditions.

Linearity Prepare and analyze a dilution series or 
samples with known target-cell concentrations 

spanning the full analytical range.

Coefficient of determination 
(R2) ≥ 0.98; slope within 
0.90–1.10 of expected.

Range Define the interval between the lowest and 
highest concentration (or signal intensity) where 
precision, accuracy, and linearity meet criteria.

Within the validated linear range, 
showing recovery between 80%–100%.

Limit of detection (LOD) Determines the lowest signal that can be reliably 
distinguished from background. (e.g., using 
blank, low-positive, and replicate analyses).

LOD = mean(blank) + 3 × SD(blank), 
or an equivalent approach

Limit of quantitation (LOQ) Determines the lowest signal that can 
be reliably quantified with acceptable 

precision and accuracy (e.g., using blank, 
low-positive, and replicate analyses).

LOQ = mean(blank) + 10 × SD(blank) 
or equivalent.

Accuracy (trueness) Compare measured results with known 
or reference values when spike-in or 

reference materials are available.

Mean bias ≤ ±5% versus expected.

Specificity/selectivity Confirm target-specific staining using isotype, 
FMO, or knockout controls; assess possible 

interference from other populations or reagents.

Non-target signal ≤ 1%–5% of 
target population frequency; no 

significant cross-reactivity.

Stability Evaluate sample stability under variable 
conditions: Room temperature (25°C) and 37°C

Change in signal ≤ 5% relative 
to time-zero control.

Carryover/cross-contamination Run a blank buffer or unstained sample 
immediately after a positive sample.

Carryover < 1% of high-positive signal.

Robustness Assess assay performance under minor, 
deliberate deviations (e.g., temperature 

±2°C, reagent lot variation).

Results remain within % CV ≤ 5%

Note: Acceptance criteria are based only on population frequencies (% populations). MFI values are for reference only and are not used for acceptance criteria.
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same-instrument replicates, cross-day replicates, cross-instrument 
replicates, and cross-operator replicates, meeting the predefined 
acceptance criterion of < 5% CV (Table 5). These results indicate 
stable performance independent of operator or platform. Full pop-
ulation and MFI datasets are provided in Tables S3–S11.

Intermediate precision was assessed across key sources of 
within-laboratory variability, including repeatability (same 
day, same instrument), day-to-day variation, instrument-to-
instrument variation, and operator-to-operator variation, con-
sistent with CLSI I/LA-33 and ICCS guidance.

3.3   |   Linearity

Linearity evaluates whether measured values are directly pro-
portional to expected values across the assay's analytical range. 

TBNK Cell Mimics were serially diluted with true negative ma-
terial (the same cell mimics, but with no biomarkers attached to 
them) to generate a dilution series spanning the full reportable 
range. Most populations showed slopes within 0.90–1.10 and 
R2 ≥ 0.994 (Table 6). Two populations were slightly outside this 
range: Granulocytes CD45+ (0.84) showed minor deviations at 
the lowest dilutions due to sampling variability in low-frequency 
populations, and B Cells CD19+ (1.15.) were slightly overesti-
mated across the series.

Regression plots further confirmed proportional behavior across 
the validated range (Figure 2). Although population frequencies 
exhibited strong linearity, MFI % CV values remained below 
5%, demonstrating highly stable fluorescence intensity mea-
surements across the dilution series (Table  S12). Full datasets 
for population frequencies and MFIs are provided in Tables S12 
and S13.

TABLE 4    |    Intra-assay repeatability of TBNK Cell Mimic: Population and MFI across six replicates.

Population type
% populations 
(avg of 6 reps)

% CV between 
6 replicates MFI (avg of 6 reps)

% CV between 
6 replicates

Granulocytes CD45+ 5 2.2 148,062 0.5

Monocytes CD45+ 14 1.4 290,905 0.8

Lymphocytes CD45+ 79 0.3 645,748 0.4

B Cells CD19+ 15 0.8 249,264 0.7

T Cells CD3+ 74 0.2 144700 0.9

T Cytotoxic Cells CD8+ 33 0.5 290,739 0.8

T Helper Cells CD4+ 66 0.3 1,026,908 0.5

NK Cells CD16+ CD56+ 99 0.1 285,351 (CD16+) 3.0

285,719 (CD56+) 0.4

Classical Monocytes CD14+ 99 0.1 126,492 1.7

TABLE 5    |    Intermediate precision of TBNK Cell Mimic across operators, instruments, and days for population frequencies.

