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Luminescent dyes are commonly modified to improve their solubility, permeability, or spectral properties.
However, changing the chemical structure influences the absorption of light and thus the compound-specific
molar absorption coefficient (¢), which also confounds the compound’s concentration in solution. The accu-
rate determination of the molar absorption coefficient of new luminescent molecules is labor intensive and
challenging when a limited amount of material is available for testing. To address this problem, we developed
three techniques combined with UV-Vis spectrophotometry to closely approximate the molar absorption coef-
ficient of various light-emitting dyes. The first technique uses Electrospray Mass Spectrometry to obtain a high-
resolution incorporation ratio of a dye-labeled protein. The second approach utilizes covalent linking of the
unknown dye to a dye with a known absorption coefficient. In the third method, we used fluorescence correlation
spectroscopy to determine the fluorophore concentration in solution. We test each method with well-
characterized fluorescent dyes and an uncharacterized chemilumiphore. Each technique produced calculated
absorption coefficients comparable to the published reference values, although each presented unique limitations
that reduced accuracy under certain conditions. Nevertheless, the techniques could be incorporated into current
compound evaluation workflows and require only a small amount of sample, two significant advantages over

traditional methods for characterizing new luminescent compounds.

1. Introduction

Immunofluorescence as a research tool emerged in the 1940s, when
fluorescein isothiocyanate was used to directly label antibodies [1,2]. In
the following decades, other fluorescent dyes were developed and uti-
lized for fluorescence measurements, including rhodamine, coumarin,
and cyanine fluorophores [3,4]. These dyes serve as the structural
backbone of many commonly used modern fluorophores, including the
popular Alexa Fluor series dyes suited for biological applications. To
meet the diversity of fluorescence needs, fluorophores continue to be
extensively modified to improve characteristics such as solubility,
membrane permeability, or spectral properties [5-7]. Each new fluo-
rescent dye must be accurately characterized prior to its use.

The concentration of a dye in solution is calculated by Beer’s Law,
where the absorption of light is directly correlated to the concentration
of the species, the path length of the measurement, and the compound-
specific measure of light absorbance, its molar absorption coefficient (¢).
Adding or removing functional groups from dyes changes the electron
localization pattern and impacts how efficiently light is absorbed.

Modification effects can be approximated by theoretical calculations
with either computational and machine learning resources or by the
Strickler-Berg relation if the quantum yield and fluorescence lifetime are
known [8-11]. However, even small modifications cause shifts in the
molar absorption coefficient [12]. For example, fluorescein has an ab-
sorption peak at 490 nm and absorption coefficient of around 80,000
M~ em™! in a basic solution [13,14]. Switching the hydroxyl groups at
the 3,6 position of the xanthene core with an amines yields rhodamine
110, which has a lower absorption coefficient of 76,000 M tem ! [15].
Addition of a carboxy moiety on the rhodamine 110 phenyl group at the
5' position increases the absorption coefficient to 84,000 M~ lem~![16].
Sulfonation of 5-carboxy-rhodamine 110 at positions 4,5 position gen-
erates the popular Alexa Fluor 488 dye and reduces the absorption co-
efficient to 73,000 M~ cm™! [17]. Removal of the 5’ carboxyl group and
tertiary amide substitution at the 2’ carboxyl group creates ATTO 488
dye with a higher absorption coefficient of 90,000 M Yem1[18]. Thus,
modification of these xanthene dyes alter the absorption coefficient
upwards of 20 %. Similarly, modification of the 3,6 positions of tetra-
methylrhodamine with differently sized nitrogen-containing rings
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changes the absorption coefficient from 0 to 40 % without a clear cor-
relation on ring size [6]. In addition to fluorophores, other dyes such as
chemiluminescent acridinium ester derivatives are modified to improve
light yield, solubility, and other properties [19].

The development of new, brighter fluorophores with more efficient
light yield requires accurate measurement of the absorption coefficient
and precise dye concentrations in solution. For researchers and organic
chemists developing new light-emitting dyes, absorbance cannot be
used to quantify a compound without a priori determination of the molar
absorption coefficient. Traditionally, the molar absorption coefficient of
a new dye is determined by measuring the absorbance of a sample of
known concentration. To ensure the accuracy of the solution concen-
tration, the new dye’s formula weight must then be calculated by per-
forming elemental analysis to account for deviations from hydration
states, residual solvent, impurities, etc. [20] This is especially important
for novel dyes with unoptimized synthesis protocols. However, formula
weight measurements are subject to experimental and random error,
complicating the analysis of purity [21]. Additionally, the whole process
requires significant sample preparation (~50 mg) and outsourcing the
elemental analysis to third-party laboratories, which can be costly and
time-consuming.

