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NovaFluor Dyes: Expanding multiparameter spectral flow cytometry

William Kang, Thermo Fisher Scientific, Carlsbad, CA, 92008, USA

Abstract

The continued development of novel dye technology platforms and spectral flow cytometers has expanded the
number of measurable parameters in flow cytometry panels, thereby enabling researchers to extract more
information from a single experiment. Leveraging the Invitrogen™ NovaFluor™ platform, which enables tuning of
dye spectral properties, we designed dyes with cleaner spectra—reducing spillover and cross excitation. These
dyes were targeted at either unused or underused regions of detector channels in spectral flow cytometry, and
they expand the usable spectrum on the UV, violet, yellow, blue, and red laser lines.

We sought to further explore optimal use of Invitrogen™ NovaFluor™ UltraViolet 765, Violet 690, Violet 745,
Violet 800, Blue 725, Blue 745, Blue 800, Yellow 810, and Red 800 dyes in multi-parameter experiments. We
created small multi-parameter panels on single laser lines using neighboring dyes, as well as panels
incorporating cross laser excitation. Our aim is to help provide guidance on dye combination compatibility,
spread error, and expected resolution when multiplexing these NovaFluor™ dyes with other fluorophores. We
hope to also review best practices and recommendations to optimize experimental outcomes.

Introduction

NovaFluor™ dyes are novel fluorophore-containing nucleic acid dye structures that allow for tuning of
fluorescent signatures and greater control of spillover and spread impact.
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New and existing NovaFluor™ dyes complement options like Invitrogen™ Alexa Fluor™, eFluor,
Brilliant dyes, and other dyes for greater flexibility in spectral panel design

Fluorophore Violet Fluorophore Fluorophore Fluorophore

Brilliant UV 395

430 | UV3 V1 Brilliant Violet 421

440 | Uv4 V2 Super Bright (SB) 436

460 | UV5 V3 eFluor 450

475 | UV6 L/D Blue V4

510 | UV7 Briliant UV 496 V5 Brilliant Violet 480 NovaFluor Blue (NB)510

Single-stranded e Phiton™ labeled : I_Englneered. :
Phiton™ label : excitation and emission
DNA antibody
85
&

525 - V6 B2 | Alexa Fluor (AF)488, FITC
540 | UV8 V7 eFluor 506 B3 NB555, AF532
- . PE, AF561, NovaFluor
580 uva Brilliant UV 563 V8 Pacific Orange B4 Yelow (NY)570
600 - V9 B5 NovaFluor Blue 585 YG2 NovaFluor Yellow 590
615 | UV10| Briliant UV 615 V10 | Brilliant Violet 605, SB600 | B6 NovaFluor Blue 610-70S YG3 NY610, PE-eFluor 610
o5 UV11| riliant V86T | V11 | Briliant Violet 650, SB645 | B7 | NovaFluor Blue 660-120 | YG4 NYR0, PE-Atexa Fluor | g1 APC
678 - - B8 PerCP YG5 PE-Cy5 R2 | AF647, NovaFluor Red (NR)660
695 | UV12 V12 NovaFluor Violet 690 B9 NB690, PerCP-Cy5.5 YG6 NY690 R3 | Alexa Fluor 660, NR685, NR700
o . A (NY700, PE-Cy5.5),
290 uv13 V13 | Brilliant Violet 711, SB702 | B10 PerCP-eFluor 710 YG7 B (NY730, PE-AF 700) R4 Alexa Fluor 700, NR710
740 - - B11 NovaFluor Blue 725 - R5 NR725
755 | UV14 | Brilliant UV 737 V14 NovaFluor Violet 745 B12 NovaFluor Blue 745 YG8 R6 NR755
780 | UV15 | NovaFluor UV 765 | V15 | Briliant Violet 786, SB780 | B13 NovaFluor Blue 760 YG9 NY755, PE-Cy7 R7 APC-eFluor 780
810 | UV16 | Brilliant UV 805 V16 NovaFluor Violet 800 B14 NovaFluor Blue 800 YG10 NY810 R8 NovaFluor Red (NR)700
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Materials and methods

To help provide additional guidance and recommendation when using: NovaFluor™ UltraViolet 765, Violet 690,
Violet 745, Violet 800, Blue 725, Blue 745, Blue 800, Yellow 810, and Red 800, single-color controls on CD4 and
multi-parameter panels consisting of 9-10 fluorophores were used to further explore spread error, and other
potential unmixing issues.

Recommended good practices when using NovaFluor™ Dyes.