Population type

% CV between three 
replicates when 

tested on same day 
on same instrument

% CV when 
same operator 
tested on six 

different days

% CV when same 
operator tested 

on three different 
instruments 
on same day

% CV when two 
different operators 

tested on same 
instrument on 

same day

Granulocytes CD45+ 3.8 6.2 3.5 3.3

Monocytes CD45+ 2.6 4.7 3.7 1.4

Lymphocytes CD45+ 0.5 0.5 1.1 0.7

B Cells CD19+ 1.8 0.5 0.8 0.5

T Cells CD3+ 0.2 0.2 0.2 0.3

T Cytotoxic Cells CD8+ 0.6 0.6 0.7 0.6

T Helper Cells CD4+ 0.3 0.3 0.3 0.3

NK Cells CD16+ CD56+ 0.3 0.3 1.7 0.2

Classical Monocytes 
CD14+

0.1 0.05 0.2 0.2
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3.4   |   Range

The analytical measurement range of a flow cytometry assay de-
fines the interval of cell concentrations over which the assay pro-
vides reliable, proportional, and linear results. Linearity of the flow 
cytometry assay was evaluated using serial dilutions of TBNK Cell 
Mimic with Slingshot Labs True Negative (Table 7). Recovery at 
each dilution was calculated as the observed value divided by the 
expected value and expressed as a percentage. Only consecutive 
dilutions with 80%–120% recovery were considered within the val-
idated analytical measurement range. The ranges below represent 
the observed values corresponding to these consecutive dilutions.

3.5   |   Accuracy

Accuracy assesses how well the assay reflects true population 
proportions and whether synthetic control derived events behave 
appropriately when mixed with biological samples. Accuracy 
was evaluated by spiking TBNK Cell Mimic into cryopreserved 
PBMCs and comparing measured values with expected target 
frequencies. Overlay plots demonstrated clear phenotypic sep-
aration of Cell Mimic-derived leukocytes and PBMC-derived 
leukocytes, confirming appropriate marker expression and gat-
ing behavior in mixed samples (Figure 3). All evaluated subsets 
showed minimal bias (≤ 2.0%), indicating that the assay accu-
rately recovers expected population proportions under spike-in 
conditions (Table 8). Full datasets for population frequencies are 
provided in Tables S14.

3.6   |   Specificity

3.6.1   |   Specificity Using FMOs

Specificity confirms that each marker accurately identifies its 
intended population without interference from non-target sig-
nals and is routinely assessed using fluorescence minus one 
(FMO) controls [2]. FMOs were performed for CD14, CD16, 
CD19, and CD56, which can show overlapping or variable ex-
pression in PBMCs. While these markers are bright and clearly 
separated in TBNK Cell Mimic, evaluating them with FMOs 
ensures the assay will perform reliably with real biological sam-
ples. Highly expressed markers such as CD3, CD4, CD8, and 

TABLE 6    |    Linearity assessment of TBNK subset frequencies using 
serial dilutions of TBNK Cell Mimic: Slope, intercept, and R2.

Population type Slope Intercept R2

Granulocytes CD45+ 0.84 0.07 0.997

Monocytes CD45+ 0.97 0.08 0.999

Lymphocytes CD45+ 0.99 1.23 0.998

B Cells CD19+ 1.15 0.09 0.998

T Cells CD3+ 1.00 0.97 0.997

T Cytotoxic Cells CD8+ 0.97 0.36 0.996

T Helper Cells CD4+ 1.02 0.62 0.998

NK Cells CD16+ CD56+ 1.05 0.09 0.999

Classical Monocytes CD14+ 0.90 0.09 0.998

FIGURE 2    |    Linearity of TBNK populations across serial dilutions of TBNK Cell Mimic. Scatter plots show observed versus expected frequen-
cies for each population, with regression lines and 95% confidence intervals. All populations exhibited R2 > 0.998 and slopes within acceptable 
range.
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CD45 are well-resolved in both synthetic and biological samples 
and therefore did not require FMO assessment.

FMO analysis demonstrated minimal non-specific staining 
(< 1%–5% of population frequency) for the evaluated markers 

(Table 9). In the CD19 FMO, only ~0.02% of events fell within 
the B-cell gate, and in the CD14 FMO, only ~0.01% of events ap-
peared in the monocyte gate, indicating very low background. 
In the CD16 and CD56 FMOs, the NK gate contained almost no 
events, reflecting the expected dependence on these markers for 
NK identification. Overall, the FMOs confirm low background 
signal and appropriate marker dependence, with all TBNK sub-
sets remaining well resolved when their defining markers were 
included (Figure 4). Overlay of dotplots are shown in Figure S2.

3.6.2   |   Assessing Specificity via Reagent Variation

In addition to fluorescence minus one (FMO) contrasting Cell 
Mimics were stained with antibodies targeting antigens that 
are not present on TBNK Cell Mimic to assess potential non-
specific binding to the polymer backbone. Antibodies against 
TCRαβ and CCR7 (ubiquitous T-cell markers) and CD20 (a well-
established B-cell marker) were combined in a PE-conjugated 
dump channel. These markers were selected because they are 
well-characterized lineage-specific antigens that are not present 
on TBNK Cell Mimic by design. They serve as negative controls 
to assess nonspecific antibody interactions. The frequency of 
events detected in the PE channel was less than 0.05% (Table 10). 
No detectable staining was observed in the PE channel, indicat-
ing minimal nonspecific binding. The complete antibody panel 
is provided in Table S17, and representative dot plots and histo-
grams are shown in Figure S3.