There is a need for low sample consumption methods that can
accurately determine a new dye’s absorption coefficient for quantifica-
tion and light yield estimation, ideally, with accuracies within 20 % of
the true value [22,23]. Here, we apply three independent techniques to
approximate the concentration of light-emitting dyes and derive their
absorption coefficients. We test well-characterized Alexa fluorophores
as controls and further apply the techniques to estimate the absorption
coefficient of an uncharacterized chemiluminophore (Carbox-
ylpropyl-sulfopropyl acridinium, CPSP) compared to traditional
methods. Importantly, these three techniques use a fraction of the
amount of sample as traditional elemental analysis and can be inte-
grated into current compound evaluation workflows to rapidly and
accurately characterize new luminescent dyes.

2. Methods
2.1. Reagents

Alexa Fluor 405-N-hydroxysuccinimide (NHS) (Invitrogen, Carlsbad,
CA; A30000), Alexa Fluor 488-NHS (Invitrogen, A20000), Alexa Fluor
555-NHS (Invitrogen, A20009), Alexa Fluor 647-NHS (Invitrogen,
A37573), and CPSP-NHS (in-house, Abbott Laboratories, Abbott Park,
IL) were used for either reacting with Cy5 (Lumiprobe, Cockeysville,
MD; 43020) or labeling a recombinant antibody fragment (rFab, Abbott)
for mass spectrometry. Alexa Fluor 405-Dibenzocyclooctyne (DBCO)
(Click Chemistry Tools, Carlsbad, CA; 1310), Alexa Fluor 430-DBCO
(Click Chemistry Tools, 1274), Alexa Fluor 488-DBCO (Click Chemis-
try Tools, 1278), Alexa Fluor 532-DBCO (Click Chemistry Tools, 1282),
Alexa Fluor 546-DBCO (Click Chemistry Tools, 1286), Alexa Fluor 568-
DBCO (Click Chemistry Tools, 1294), and Alexa Fluor 594-DBCO (Click
Chemistry Tools, 1298) were used for control dyes for fluorescence
correlation spectroscopy (FCS) measurements. Alexa Fluor 488-NHS
(Invitrogen, A20000) was used as an FCS standard. All dyes were sus-
pended in DMSO (Invitrogen, D12345) and diluted in phosphate-
buffered saline (PBS) for absorbance measurements or a HEPES-
buffered saline with EDTA and Surfactant P20 (HBS-EP, Cytiva, Marl-
borough, MA; BR100188) for FCS measurements. All Alexa Fluor dye
absorption coefficients were obtained from the product website as
measured in potassium phosphate buffer (pH 7) [17].

The absorption coefficient for CPSP was calculated using the tradi-
tional approach of elemental analysis and weighing as described in the
Supplemental Methods. We performed triplicate measurements and
plotted the absorbance compared to the CPSP concentration (Fig. S1).
The measured absorption coefficient of CPSP was 15,000 + 100 M~}
cm™! at 369 nm. All absorption coefficients herein refer to the non-UV
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absorbance wavelength peak of the compound.
2.2. Absorbance and concentration determination

Sample absorption spectra were measured on a Cary 4000 spectro-
photometer (Agilent, Santa Clara, CA) in 1 cm quartz cuvettes (Hellma,
Miillheim, Germany). Dye concentrations were determined based on
absorbance (Abs) using Beer’s law in Equation (1).

Abs =¢e*c*l (@D)]

Where ¢ is the molar absorption coefficient ! cm’l), ¢ is the con-
centration of the sample (M), and [ is the path-length (cm) of the cuvette
used in the measurement.

2.3. Electrospray mass spectrometry

A recombinant mouse monoclonal antibody fragment (rFab, Abbott)
was produced in house (Fig. S2). NHS-dye constructs were freshly pre-
pared in DMSO (Invitrogen, D12345) and were mixed with the rFab
overnight at three different concentrations in 100 mM sodium bicar-
bonate buffer pH 8.3 at 4 °C. Unreacted dye was removed by 7K MWCO
spin desalting columns (ThermoFisher, Waltham, MA; 89883) and the
dye-labeled rFab was eluted into PBS pH 7.2. rFab-dye absorbances were
measured in PBS prior to mass spectrometry. Additionally, dyes alone
were diluted in PBS to measure the absorbance to calculate the correc-
tion factors for 280 nm absorbance as shown in Equation (2), where A is
the peak absorbance of the dye (Fig. S3).

CFa50 am :Abjf%;‘“ @)
rFab-Dye absorbance at 280 nm was corrected for the contribution of
each dye in Equation (3).