* When using any NovaFluor™ dyes, add Invitrogen™ CellBlox™ Plus Blocking Buffer first, then add the
NovaFluor™ dyes

* Master mixes of NovaFluor™ dyes should be stored at 4C for only up to 4 hours, longer storage may result in
unwanted NovaFluor™-NovaFluor™ interactions

« Other blocking buffers such as FC block, serum, and Brilliant Stain Buffer or Super Bright Complete Staining
Buffer can be added to the cocktail as needed

» Use pre-lysed whole blood or peripheral blood mononuclear cells (PBMC). Staining whole blood cells and then
lysing may lead to higher background than expected

* Do not use DNA intercalating viability dyes, such as 7-AAD. Use Fixable Viability Dye or LIVE/DEAD™ Fixable
dye

9-10 parameter panels and CD4s were created to further explore compatibility between neighboring and
cross-laser excited NovaFluor™ dyes

NovaFluor™ dyes and other fluorescent dyes were selected based on spectral overlap of the recently launched
NovaFluor™ dyes. CD4 was used for staining index (Sl) creation and cross-stain index (CSl) generation. CD4
clones were all SK3, except BUV737 and BV650, these were RPA-T4. Immunophenotyping markers were used
to create the 9-10 parameter panels. 4 panels were created and each panel is identified with a number (1), (2),
(3), and (4). The Sl and CSI were created using a single unmixing matrix, while each individual panel was
unmixed separately. Peripheral blood mononuclear cells (PBMCs) were used for all data generation. Al
conjugated antibodies are from the Thermo Fisher Scientific catalog.

Note: all data was generated on a 5-laser Cytek Aurora.

Approx. nm [UV Approx. nm [Violet Approx. nm [Blue Approx. nm |Yellow Green

CDHFMC @) |—— |— =

Ya1 6517 | | — |-

YG2(598) | | |-

YG3®615) | | |-

CD14 BV650 (2) YG4 (660)

YG5 (678)

CD4 NFR685 (2)
CD8 NFR700 (2)

CD19 NFV690 (2) YG6 (697) |CD3 NFY690 (2)

CD56 BV711 (2) (3) CD197 PerCP-eF710 (2) (3) |YG7 (720) CD16 AF700 (2)

CD19NFB725(3) |- CD4 NFR725 (1) (3)

CD19 NFV745 (1)
HLA-DR NFV745 (2) (3)

CD3 NFB745 (1) (3) (4)
CD16 NFB760 (3) (4)

CD16 BUV737 (1) YG8 (750) CD8 NFR755 (1) (3)

CD197 APC-eF780

(1)

CD45RA NFUV765 (1) CD14 BV786 (1) (4) YG9 (780) [CD197 PE-Cy7 (4) CD197 PE-Cy7 (4)

CD56 BUV805 (1) (4) HLA-DR NFV800 (1) (4) CD45RANFBS800 (3) (4)  |YG10 (812)|CD19 NFY810 (4) CD8 NFR800 (4)

Results

Staining Index and Cross staining Index

Staining index and cross staining index was created using CD4 on the Aurora. All NovaFluor™ dyes and other
fluorescent dyes were compatible in a single unmixing matrix.