3.6.3   |   TBNK Cell Mimic Evaluation With 
Commercially Available TBNK Kits

Specificity of TBNK Cell Mimic can also be evaluated by com-
paring results across different commercially available TBNK 

TABLE 7    |    Validated analytical measurement ranges of TBNK Cell 
Mimic by flow cytometry.

Population 
type

Validated 
consecutive 

dilutions

Observed range 
(% population)

Highest 
value

Lowest 
value

Granulocytes 
CD45+

1–16 4.2 0.3

Monocytes 
CD45+

1–16 14 1.0

Lymphocytes 
CD45+

1–4 80 23

B Cells CD19+ 1–2 11 6.0

T Cells CD3+ 1–4 56 16

T Cytotoxic 
Cells CD8+

1–4 18 5.3

T Helper Cells 
CD4+

1–4 38 11

NK Cells 
CD16+ CD56+

1–4 8.4 4.3

Classical 
Monocytes 
CD14+

1–16 13 0.9

FIGURE 3    |    Overlay of PBMC populations and TBNK Cell Mimic from a single spiked sample. Dot plot overlays illustrate distinct clustering of 
TBNK Cell Mimic T-, B-, and NK-cell mimics alongside PBMC-derived populations, confirming appropriate resolution and marker expression in a 
mixed-sample analysis. Orange—TBNK Cell Mimic and Navy—Cryopreserved PBMCs.
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panels (Figures  S4–S6, dot plots). To assess this, population 
frequencies were measured using Slingshot's in-house panel 
(Table 1) and three independent reagent kits: Beckman Coulter 
DURAClone IM, BD Multitest 6-color, and BioLegend Human 
TBNK 4-color. The % CV across kits was low for most popu-
lations (0%–12.8%), with Granulocytes CD45+ showing the 

highest inter-kit variability (12.8% CV) and major lymphocyte 
subsets (CD3+, CD4+, CD8+, CD19+, and NK cells) demon-
strating minimal variation (% CV ≤ 2.2%), indicating that popu-
lation identification is consistent across different reagent panels 
(Table 11).

Overall, these data support the specificity and robustness 
of TBNK Cell Mimic across different reagent formulations, 
demonstrating that the control material reliably produces ex-
pected population distributions regardless of panel choice.

3.6.4   |   Antibody Clone Dependence

To evaluate antibody clone dependence across the TBNK panel, 
TBNK Cell Mimic were stained with three commonly used 
antibody clones per marker under identical assay conditions 
(Table  S18). For most markers, population frequencies were 
consistent across commonly used antibody clones, except CD3, 
which was compatible with two of the four clones evaluated 
(Table 12).

TABLE 8    |    Accuracy evaluation comparing observed population frequency (% population) values from PBMC + TBNK Cell Mimic spike-in 
experiments with expected TBNK Cell Mimic target values.

Population type

PBMCs spiked in with 
TBNK cell mimic 

(spiked % population)
TBNK cell mimic only 

(expected % population) Bias (spiked−expected)

Granulocytes CD45+ 4 4 0.3

Monocytes CD45+ 14 13 0.7

Lymphocytes CD45+ 80 81 −2.0

B Cells CD19+ 13 13 1.5

T Cells CD3+ 74 74 0.3

T Cytotoxic Cells CD8+ 33 33 −0.7

T Helper Cells CD4+ 67 67 0.7

NK Cells CD16+ CD56+ 100 99 0.6

Classical Monocytes CD14+ 99 99 −0.1

TABLE 9    |    Specificity assessment using FMO controls for major 
TBNK populations (% population).

Population 
type

TBNK 
cell 

mimic
CD14 
FMO

CD16 
FMO

CD56 
FMO

CD19 
FMO

Granulocyte 
CD45+

4 5 5 5 5

Monocyte 
CD45+

14 14 14 13 14

Lymphocyte 
CD45+

79 79 80 80 80

B cells 
CD19+

15 15 15 15 0.02

T cells CD3+ 79 79 80 80 80

T Cytotoxic 
Cells CD8+

33 33 33 33 33

T Helper 
Cells CD4+

67 67 67 67 67

NK cells 
CD16+ 
CD56+

99 99 0.00 0.00 42a

Classical 
Monocytes 
CD14+

98 0.01 99 100 99

aNK cells (CD16+ CD56+) are 42% in the CD19 FMO because they are gated 
from the CD3− CD19− population, which is affected in the CD19 FMO.