AbS380 nm corr. = AbS280 nm — (AbS;*CFago nm) 3)

The rFab absorption coefficient was determined based on the mouse
IgG 91 % of 1.40 (rng/mL)’1 cmfl, which correlates to a molar ab-
sorption coefficient of 70,000 M~ em™!, based on the rFab molecular
weight of 50,000 g mol~! (see Supplementary Information) [24]. The
rFab concentration was estimated using the Absagy nm corr. Value using
Beer’s Law.

The conjugated Fab samples were desalted using Amicon® Ultra-10
K filters (Millipore, Burlington, MA). Desalted samples were analyzed
using a TripleTOF® 5600 mass spectrometer (Sciex, Toronto, ON,
Canada) coupled to an Eksigent MicroLC 200 HPLC (Sciex) using a C18
OPTI-TRAP™ cartridges (Optimize Technologies Inc., Oregon City, OR).
All data were deconvoluted with PEAKVIEW software (Sciex).

2.4. Cy5 conjugation

Cy5-linked dye synthesis is described in the Supplemental Informa-
tion (Synthetic Schemes).

Dye absorbance spectra were measured in PBS, pH 7.2. The
uncharacterized dye (Dye) was measured individually to identify the
peak absorbance wavelength (). The absorbance spectrum of Cy5 was
used to calculate the wavelength-specific Cy5 correction factor (CF))
relative to the absorbance peak at 650 nm using Equation (4).

Abs, Cy5

CF, =————— 4
g Absgso nm Cy5 @

2.5. Fluorescence correlation spectroscopy (FCS)

FCS measurements were performed on an inverted microscope
(Nikon, Melville, NY; TE300) with 780 nm two-photon excitation pro-
vided by a pulsed laser (Spectra-Physics, Milpitas, CA; Mai Tai HP) and
emission light was collected on a fluorescence correlation spectrometer
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(ISS, Alba A100, Champaign, IL). Resulting data was fit to the auto-
correlation function in Equation (5) [25].

G(r)=G(0)* (l + g) * (1 + %) E %)

Where, D is the diffusion constant and G(0) is the extrapolated ampli-
tude parameter. G(0) is inversely correlated with fluorophore concen-
tration. The point spread function of the excitation light was estimated
by using a 20 nM stock of Alexa Fluor 488 and fixing the diffusion
constant to 435 pmz ~1 to obtain o (observation volume waist) and z
(observation volume length) [26].

3. Results

3.1. Technique 1: high-resolution incorporation ratio by mass
spectrometry

One of the primary applications of fluorescent dyes is to label pro-
teins for fluorescence microscopy or other light-emission applications.
With the known absorption coefficients of the dye and the protein, along
with the absorbance spectrum of the dye-labeled protein, we can
determine the average incorporation ratio (IR). In Technique 1, we
reversed this approach by determining the incorporation ratio of the
dye-labeled protein by mass spectrometry, then back calculating the
absorption coefficient from the absorbance spectrum and the protein
and dye concentrations (Fig. la), as done previously for the
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measurement of DNA-labeled silver nanoclusters [27]. Previous work
suggests that there is a linear correlation between mass
spectrometry-determined  incorporation  ratio and  solution
absorption-based incorporation ratio [28].

We selected a protein to label—a recombinant antibody fragment
(rFab)—that would ionize as a clean, single peak on mass spectrometry
(Fig. S2). The rFab was then labeled with three concentrations of CPSP-
NHS ester to test variable incorporation ratios. Unreacted dye was
removed via size exclusion chromatography, and the absorbance spectra
of the rFab-CPSP, as well as CPSP-NHS alone, were measured to deter-
mine the correction factor (CF) at 280 nm (Fig. 1b and Fig. S3b). The
rFab-CPSP was ionized, and we observed distinct molecular weight
peaks that correlated to the unlabeled rFab, as well as the rFab labeled
with 1-5 CPSP molecules (Fig. 1b), each separated by an average of 568
+ 2 Da (Fig. S4). We calculated the average incorporation ratio by
weighting the rFab peak intensities by the number of CPSP molecules
attached, divided by the total sum of rFab peak intensities. Using the
rFab-CPSP absorbance spectra, we calculated the concentration of rFab
based on the corrected ultraviolet (280 nm) absorbance, and then esti-
mated the CPSP concentration based on the average IR. Finally, using
Beer’s law, we approximated the absorption coefficient of CPSP to be
17,000 £+ 2500 M~ ! em™! (Table S1). This estimation is close to the
absorption coefficient of 15,000 M~ cm ™! determined by the traditional
method (Fig. S1).