Staining Index
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CsSl BUV737|NFUV765|BUV805[BV6E50 | NFV690|BV711|NFV745|BV786 | NFV800 [FITC PerCP- NFB725|NFB745 | NFB760 [NFB800|NFY690|PE-Cy7 |NFY810NFR685|NFR700 Alexa NFR725NFR755 APC- NFR800
eFluor 710 Fluor 700 eFluor 780
78% 81% 1% 10% | 34% | 42% | 34% | 34% [18% 20% 24% 31% 29% 36% 4% 18% 11% 16% 13% 26% 34% 45% 49% 42%
NFUV765 79% 3% 3% 21% | 38% | 48% | 44% [10% 10% 16% 17% 16% 9% 0% 16% 9% 5% 1% 8% 25% 38% 44% 37%
BUV805 46% 65% 4% 7% 5% 12% | 1% | 29% |16% 0% 4% 3% 1% 0% 0% 0% 9% 0% 0% 0% 2% 4% 25% 30%
BV650 16% 19% 22% 33% 25% | 14% | 17% [19% 26% 27% 17% 9% 0% 30% 0% 3% 10% 12% 15% 15% 4% 9% 2%
NFV690 14% 22% 16% | 19% 39% | 33% | 34% [11% 17% 17% 9% 0% 0% 16% 0% 0% 29% 30% 30% 26% 22% 30% 22%
BV711 62% 60% 61% | 13% 60% 54% |23% 45% 47% 36% 31% 18% 21% 21% 19% 18% 20% 33% 38% 40% 47% 40%
NFV745 31% 34% 35% 5% 2% 14% 44% | 11% 3% 11% 13% 15% 12% 0% 0% 1% 0% 0% 9% 19% 18% 24% 16%
BV786 58% 72% 75% 2% 15% | 24% 75% 7% 12% 15% 15% 20% 0% 21% 26% 0% 0% 3% 14% 32% 48% 39%
NFV800 0% 21% 45% 0% 0% 0% 12% | 36% 0% 0% 2% 0% 0% 0% 0% 0% 0% 0% 0% 1% 8% 21% 21%
FITC 0% 0% 0% 0% 2% 5% 2% 0% 18% 23% 11% 2% 0% 7% 0% 0% 0% 1% 6% 7% 0% 3% 0%
PerCP-eFluor 710| 43% 45% 45% 6% 38% | 54% | 44% | 38% | 41% |41% 70% 65% 60% 57% 49% 48% 48% 19% 21% 33% 33% 32% 43% 35%
NFB725 0% 7% 9% 3% 4% 5% 18% 0% 7% | 24% 19% 45% 44% 49% 5% 0% 0% 3% 5% 15% 19% 19% 22% 14%
NFB745 15% 20% 16% 0% 0% 2% 23% | 12% | 16% [19% 23% 38% 53% 62% 8% 0% 0% 0% 0% 5% 12% 16% 22% 16%
NFB760 0% 8% 13% 0% 2% 8% 18% | 12% | 20% |29% 27% 45% 57% 68% 9% 14% 9% 0% 0% 7% 12% 30% 39% 29%
NFB800 0% 2% 17% 4% 0% 0% 3% 0% 24% | 19% 12% 28% 47% 2% 0% 4% 0% 0% 0% 0% 3% 13% 14%
NFY690 0% 0% 0% 10% | 22% | 54% 9% 0% 0% [48% 77% 76% 68% 47% 46% 45% 43% 46% 40% 27% 30% 19%
PE-Cy7 48% 65% 64% 3% 0% 17% | 41% | 65% | 56% |50% 51% 66% 80% 5% 11% 10% 19% 42% 52% 44%
NFY810 0% 0% 15% 5% 0% 0% 3% 0% 14% | 11% 4% 14% 25% 0% 0% 0% 0% 0% 9% 4%
NFR685 0% 4% 3% 23% | 31% | 30% | 20% 8% 15% |21% 51% 49% 32% 25% 5% 66% 43% 67% 65% 63% 61% 69% 59%
NFR700 6% 9% 12% | 18% | 32% | 41% | 14% 5% 1% | 34% 65% 64% 52% 40% 0% 64% 36% 67% 64% 57% 62% 55%
Alexa Fluor 700 2% 5% 12% 4% 5% 21% | 10% 0% 6% |17% 35% 35% 20% 12% 0% 10% 18% 10% 32% 33% 42% 36%
NFR725 13% 19% 21% | 16% | 14% | 25% | 23% | 18% | 21% |27% 47% 47% 40% 34% 13% 18% 49% 36% 53% 68% 71% 66%
NFR755 13% 29% 30% | 30% | 24% | 14% | 41% | 37% | 31% |16% 33% 34% 37% 45% 32% 11% 74% 50% 52%
APC-eFluor 780 | 22% 41% 47% | 15% 7% 4% 15% | 30% | 29% | 6% 14% 15% 18% 30% 33% 7% 68% 61% 25%
NFR800 0% 10% 26% | 16% | 11% 1% 10% | 19% | 29% |12% 19% 14% 7% 13% 25% 17% 57% 59% 43%

CD16 BUV737

CD4 NFR725

CD8 NFR755

CD19 NFV745

CD8 NFR700

Results

Spread-error was unavoidable as all the NovaFluor™ dyes and fluorescent dyes used in all 4 panels were
specifically selected for spectral overlaps. In general, NovaFluor™ dyes were compatible with each other as
their spectral signatures tended to be well differentiated.

To help provide further guidelines, these spread error and other errors were identified and subjectively
classified. They are classified as minor amount of spread-error (SS), medium amount of spread-error (MS),
and significant amount of spread-error (LS). Examples are provided.

It is important to note that spread error is highly dependent not only on the spectral overlap and
brightness of the dye, but also the antigen density and the combinations of dyes being unmixed.

Minor spread-error (SS):

Minor amounts of spread-error were classified with the general recommendation that the amount of spread-
error seen from the NF on the x-axis will likely not affect the NF or dye on the y-axis.
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CD19 NFV745 CD19 NFV690 CD19 NFB725 CD45RA NFB800

Medium amount of spread-error (MS):

Medium amount of spread-error were classified with the general recommendation that the amount of spread-
error seen from the NF on the x-axis will only affect very dim NF or dyes on the y-axis.
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Significant amount of spread-error (LS):

Significant spread-error was classified with the general recommendation that the amount of spread-error seen
from the NF on the x-axis may affect a wider range of markers on y-axis, so extra care will be needed during
panel design. Note the last example is the same dye combination as a previously classified “medium” in panel
4, but due to other dyes in the panel, more spread-error is seen in panel 3.