FIGURE 4    |    Specificity evaluation using FMOs for CD14, CD16, 
CD19, and CD56. Representative gating plots illustrate separation be-
tween target and non-target populations. Minimal non-specific signal 
was detected across FMOs, demonstrating high assay specificity.
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3.7   |   Robustness

Robustness evaluates the sensitivity of an assay to small, 
routine workflow variations. To demonstrate robustness, 
TBNK Cell Mimic Controls were subjected to three com-
monly used sample-processing conditions: no-lyse, lyse/
no-wash, and lyse/wash. Population frequencies remained 
stable (≤ 2.7% CV) across all conditions (Table  13), and 
overlay plots confirmed consistent population separation 
across workflows (Figure  5). These findings indicate that 
TBNK Cell Mimic maintained assay performance despite 
procedural differences encountered in typical flow cytometry 
laboratories.

3.7.1   |   Lot-To-Lot Consistency

In addition to procedural robustness, evaluating lot-to-lot 
consistency is essential for reference materials intended for 
long-term assay support. Across 11 independent TBNK Cell 
Mimic lots, population frequencies remained highly consis-
tent, with CVs ranging from 1.3% to 8.8% (Table 14). The small 
variability observed between lots reflects normal manufac-
turing tolerances in formulation and antigen loading. Overall, 
these results confirm that TBNK Cell Mimic maintains stable 
population frequencies across production batches, supporting 
their suitability for longitudinal assay validation and routine 
quality control.

3.8   |   Stability

Stability of TBNK Cell Mimic was evaluated under accelerated 
aging conditions to estimate long-term performance. Studies 
were conducted at 25°C and 37°C, and equivalent aging in-
tervals were calculated using the Arrhenius model with a 
Q10 value of 2, a commonly applied assumption for projecting 
temperature-dependent degradation in non-biological quality 
control materials [12]. Population frequencies were measured in 
three replicates per timepoint across accelerated intervals cor-
responding to up to 36 months of equivalent aging. The accel-
erated conditions were intended to model thermal degradation 
on the polymer-based beads and stability of attached surface 
proteins, which can affect fluorescence intensity and population 
stability over time.

Stability was assessed under accelerated aging at 25°C (up to 
24 months equivalent) and 37°C (up to 36 months equivalent). 
Most subsets showed % CV below 2% (Table 15), and the absolute 
change relative to T0 was ≤ 5% for all populations (Table  16). 
Overlay dot plots comparing T0 and the final timepoints 

TABLE 10    |    Specificity assessment using reagent variation controls 
for major TBNK populations (% population).

Population type
% population (average 

of 3 replicates)

Granulocytes CD45+ 4

Monocytes CD45+ 12

Lymphocytes CD45+ 81

B Cells CD19+ 15

T Cells CD3+ 74

T Cytotoxic Cells CD8+ 33

T Helper Cells CD4+ 67

NK Cells CD16+ CD56+ 98

Classical Monocytes CD14+ 100

TCRab, CD20, CCR7 (Dump 
Channel)

0.04

TABLE 11    |    Specificity assessment using different commercially available immunophenotyping TBNK panel kits. (% population).

Population type

Data from 
Slingshot's 

in-house panel

Beckman 
Coulter 

DURAClone 
IM kit

BD multitest 
6-color kit

BioLegend human 
TBNK 4-color kit

% CV between 
different kits

Granulocytes CD45+ 5 4 5 4 12.8

Monocytes CD45+ 13 12 13 13 3.9

Lymphocytes CD45+ 79 81 81 81 1.2

B Cells CD19+ 15 15 15 15 0

T Cells CD3+ 75 74 74 75 0.8

T Cytotoxic Cells 
CD8+

33 34 34 Marker not in panel 1.7

T Helper Cells CD4+ 67 66 66 Marker not in panel 0.9

NK Cells CD16+ 
CD56+

99 100 95 98 2.2

Classical Monocytes 
CD14+

99 100 Marker not 
in panel

Marker not in panel N/A
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demonstrate consistent gating profiles and minimal shifts in 
fluorescence patterns (Figure S8).

Accelerated aging studies show that TBNK Cell Mimic main-
tain strong antigen expression and population stability under 
thermal stress (Figure 6). Since accelerated conditions may not 
capture all real-time effects, studies at the recommended stor-
age temperature (−20°C) are ongoing to further validate stabil-
ity over the full shelf life. Collectively, these data indicate that 
TBNK Cell Mimic maintain robust antigen expression and pop-
ulation distributions under thermal stress for the assessed accel-
erated aging period. The observed long-term stability allows a 

single lot of material to be used consistently over extended study 
periods, without requiring lot-to-lot bridging.

3.9   |   Carry-Over

Carryover was assessed using an alternating sequence of high-
positive TBNK Cell Mimic samples and blank (stain buffer) 
samples to determine whether residual events persisted between 
acquisitions. Across all three alternating runs, blank samples 
showed negligible event counts, with singlets, leukocytes, and 
all TBNK subsets approaching zero (Table 17). These findings 
confirm that the assay and instrument fluidics do not retain 
measurable residual particles following acquisition of TBNK 
Cell Mimic, demonstrating minimal carryover and supporting 
reliable sequential sample analysis.