To confirm that Technique 1 worked for other dyes, we tested four
fluorophores, Alexa Fluor 405, Alexa Fluor 488, Alexa Fluor 555, and

x10
2.0 CPSP low 4 CPSP low
— CPSP med - Avg IR =0.52
1.5 — CPSPhigh =3 B CPSP med
2 Avg IR = 1.27
[0} [0} .
810 £2 R 9%
X
0.5 81
ol
0.0 0
300 400 500 600 700 0 1 2 3 4 5
Wavelength (nm) Incorporation Ratio
4
x10
12 AF488 low 5 AF488 low
— AF488med >, 4 Avg IR =0.36
0.9 — AF488 high % I AF488 med
(= 3 Avg IR =0.65
(7] Q .
08 £ e,
x 2
0.3 ]
a1
0.0 0
300 400 500 600 700 0 1 2 3

Wavelength (nm)

Incorporation Ratio

4 5 x10'
— AFB47 low I AFB47 low
3| — AF647 med 24 avg |R=0.39
— AF847 high @ I AFB47 med
o3 Avg IR=0.71
< B AF647 high
2 Avg IR =134
3
a1
- 0
300 400 500 600 700 o 1 2 3 4

Wavelength (nm)

Incorporation Ratio

Fig. 1. High-resolution incorporation ratio determination of absorption coefficients via electrospray mass spectrometry (Technique 1). (a) Schematic of the
workflow to label a rFab with amine-reactive (NHS) dye, with subsequent absorbance measurement and mass spectrometry. Absorbance spectrum (left) of three
different rFab:dye ratios of (b) rFab-CPSP, (c) rFab-AF405, (d) rFab-AF488, (e) rFab-AF555, and (f) rFab-AF647 and the corresponding mass spectrometry-
determined incorporation ratios (right). Average incorporation ratios (Avg IR) are noted.
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Alexa Fluor 647, representing dyes with coumarin, rhodamine, and
cyanine backbones with absorbances across the visible spectrum. We
again labeled the rFab with three concentrations of each Alexa dye and
measured the absorbance spectrums (Fig. 1c—f, Figs. S3c—f). The rFab-
fluorophores incorporation ratios were measured via mass spectrom-
etry. We measured between 1 and 4 incorporations of Alexa Fluor 405,
Alexa Fluor 488, Alexa Fluor 555, and Alexa Fluor 647, separated by an
average of 610 + 0.3, 516 + 0.6, 815 + 0.4, and 841 + 0.4 Da,
respectively (Fig. 1c—f, Figure S5-8). Using the average incorporation
ratio of Alexa Fluor 405, we calculated the absorption coefficient to be
29,000 + 1800 M* cm’l, compared to the published reference of
35,000 M~ em ™! (Table S1). For Alexa Fluor 488, we measured the
absorption coefficient to be 78,000 & 2800 M~ cm™, in close agree-
ment with the reference of 73,000 M~ cm ™. Similar to Alexa Fluor 555,
the measured absorption coefficient was 151,000 + 4600 M em™,
comparable to the reference of 155,000 M~* cm™!. Lastly, the absorp-
tion coefficient for Alexa Fluor 647 was estimated to be 268,000 +
32,000 M! cm’l, nearly the same as the reference of 270,000 M!
em L.

By labeling in triplicate, we were able to provide an average ab-
sorption coefficient. We did not observe a trend with higher labeling
leading to an over- or underestimate in the absorption coefficient sug-
gesting that ionization efficiency is similar across the samples. Overall,
we were able to approximate the absorption coefficient of four fluo-
rophores and one chemilumiphore within 20 % of the reference value.
Thus, mass spectrometry can be used to estimate dye incorporation ra-
tios and calculate the absorption coefficient of dyes with minimal
sample consumption (less than 1 mg).

Biochemistry and Biophysics Reports 42 (2025) 101971

3.2. Technique 2: covalent linkage to Cy5

Here, we developed a method to tie the absorption coefficient of an
unknown dye to a dye with a known absorption coefficient. The cyanine
dye Cy5 has a strong absorbance peak centered around 650 nm with
minimal absorbance below 550 nm (Fig. 2a). We reasoned that we could
covalently link Cy5 to a dye of interest with near-UV to green absor-
bance. With the known absorption coefficient of Cy5, the absorption
peak ratio of the linked compound could be used to provide a reasonable
estimation of the absorption coefficient of the new compound. CPSP-
NHS was reacted with piperazine (Pz) and subsequently purified
before reaction with Cy5-NHS, to create Cy5-Pz-CPSP with the dyes
linked in a 1:1 ratio (see Synthetic Schemes in the Supplemental Infor-
mation) [29].