Panel 2 Panel 3 Panel 3

CD3 NFB745
CD3 NFB745

CD16 AF700

CD19 NFB725 CD16 NFB760
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Other errors (OE):

Other errors were classified when the observed data was not consistent with spread-error. In these cases, the
data appeared either over- or under-compensated, or entire populations shifted non-specifically. In some
instances, single-color controls (SCCs) suggested reduced staining intensity in the panel for unknown reasons.
Additionally, HLA-DR NFV800 and HLA-DR NFV745 did not perform as expected, exhibiting high background
staining in populations that should have been negative.

SCC SCC SCC SCC

Panel 1 _Panel 3

HLA-DR :\IFVSOO

I-:LA ?R :\IFV?OO

HLA-DR NFV800
CD56 BV711
CD56 BV711
CD56 BV711

T T T oy T T
CD8 NFR755 CD8 NFR755

Panel 2

CD3 NFY690
CD3 NFY690
CD3 NFY690
CD56 BUV805
CD56 BUV805
CD56 BUV805

iy T Ty oy Ty T oy T T
CD19 NFV690 CD19 NFV690 CD19 NFV690

Conclusions

The following is a summary table of the panel results and classification of spread-error:

PerCP- Alexa APC-eFluor

Impact BUV737 NFUV765 [BUV80S5 |BV650 |NFV690 |[BV711 |NFV745 [BV786 [NFV800 |FITC [eFluor710 [NFB725 [NFB745 |[NFB760 |NFB800 [NFY690 |[PE-Cy7 |NFY810 [NFR685 |NFR700 [Fluor700 |NFR725 [NFR755 |780 NFR800
BUV737 SS - - - NS SS - - - OE - - - - - - - - MS SS SS -
NFUV765 MS SS MS SS - - - MS - - - - - - - - MS MS SS -
BUV805 SS - SS SS - - - MS MS SS - NS NS - - - SS NS NS NS
BV650 SS SS - - - NS - - - - SS - - SS SS SS - - -
NFV690 - - - SS - - - SS - - - - OE - - SS OE OE -
BV711 - - - NS OE/LS NS NS NS MS MS NS MS - - SS LS/OE SS NS SS -
NFV745 SS MS OE NS |SS OE OE OE OE OE/MS OE/MS OE OE - - OE LS/OE OE SS/OE NE/OE SS/OE -
BV786 NE [ s - - - - ss ss ss -~ Ins NS - - -~ s ss ss NS
NFV800 OE MS/OE OE/MS - - - SS/OE OE/SS OE/MS NE/OE - MS/OE |NE/OE - - - SS/OE SS/OE SS/OE MS/OE
FITC - - - - - NS NS - NS - - - -
PerCP-eFluor 710 - - - SS SS SS SS - - SS
NFB725 - - - - - NS SS - -
NFB745 MS MS SS - - NS MS/OE MS OE
NFB 760 - - SS - - NS MS NS MS
NFB300 - - Iss - -~ Ins Jws ss  |Ess
NFY690 - - - SS SS SS OE - - -
PE-Cy7 - - NS - - - - SS SS
NFY810 - - SS - - - - SS SS
NFR685 - - - SS SS SS SS -
NFR700 - - - SS SS SS OE
Alexa Fluor 700 - - - NS SS SS MS -
NFR725 NS SS NS - - NS SS NS SS
NFR755 SS MS SS - - SS SS/OE SS OE
APC-eFluor 780 NS NS NS - - - NS NS NS
NFR800 - - SS - - - - SS OE

- Not tested

NS No spread

SS minor amount of spread

MS Medium amount of spread

LS Significant amount of spread

OE Other error

There appeared to be two primary causes of OE (other errors). First, some conjugates showed high levels of
apparent non-specific staining. Second, staining intensities between the single-color controls (SCCs) and panel
samples did not match, resulting in panel data that appeared over- or under-compensated. The underlying
causes of these errors were not further investigated. One possible explanation is steric hindrance, although
other mechanisms that reduce or quench signal intensity may also contribute. In some cases, the errors may
simply reflect incompatibility between specific conjugates within the same panel.

Although spread-error can be quantified, values such as the spillover spreading matrix (SSM) can be difficult to
directly translate into whether the resulting data quality is acceptable for a given experiment. Spread-error is
highly dependent on multiple experimental variables, including cell type, antigen density, fluorophore
combinations, and instrument configuration. In practice, evaluation of spread-error often relies on visual
inspection of bivariate plots to determine whether sufficient population resolution is maintained for the markers
of interest. While the results presented here are specific to the antibody conjugates and panel configurations
tested, they may still serve as a useful general guideline for anticipating spread error in similar panel designs.

The NovaFluor™ dyes enable the use of underutilized regions of the spectrum in spectral flow cytometry. By
providing both the summarized spread-error table of example panels and the CD4-generated CSI, we hope
this work helps guide panel design and improves the likelihood of successful implementation of NovaFluor™
dyes in future experiments.
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