3.10   |   LOD/LOQ

The limit of detection (LOD) and limit of quantitation (LOQ) 
were calculated for each TBNK population using σ-based sta-
tistical estimates derived from the variability observed in the 
linearity study, together with background signals measured in 
separately run blank samples. All blanks returned 0 events, con-
firming the absence of measurable background. Using σ from 
the linearity residuals, LOD was defined as 3.3σ and LOQ as 
10σ, representing the lowest population frequencies that can 
be distinguished from background and reliably quantified, re-
spectively. The resulting LOD values ranged from 0.33–4.65 and 
LOQ values ranged from 0.99–14.1 (Table  18), demonstrating 
that the assay maintains strong sensitivity for all TBNK popula-
tions across their validated analytical ranges.

TABLE 12    |    Effect of antibody clone selection on detection of TBNK 
populations using TBNK Cell Mimic.

Population type Clone Positive Negative

CD3 SK7 74.5 25.5

OKT3a 0.1 99.7

UCHT1 74.2 25.8

HIT3aa 0 100

CD4 SK3 49.8 50.2

OKT4 49.8 50.2

RPA-T4 49.4 50.6

CD8 SK1 24.8 75.2

HIT8a 24.7 75.3

RPA-T4 25.1 74.9

CD14 M5E2 99.3 0.7

HCD14 99.2 0.8

61D3 99.3 0.7

CD16 B73.1 10.9 89.1

CB16 10.8 89.2

3G8 10.8 89.2

CD19 SJ25C1 14.8 85.2

HIB19 14.8 85.2

4G7 15 85

CD45 2D1 99.5 0.5

HI30 100 0

MEM-28 100 0

CD56 NCAM 16.2 11.5 88.5

MEM-188 10.6 89.4

MY-31 10.9 89.1

Note: Positive and negative population frequencies are shown for representative 
clones. The original panel fluorochromes (Table 1) were retained for primary 
clones (italicized), while alternative antibody clones were tested in PE.
aCD3 OKT3 and HIT3a produced distinguishable positive and negative 
populations, but overall staining was suboptimal. With fixed gating, the 
populations appeared poorly resolved, as shown in representative dotplots in 
Figure S7.

TABLE 13    |    Robustness evaluation under different sample 
preparation workflows (% population): No lyse, lyse/no-wash, lyse/
wash.

Population type
No 

lyse
Lyse no 

wash
Lyse 
wash % CV

Granulocytes 
CD45+

5 5 5 2.7

Monocytes CD45+ 13 13 13 2.3

Lymphocytes 
CD45+

80 80 79 0.7

B cells CD19+ 15 15 15 0.6

T cells CD3+ 74 74 75 0.3

T Cytotoxic Cells 
CD8+

34 33 34 0.5

T Helper Cells 
CD4+

66 67 66 0.2

NK cells CD16+ 
CD56+

100 99 99 0.1

Classical 
Monocytes CD14+

100 100 100 0.1
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3.11   |   Particle Counts Post Reconstitution

Each vial of TBNK Cell Mimic is manufactured to provide 
a minimum working amount of approximately 250,000 cell 
mimics following reconstitution. This design ensures that, 
even after routine processing steps such as washing, where 
minor losses may be expected, the user retains an adequate 
particle count for analysis. Following two wash steps, repli-
cate recoveries (Table 19) consistently demonstrated particle 

counts at or above 250,000, indicating that the washing pro-
cedure did not result in meaningful particle loss or introduce 
frequency bias.

4   |   Discussion

This study examined how polymer-based TBNK Cell Mimic per-
forms within a standard TBNK flow cytometry workflow and 

FIGURE 5    |    Robustness assessment using no-lyse, lyse/no-wash, and lyse/wash workflows showed stable population frequencies across all sub-
sets (≤ 2.7% CV). Orange—No Lyse, Navy—Lyse wash and Charcoal—Lyse No wash.

TABLE 14    |    Lot-to-lot consistency across 11 independent TBNK Cell Mimic lots: Population frequencies.

Population type Lot 1 Lot 2 Lot 3 Lot 4 Lot 5 Lot 6 Lot 7 Lot 8 Lot 9 Lot 10 Lot 11 CV%

Granulocytes 
CD45+

5 4 6 5 5 5 5 5 5 5 5 8.8%

Monocytes CD45+ 16 15 16 14 15 14 15 14 16 14 14 4.6%

Lymphocytes 
CD45+

79 79 77 80 80 80 79 80 77 80 80 1.3%

B cells CD19+ 13 14 17 15 16 15 16 15 15 16 14 7.5%

T cells CD3+ 77 76 70 75 74 74 73 75 74 72 73 2.6%

T Cytotoxic CD8+ 33 35 35 32 34 34 35 34 34 34 32 2.8%

T Helper CD4+ 67 65 65 68 66 67 65 66 66 66 68 1.4%

NK cells CD16+ 
CD56+

94 100 100 100 100 99 99 100 99 99 99 1.5%

Classical Monos 
CD14+

94 100 99 99 99 94 98 98 100 99 100 2.1%
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evaluated their performance as stable reference materials for 
analytical validation and long-term monitoring. These materials 
provide a consistent and reproducible means of assessing assay 
performance over time.