We measured the absorbance of CPSP alone, Cy5 alone, and the
linked Cy5-Pz-CPSP construct on the spectrophotometer (Fig. 2a and b).
We observed an additive effect in the spectrum for Cy5-Pz-CPSP
(Fig. 2b). Using the Cy5 correction factor at 369 nm, we resolved the
independent absorbance contribution of CPSP. Since the absorbance was
normalized to the maximal Cy5 absorbance, we multiplied the fractional
absorbance of the CPSP peak by the maximal absorption coefficient of
Cy5 (250,000 M~ ! em™) to obtain the absorption coefficient of CPSP.
We therefore calculated the absorption coefficient of CPSP to be 14,000
+ 100 M~! em™!, which was close to our reference measurement of
15,000 M~! em™! (Fig. S1). Using HPLC, Cy5-Pz-CPSP was measured to
have a purity of 95.2 % at 641 nm, indicating that a negligible amount of
Cy5 impurities were present in the synthesized and purified product
(Fig. S9a, Table S2).

We performed the same synthesis with two additional dyes, Alexa
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Fig. 2. Cy5-linked dye compounds for absorption coefficient determination (Technique 2). (a) Absorbance spectra of Cy5, CPSP, AF488, and AF568 in PBS.
Structure (left) of (b) Cy5-Pz-CPSP, (c) Cy5-Pz-AF488, or (d) Cy5-Pz-AF568 and corresponding linked-dye absorbance spectra (right). Spectra are averages of three

absorbance measurements.
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Fluor 488 (Cy5-Pz-AF488) and Alexa Fluor 568 (Cy5-Pz-AF568). Similar Alexa Fluor 488 absorbance peak of compound 2 was 39 % and the Alexa
to the CPSP construct, we observed the addition of the linked dye Fluor 568 absorbance peak of compound 3 was 77 % of the Cy5 intensity
absorbance profiles to Cy5 (Fig. 2c and d). Alexa Fluor 488 and Alexa (Table S2). After correction for the Cy5 absorbance at the linked
Fluor 568 have reference absorption coefficients of 73,000 and 88,000 wavelengths, we calculated the Alexa Fluor 488 and Alexa Fluor 568
M~ em™, respectively; thus, we anticipated the absorbance peaks to be absorption coefficients to be 93,000 + 100 and 130,000 + 200 M~!
around 30 %-35 % of the Cy5 intensity. Instead, we observed that the em™!, respectively. Error represents standard deviations from triplicate
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Fig. 3. Fluorescence correlation spectroscopy (FCS) determination of fluorophore absorption coefficients (Technique 3). (a) Schematic of 2-photon exci-
tation fluorescence correlation spectroscopy (FCS). Lower concentrations of dye show larger deviations in fluorescence intensity due to diffusion than higher con-
centrations. Fitting the intensity data with an autocorrelation function shows differences in the G(t) based on dye concentration. (b) Absorbance spectra of AF488 to
determine the stock concentration using the reference absorption coefficient of 73,000 M~ em ™! (left). Autocorrelation curves of six AF488 dilutions from 18 to 35
nM (middle). Corresponding linear fit of six AF488 dilutions and the G(0) ! to generate a standard curve (right). Solutions of (c) AF488, (d) AF405, (e) AF430, (f)
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from (c) to (i) onto the AF488 standard curve to determine the fluorophore concentration in solution. Dyes measured at 25 mW (left) or 7.5 mW (right) laser in-
tensity. The AF488 standards were measured on different days. Error bars represent standard deviation of three independent FCS measurements.
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dilutions and absorption measurements from a single synthesis, sug-
gesting accurate absorbance measurements but systematic deviation
from the fluorophore-fluorophore construct. In both cases, these were
large deviations from the expected values and Technique 2 was not a
reliable method for deriving the absorption coefficient of these two
fluorophores.

Previously, we reported a series of acridinium-linked fluorophores to
achieve red-shifted chemiluminescence emission [23]. From this series,
we selected a few compounds to see if the molar absorption coefficient of
CPSP could be determined as performed for Cy5-Pz-CPSP. By measuring
the absorbance spectra of Lucifer Yellow-Pz-CPSP, AF532-Pz-CPSP, and
AF568-Pz-CPSP (Fig. S10), all three of these fluorophore-CPSP con-
structs accurately predicted the CPSP absorption coefficient (Table S2).
From HPLC analysis, we confirmed that all the samples provided single
peaks and were of high purity (Fig. S9). Therefore, we demonstrate
reproducible absorption coefficient determination of CPSP using Tech-
nique 2 with a moderate sample consumption (around 5 mg).