Population frequencies remained highly consistent across op-
erators, instruments, and days. This level of stability contrasts 
with donor PBMCs and whole blood, which show marked in-
ter- and intra-donor variability in subset distributions, antigen 

TABLE 16    |    Absolute change in % population compared to timepoint zero for accelerated stability of TBNK Cell Mimic under 25°C and 37°C 
storage.

Temperature Population type

Equivalent timepoint (accelerated aging)

6 months 12 months 18 months 24 months 36 months

37°C Granulocytes CD45+ 1 5 2 3 0.4

Monocytes CD45+ −1 1 0.8 −0.5 −3

Lymphocytes CD45+ 0.2 −0.6 −0.3 −0.1 0.4

B cells CD19+ −2 −1 −0.1 −1 −1

T cells CD3+ 0.4 0.2 0.1 0.5 0.2

T Cytotoxic Cells CD8+ 0.6 −0.4 0.5 0.3 −0.4

T Helper Cells CD4+ −0.3 0.2 −0.2 −0.1 0.2

NK cells CD16+ CD56+ 0.0 0.0 0.0 0.0 0.0

Classical Monocytes CD14+ 0.0 0.0 0.0 0.0 0.0

25°C Granulocytes CD45+ −0.2 −4 0.0 2 N/A

Monocytes CD45+ 0.1 −2 −1.8 −0.8 N/A

Lymphocytes CD45+ 0.1 0.6 0.5 0.1 N/A

B cells CD19+ 0.6 0.5 0.8 −0.3 N/A

T cells CD3+ −0.1 −0.3 −0.2 −0.2 N/A

T Cytotoxic Cells CD8+ −0.9 −0.3 −1.4 0.1 N/A

T Helper Cells CD4+ 0.4 0.1 0.7 −0.1 N/A

NK cells CD16+ CD56+ 0.0 0.0 0.0 0.0 N/A

Classical Monocytes CD14+ 0.0 0.0 −0.1 0.0 N/A

FIGURE 6    |    Percentage population stability is shown over the accelerated aging period at 37°C. All subsets remained within < 5% variation from 
initial values across the assessed time points.
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expression, and susceptibility to pre-analytical factors such 
as cryopreservation, processing delays, and isolation meth-
ods [10, 13, 14]. Because the synthetic controls do not undergo 

biological changes such as activation or apoptosis, their popula-
tion structure remains stable with repeated handling, providing 
a reliable baseline for day-to-day assay reproducibility. As shown 
in Table S15, TBNK Cell Mimic demonstrates less variation in % 
populations between lots than PBMCs, including off-the-shelf 
lyophilized or cryopreserved PBMCs, further supporting their 
robustness as a control material.

Median fluorescence intensities (MFI) were not compared 
across instruments due to known differences in instrument 
design, detector sensitivity, and signal amplification settings 
[8, 11, 15]. These differences persist even when bead-based stan-
dards are used, as beads help monitor detector performance but 
cannot fully harmonize fluorescence signals between cytome-
ters [16]. Though synthetic controls cannot be used to compare 
MFI across instruments, they are highly effective for monitor-
ing operator-to-operator and day-to-day variability, as shown in 
Tables S4, S6, and S8. Synthetic controls are ideal for assessing 
frequency-based metrics and provide a reliable measure of in-
strument stability over time.

Linearity studies demonstrated proportional responses across 
a broad concentration range, supporting use of the material 
in defined intervals where relative quantification is reliable. 
Slight deviations at the lowest dilutions likely reflect the chal-
lenges of measuring very small populations. Because the di-
lutions were prepared using engineered material rather than 
biological cells, the resulting measurement range reflects a 
stable and reproducible control. Biological samples may differ 
due to variation in antigen density, staining efficiency, or scat-
ter properties [17], emphasizing the value of consistent control. 
The synthetic controls provided a reliable and reproducible 
range in which the assay produced values that closely matched 
expectations.

TABLE 17    |    Carryover assessment using an alternating sequence of high-positive and blank samples.