3.3. Technique 3: fluorophore concentration determination by
fluorescence correlation spectroscopy (FCS)

FCS measures the fluorescence signal fluctuation as fluorophores
randomly diffuse in and out of a small illumination volume (Fig. 3a)
[30]. The fluctuations in fluorescence intensity can be calculated by
autocorrelation functions and the derived autocorrelation curve pro-
vides information on fluorophore concentration, size, and brightness
[31]. Previous studies have used the well-defined illumination volume
of FCS to calculate fluorophore concentration in solution, including for
the molar absorption coefficient determination of quantum dots [32,
33]. We posited that, using a fluorophore standard of known concen-
tration, we would not need to determine the illumination volume which
changes with laser power and excitation wavelength [34]. Instead, using
the autocorrelation amplitude, G(0), we can calculate the concentration
of an unknown fluorophore without requiring the absorption coefficient.

We calibrated our system with Alexa Fluor 488 with a two-photon
excitation wavelength of 780 nm. The Alexa Fluor 488 stock concen-
tration was precisely measured by absorbance measurements on a
spectrophotometer and then diluted over six concentrations in a narrow
range of 35 to 18 nM (Fig. 3b). We observed the expected inverse
relationship between concentration and autocorrelation curve ampli-
tude G(0). Plotting G(0) ! as a function of Alexa Fluor 488 concentra-
tion showed a linear relationship (Fig. 3b).

As an initial control, we prepared a second, independent stock of
Alexa Fluor 488 dye and measured the absorbance spectra but did not
use the absorption coefficient to calculate the concentration (Fig. 3c).
Instead, we diluted the Alexa Fluor 488 dye until the G(0) value fell
within the range of our original Alexa Fluor 488 standard curve. Based
on the G(O)’l, we estimated the Alexa Fluor 488 concentration in so-
lution to be 29.2 + 0.2 nM. We then multiplied by the dilution factor to
back-calculate the original Alexa Fluor 488 stock concentration. With
our calculated concentration and original absorbance measurement, we
used Beer’s Law to estimate the absorption coefficient to be 71,000 +
500 M~! cm ™!, which was nearly the Alexa Fluor 488 reference value of
73,000 M cm™! (Table S3).

To further test Technique 3, we generated stock solutions of a series
of Alexa fluorophores, measured their absorbance spectra, and then
diluted the dye stocks until the G(0) fell within our Alexa Fluor 488
standard (Fig. 3d-i). The resulting G(0) reciprocals were mapped onto
the linear standard to calculate the dye concentrations (Fig. 3j). With our
calculated concentrations and original absorbance measurements, we
used Beer’s Law to estimate the absorption coefficients. Alexa Fluor 405
was weakly excited; however, we were able to estimate the absorption
coefficient to be 36,000 & 4800 M~! cm ™!, comparable to the reference
of 35,000 M~ ! cm ™. Similar results were seen for Alexa Fluor 430, with
an estimated absorption coefficient of 15,000 + 800 M ! cm™?, exactly
matching the reference value of 15,000 M~! em™!. Technique 3 also
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performed well with dyes with higher reference absorption coefficients;
both Alexa Fluor 532 (¢ = 82,000 M~ ! em™) and Alexa Fluor 546 (¢ =
112,000 M~ em™) had calculated values of 80,000 + 400 M~ cm™!
and 108,000 + 1000 M~ em ™}, respectively. The calculated absorption
coefficients of Alexa Fluor 568 and Alexa Fluor 594 were 94,000 +
1000 M~ em ™! and 90,000 & 900 M~ ! em ™! compared to the reference
values of 88,000 and 92,000 M em™, respectively (Table S3). This
technique requires accurate dilutions to properly calculate the original
stock concentration. Across the samples tested, error estimates are quite
low, from the average of three independent fluorophore dilutions. The
largest error, Alexa Fluor 405, was also the weakest excited fluorophore.
All dyes tested were within 10 % of their reference absorption coefficient
value.

We noted that for Alexa Fluor 568 and Alexa Fluor 594, the data was
poorly approximated with the autocorrelation function when measured
at 25 mW laser intensity. We performed a power study to measure the G
(0) values of Alexa Fluor 488, Alexa Fluor 568, Alexa Fluor 594, and
Alexa Fluor 647 (Fig. S11). While Alexa Fluor 488 showed stable auto-
correlation regardless of laser intensity, we only saw the Alexa Fluor 568
and Alexa Fluor 594 autocorrelation stabilize below 10 mW. We there-
fore measured the Alexa Fluor 488 standard, Alexa Fluor 568, and Alexa
Fluor 594 at 7.5 mW intensity to derive the dye concentrations (Fig. 3j,
right). We did not observe the G(0) of Alexa Fluor 647 stabilize and the
absorption coefficient was therefore not determined (Fig. S11). Addi-
tionally, CPSP is not effectively excited and could not be measured using
this method. Nevertheless, FCS appeared to be a useful tool to estimate
the concentration of a broad spectral range of fluorophores directly in
solution; the concentration can be then used to accurately calculate
absorption coefficients with negligible fluorophore consumption (less
than 1 mg).

4. Conclusion

We developed and tested three techniques to quantify molar ab-
sorption coefficients, which could be introduced into compound evalu-
ation workflows for a rapid, sample-conserving screen prior to more
costly and labor-intensive traditional elemental analysis of new lumi-
nescent dyes. Utilizing these three techniques provided mixed success,
with the mass spectrometry and FCS providing reliable results for the
fluorophore measurements and, the CPSP measurements were most
consistent with the mass spectrometry and linked-dye measurements.
Overall, 16 out of 18 experiments estimated the dye’s molar absorption
coefficient within 20 % of the reference (Table 1). However, each
method presented some inherent limitations and required access to
specialized equipment (Table 2).

In the first technique, a recombinant antibody fragment (rFab) is
labeled with various concentrations of dyes and mass spectrometry is
used to determine the incorporation ratio. We then calculate the ab-
sorption coefficient by extrapolating the dye concentration from the
rFab absorbance and average incorporation ratio. Mass spectrometry
analysis requires specific technical expertise, and the dye requires
functionalization to conjugate to a protein. Heterogenous post-
translational modifications of proteins could introduce challenges to
calculate incorporation ratio accurately. Therefore, we always evaluate
the protein before labeling to determine the molecule weight peak of IR
= 0. We therefore recommend testing the unlabeled protein first to
determine peak cleanliness. The major limitation with mass
spectrometry-based absorption coefficient determination is the
assumption that the dye-labeled protein ionizes at the same efficiency as
the unlabeled protein. We performed an experiment with a Cy5-labeled
rFab that poorly estimated the absorption coefficient of Cy5 (Fig. S12).
In this example, the incorporation ratio based on mass spectrometry was
lower than expected compared to the absorbance-based incorporation
ratio, thus overapproximating the Cy5 absorption coefficient. We attri-
bute this to the lower ionization efficiency of the Cy5-labeled species
compared to the unlabeled protein, which underestimated the dye
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Table 1
Comparison of reference molar absorption coefficients to calculated values via
three described techniques.

Method Dye Referencee¢  Calculated ¢ Difference
(%)
Mass Spec. ~ CPSP 15,000 17,000 + 2,500 13.3
Mass Spec.  Alexa Fluor 35,000 29,000 + 1,800 17.1
405
Mass Spec. Alexa Fluor 73,000 78,000 =+ 2,800 6.8
488
Mass Spec. Alexa Fluor 155,000 151,000 + 4,600 2.6
555
Mass Spec. Alexa Fluor 270,000 268,000 + 0.7
647 32,000
Linked- CPSP 15,000 14,000 + 100 6.7
Dye
Linked- Alexa Fluor 73,000 93,000 + 100 27.4
Dye 488
Linked- Alexa Fluor 88,000 130,000 + 200 48.9
Dye 568
Linked- CPSP 15,000 17,000 + 100 13.3
Dye
Linked- CPSP 15,000 16,000 + 100 6.7
Dye
Linked- CPSP 15,000 16,000 + 100 6.7
Dye
FCS Alexa Fluor 35,000 36,000 + 4,800 2.9
405
FCS Alexa Fluor 15,000 15,000 + 800 0.0
430
FCS Alexa Fluor 73,000 71,000 + 500 2.7
488
FCS Alexa Fluor 81,000 82,000 + 400 1.2
532
FCS Alexa Fluor 112,000 108,000 + 1,000 3.6
546
FCS Alexa Fluor 88,000 94,000 + 1,000 6.8
568
FCS Alexa Fluor 92,000 90,000 + 900 2.2
594

concentration. In comparison, the absorption coefficient of Alexa Fluor
647, a sulfonated version of Cy5, was correctly estimated using this
technique. Therefore, this mass spectrometry -based approach may be
more advantageous for evaluation of charged dyes.