Population type
TBNK cell 

mimic Rep 1

Stain 
buffer 
Rep 1

TBNK cell 
mimic Rep 2

Stain 
buffer 
Rep 2

TBNK cell 
mimic Rep 3

Stain 
buffer 
Rep 3

Singlets Count/μL 1028.66 1.1 1118.12 2.14 1045.16 1.26

Leukocytes Count 
(Events/μL)

30712 30 33510 57 31478 28

Granulocytes CD45+ 5 0 4 0 5 0

Monocytes CD45+ 13 0 14 0 13 0

Lymphocytes CD45+ 79 0 80 0 79 0

B cells CD19+ 15 N/A 15 N/A 15 N/A

T cells CD3+ 79 0 80 0 79 0

T Cytotoxic Cells 
CD8+

33 N/A 34 N/A 33 N/A

T Helper Cells CD4+ 67 N/A 66 N/A 67 N/A

NK cells CD16+ 
CD56+

99 N/A 100 N/A 99 N/A

Classical Monocytes 
CD14+

98 N/A 99 N/A 99 N/A

TABLE 18    |    Limit of detection (LOD) and limit of quantitation 
(LOQ) for each TBNK population, based on σ-based calculations.

Population type Sigma (σ) LOD LOQ

Granulocyte CD45+ 0.088 0.34 1.04

Monocyte CD45+ 0.173 0.59 1.79

Lymphocyte CD45+ 1.393 4.65 14.1

B Cells CD19+ 0.183 0.53 1.59

T Cells CD3+ 1.102 3.63 11.0

T Cytotoxic Cells CD8+ 0.463 1.57 4.77

T Helper Cells CD4+ 0.680 2.20 6.68

NK Cells CD16+ CD56+ 0.104 0.33 0.99

Classical Monocytes CD14+ 0.183 0.67 2.03

TABLE 19    |    Replicate cell counts following reconstitution of TBNK 
Cell Mimic.

Replicate
Total volume 

(μL) Count/μL Total count

Vial 1 300 874 262,098

Vial 2 300 858 257,463

Vial 3 300 977 293,205

Average 300 903 270,922
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When mixed with PBMCs, the synthetic populations integrated 
predictably into standard gating hierarchies. Their forward- and 
side-scatter characteristics overlapped with the PBMC lympho-
cyte region (Figure  S1), indicating compatibility with conven-
tional lymphocyte gating boundaries. In addition, staining with 
lineage-specific antibodies to antigens present on T-cells or B-
cells but absent on TBNK Cell Mimic by design demonstrated 
minimal nonspecific binding, supporting clean population reso-
lution without polymer-associated background. This makes the 
TBNK Cell Mimic material useful for verifying consistency in 
gate placement without distorting PBMC-derived population 
boundaries. Minor shifts in NK-related FMOs were consistent 
with known challenges in CD16 and CD56 gating related to flu-
orochrome brightness and spectral overlap [18–20]. Overall, the 
synthetic controls help confirm that major population boundar-
ies are being resolved correctly.

Cryopreserved PBMCs are used in spike-in experiments to pro-
vide a controlled approach for evaluating population recovery 
and gating behavior. However, cryopreservation and freeze–
thaw processing can alter surface marker expression and scatter 
characteristics compared with freshly isolated blood. As a re-
sult, the accuracy data presented here are specific to workflows 
using cryopreserved PBMCs and may not fully reflect assay per-
formance in fresh whole-blood immunophenotyping.

Antibody clone selection is a well-recognized source of variabil-
ity in flow cytometry-based immunophenotyping, particularly 
for markers with inconsistent expression. TBNK Cell Mimic 
exhibited consistent population frequencies for most markers 
when stained with standard antibody clones, with the excep-
tion of CD3, which was compatible with only two of the four 
clones evaluated. Clone-dependent differences were observed 
for select markers, demonstrating that the synthetic material re-
sponds to antibody variation in a biologically realistic manner.

Performance consistency across no-lyse, lyse/no-wash, and lyse/
wash workflows indicates that the material functions reliably 
despite substantial procedural differences among laboratories. 
Lot-to-lot comparisons also showed stable population frequen-
cies across independent manufacturing batches, suggesting a 
well-controlled production process. This type of batch consis-
tency is particularly valuable for longitudinal assay monitoring, 
where variability in the control material can otherwise hide real 
assay drift [21, 22].

Stability was supported by minimal changes in population fre-
quencies during accelerated aging at 25°C and 37°C, consistent 
with expectations for non-biological QC materials. Because 
accelerated aging relies on thermal acceleration models, such 
as the Arrhenius assumption, which may not perfectly predict 
real-time performance [12], an additional real-time stability 
study is ongoing to confirm the results of the accelerated sta-
bility study.

TBNK Cell Mimics are intended for use as gating or assay control 
for percentage-based immunophenotyping and were evaluated 
in this study for their ability to reproduce relative population 
frequencies. They are not designed for use as absolute counting 
standards unless combined with appropriate counting beads or 
volumetric cytometry platforms.

In the broader context of flow cytometry reference materials, 
synthetic controls occupy a distinct role. Donor-derived PBMCs 
offer biological relevance but are variable and have limited sta-
bility; stabilized whole-blood products retain morphology and 
autofluorescence but vary between lots. Commercially avail-
able polystyrene beads are useful for optical standardization 
such as tracking detector performance, setting compensation, 
or establishing fluorescence scales but they lack the immuno-
phenotypic complexity required to evaluate cell-based gating 
strategies [21, 22]. Synthetic controls bridge these gaps by pro-
viding reproducible population-level immunophenotypes with-
out donor-dependent variability. Because protein expression and 
population frequencies (Table 14) can be precisely controlled and 
reproduced from lot-to-lot, the materials provide biologically 
relevant structure while maintaining high manufacturing con-
sistency. These attributes enable the products to be used across 
diverse QC workflows, supporting assessment of assay precision, 
workflow consistency, and long-term performance trends.

Synthetic controls can be engineered to display a wide range 
of surface markers, including activation, apoptosis, or exhaus-
tion epitopes, with precise and reproducible expression levels. 
Unlike living cells, they are not affected by signaling, stress, cy-
tokine exposure, or changes in viability, and they do not exhibit 
donor-specific variability in antigen density, autofluorescence, 
or spreading error. This stability provides a reliable reference 
for gating, compensation, and spectral unmixing, making them 
particularly well-suited for panels such as TBNK that focus on 
lymphocyte subsets. The TBNK Cell Mimic platform allows 
customization of marker expression and population frequencies, 
providing a consistent and reproducible reference material for 
supporting assay performance and quality monitoring.

In summary, the polymer-based TBNK Cell Mimic controls 
bring consistency, precision, and reliability to flow cytometry 
workflows. With well-defined marker expression and reproduc-
ible population frequencies, they provide a robust reference for 
gating, compensation, and performance monitoring.

5   |   Conclusion

This validation demonstrates that TBNK Cell Mimic can provide 
a consistent benchmark for TBNK immunophenotyping perfor-
mance across key analytical parameters. The material exhibited 
stable population profiles (CV < 5%), reproducible measure-
ments across different workflow conditions (CV < 5%), and low 
lot-to-lot variability (CV < 3%), supporting reliable evaluation of 
assay precision, linearity, specificity, stability, and robustness. 
These results indicate that TBNK Cell Mimic can serve as a de-
pendable reference material for monitoring assay performance 
in both research and regulated cytometry environments. Their 
stability and controllability make them a complementary refer-
ence material to biological samples, supporting consistent and 
reliable assay performance.
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Intermediate precision assessment of TBNK Cell Mimic across different 
days. Mean fluorescence intensity (MFI) values were compared to eval-
uate inter-day variability. Table S9: Intermediate precision assessment 
of TBNK Cell Mimic using Rainbow bead–normalized MFIs across 
multiple days. Table S10: Intermediate precision assessment of TBNK 
Cell Mimic across different instruments on the same day. Population 
frequency measurements were compared to evaluate inter-instrument 
variability. Table S11: Intermediate precision assessment of TBNK Cell 
Mimic across different instruments on the same day. Mean fluorescence 
intensity (MFI) values were compared to evaluate inter-instrument 
variability. Table S12: Linearity assessment of TBNK subset frequen-
cies using serial dilutions of TBNK Cell Mimic: population frequencies 
Table S13: Linearity assessment of TBNK subset frequencies using se-
rial dilutions of TBNK Cell Mimic: MFI Table S14: Replicate data for 
Accuracy evaluation comparing observed values from PBMC + TBNK 
Cell Mimic spike-in experiments with expected TBNK Cell Mimic tar-
get values. Table S15: TBNK Cell Mimic demonstrates less variation in 
% populations between lots than PBMCs. Figure S2: Overlay of TBNK 
Cell Mimic Immune Cell Populations with Fluorescence minus one 
sample (FMOs). This figure shows overlays of FMOs (Charcoal—CD19 
FMO, Blue CD56 FMO, Navy—CD16 FMO, Yellow—CD14 FMO) with 
the TBNK Cell Mimic (in Orange). Figure S3: Specificity assessment of 
TBNK Cell Mimic using non-specific markers (TCRab, CD20 and CCR7 
in PE). Right plot—demonstrates CD3 versus CD19, middle plot—
demonstrates CD3 versus PE channel with all the non-specific markers, 
Left plot—histogram of PE channel. Figure S4: Schematic represen-
tation of TBNK Cell Mimic Immune Cell Analysis using DURAClone 
IM Phenotyping kit Figure S5: Schematic representation of TBNK Cell 
Mimic Immune Cell Analysis using BD Multitest 6-color TBNK kit 
Figure S6: Schematic representation of TBNK Cell Mimic Immune Cell 
Analysis using Human 4-color TBNK kit Figure S7: Representative 
dot plots showing positive and negative populations for CD3 alternate 
clones (UCHT1, OKT3 and HIT3a). Figure S8: Overlay of TBNK Cell 
Mimic Immune Cell Populations Across Two Accelerated Stability 
Study Timepoints Table  S16: TBNK Antibody Panel Information 
Table S17: TBNK Antibody Panel Information for assessing Specificity 
Table S18: TBNK Cell Mimic clone compatibility. 
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