The second technique involves covalently linking a dye of interest to
a dye with a known absorption coefficient at 1:1 ratio. Linking the dye of
interest to a known dye is a straightforward process for an organic
chemistry lab synthesizing compounds; however, the process requires
dye functionalization and a nontrivial amount of sample (~5 mg). Of the
three techniques tested, this method provided the least accurate results
for the control Alexa Fluor dyes. We observed that the accuracy of this
technique decreased the closer the linked dye absorbance spectra was to
that of the companion dye, Cy5. That is, the spectra overlap of the linked

Table 2

Biochemistry and Biophysics Reports 42 (2025) 101971

Alexa Fluor dye and the Cy5 dye decreased the accuracy of the estimated
absorption coefficient. This effect may be attributed to the physical
proximity of the linked dyes, with electron withdrawing or donating
effects such as static quenching causing distortion of the absorption
spectrum [35]. Introduction of a longer linker may mitigate this effect.
Notably, we were able to closely approximate the absorption coefficient
with the attachment of the weakly fluorescent CPSP to Cy5, Lucifer
Yellow, Alexa Fluor 532 and 568, possibly due to the low absorption
coefficient of the dye, or the weakness of the fluorescence dye proper-
ties, which may reduce dye-to-dye interactions. Future renditions of this
experiment could involve alternative linkers between the dye of interest
and the companion fluorophore, such as reducible, enzyme-cleavable, or
meltable (ie, DNA oligo) linked dyes. In this way, the dye of interest and
known fluorophore are assembled at a 1:1 ratio and then separated from
each other to reduce dye-dye interactions and improve the reliability of
the absorption coefficient measurement.

The third technique utilized two-photon fluorescence correlation
spectroscopy (FCS) to build a correlation between the G(0) value and
fluorophore concentration with the well-characterized fluorophore
Alexa Fluor 488, and then applied the correlation to the unknown flu-
orophore to derive its concentration. The FCS approach does not require
additional preparation of the fluorophore and material consumption is
negligible; however, it is only applicable to fluorophores and requires
specialized instrumentation. In our study, we found that the autocor-
relation curve of individual fluorophores is sensitive to the laser power
used in the measurement. It is therefore essential to conduct a power
study of each fluorophore to ensure the G(0) is independent of the laser
power. We anticipate that this method could be of use when modifying a
fluorophore, where the parental dye serves as the autocorrelation
standard to measure the concentration of each derivative dye. We used a
single excitation wavelength at a single power level to maintain the
fluorescence illumination volume across all measurements. We showed
that the method is independent from excitation efficiency, emission
wavelength, emission intensity, and diffusion coefficient; the fluctua-
tions in fluorescence intensity are thus dependent only on the dye con-
centration. We pursued two-photon, instead of one-photon, FCS for two
reasons. First, we found that the triplet state of the one-photon system
obscures the correlation curve, it requires more careful analysis to ac-
count for the triplet state. Second, using a single excitation wavelength
in the two-photon system at 780 nm, we were able to excite a broad
range of fluorophores from Alexa Fluor 405 to Alexa Fluor 594. Similar
one-photon excitation would require three laser lines and three fluo-
rophore standards to achieve the same measurements. In practice, we
found it is more straightforward to use two-photon as compared to one-
photon excitation [36]. As an alternative to FCS, previous studies have
used absorption saturation spectroscopy to determine absorption co-
efficients of fluorophores [37,38]. However, this technique also requires
specific equipment for broad excitation intensities to saturate fluo-
rophore ground state absorbance [37].

Comparison of the traditional method and three new techniques for estimation of absorption coefficients of luminescent dyes.

Traditional: Elemental analysis/
weighing

Technique 1:

Mass spectrometry

Technique 2:
Linked dyes

Technique 3:
Two-photon FCS

Sample requirement ~50 mg <1 mg

Specialized Analytical balance, Spectrophotometer, Mass spectrometer,
equipment Outsourcing for elemental analysis Spectrophotometer
requirements

Method - Dye covalently attached to
requirements carrier protein and free dye

removed

Reagent - Functionalized dye (NHS,
requirements/ maleimide, etc.)
modifications

Method limitations Without performing elemental analysis,
can lead to inaccurate concentration

measurements Cy5)

Differential ionization
efficiency reduces accuracy (e.g.

~5mg

High-pressure liquid
chromatography (HPLC),
Spectrophotometer
Target compound linked todyeat -
1:1 ratio with high purity

<1 mg
FCS system, Spectrophotometer

Functionalized dye (NHS,
maleimide, etc.)

Dye must be fluorescent with two-
photon excitation

Overlap in absorption spectra
reduces accuracy (e.g. Cy5-Pz-
AF568)

Weak fluorescence (e.g. CPSP) or low
two-photon absorption cross-section
(e.g. Cy5)
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It is important to note the limitations we encountered in calculating
the absorption coefficients using these techniques. As we observed with
Alexa Fluor 488 and 568 in the linked compound experiment, Cy5 in the
mass spectrometry measurement, and Alexa Fluor 647 in the FCS mea-
surements, absorption coefficient estimations were inaccurate. Howev-
er, these methods offer an approach to screening new luminescent dyes
without intensive sample consumption and could be incorporated as
complementary methods into traditional workflows to identify candi-
date compounds for validation by multiple methods.
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