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A Two-Point Fluorescence Detection Flow Cell with Empirical 
Calibration for High Optical Density Analysis
Tin Weitnera,b and Davor Šakić*a,b

A two-point fluorescence detection flow cell with empirical 
calibration is presented for correcting inner-filter effects at high 
optical densities. Using only fluorescence signals from fixed 
detection points, linear fluorescence–concentration relationships 
are restored under static sample and flow conditions, 
demonstrating a general strategy for quantitative measurements in 
compact flow systems.

Fluorescence spectroscopy provides high sensitivity and 
selectivity for chemical analysis, yet quantitative measurements 
are often compromised by inner-filter effects (IFE) that distort 
the fluorescence–concentration relationship at moderate to 
high absorbances.1,2,3 Primary attenuation of the excitation 
beam and secondary re-absorption of emitted light compress 
signal response and reduce dynamic range, often necessitating 
dilution or absorbance-based correction strategies. While these 
correction strategies can be effective in conventional cuvettes, 
they are generally incompatible with compact flow cells and 
continuous-flow measurements.4,5,6 Consequently, a general 
approach that enables accurate fluorescence quantification at 
elevated optical densities in fixed-geometry flow channels 
remains of significant analytical interest.7

Modern efforts to address this limitation increasingly rely on 
mathematical and algorithmic correction strategies. Refined 
secondary-IFE compensation models and geometry-dependent 
emission corrections have extended the usable absorbance 
range in conventional systems.8-11 Advances in multi-way 
fluorescence calibration and excitation–emission matrix (EEM) 
analysis, supported by dedicated computational tools, further 
demonstrate the shift toward data-driven extraction of 
quantitative information from fluorescence signals. Recent 
computational and multi-way calibration approaches further 
emphasize the need for geometry-independent, absorbance-
free correction strategies.¹⁴ 

Approaches using two-position or variable-focus 
measurements demonstrate that position-dependent 
fluorescence information can be exploited for IFE correction.8-

11 However, these methods typically rely on movable optics 
and/or sample and are not readily transferable to flow 
systems.1,6,7 We therefore hypothesized that multiple fixed 
fluorescence detection points within a flow cell could provide 
sufficient information to account for excitation and emission 
attenuation without requiring absorbance measurements. 
Building on this concept, we developed a compact 
multidetector fluorescence flow cell combined with a software-
based calibration procedure that relates position-resolved 
fluorescence signals to analyte concentration. Here we present 
a proof-of-principle demonstration using fluorescein in strongly 
absorbing alkaline solution. The approach employs numerical 
optimization of a parametric model relating fluorescence 
signals from two detection points to analyte concentration, 
enabling calibration-based correction of inner-filter effects. 
Experimental validation illustrates a generalizable strategy for 
fluorescence measurements under high optical density 
conditions in flow-based systems.
Fluorescence measurements were performed using a fiber-
coupled flow-cell module interfaced to an Ocean Optics S2000 
spectrophotometer equipped with a Sony ILX511 CCD detector 
and L2 lens configuration for enhanced sensitivity (Ocean 
Optics, USA). The entrance slit width was 25 µm. Excitation light 
was provided by a PX2 xenon pulsed lamp (10 Hz, 100 ms pulse 
width). Emission spectra were recorded over 190–859 nm (2048 
pixels) using a 3000 ms integration time, averaging ~30 lamp 
pulses per spectrum. No onboard smoothing or averaging was 
applied. Spectral acquisition was controlled using Ocean Insight 
software (v2.20 with OmniDriver v2.56).

a)  b)    c) 
Figure 1. a) Schematic representation of the fluorescence flow cell with two fixed 
fluorescence detection points (F0 and F1), b) flow cell design, and c) assembled flow-cell 
module with optical and fluidic connections.

a.University of Zagreb Faculty of Pharmacy and Biochemistry, Ante Kovačića 1, 
10000 Zagreb, Croatia

b.TINFE HTS llc., Havidićeva 24, 10010 Zagreb, Croatia
Raw and processed fluorescence data, instrument exports and implementation in 
Excel supporting this study are available from the Zenodo repository at DOI: 
10.5281/zenodo.18393535
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A custom-designed fluorescence flow cell was used (Figure 1). 
The flow-cell body was fabricated by stereolithography using 
Formlabs Form 3 printer and Durable Resin material (Formlabs, 
USA, RS-F2-DUCL-02). During all measurements, the assembled 
cell was externally wrapped with an opaque black polymer 
sheet to eliminate ambient and lateral stray light. Excitation and 
emission beam paths are defined by fixed quartz ball lenses 
mounted in the optical ports and by the CAD-defined source–
detector geometry. Stray-light contributions were evaluated 
using lamp-off (dark) measurements and lamp-on blank 
measurements (buffer only). Within the emission window used 
for signal extraction, blank spectra did not exhibit intensity 
above the detector noise level, indicating that stray-light 
contributions are below the detectable level under the 
investigated conditions.
Two fluorescence detection points (F0, F1) were positioned 
along the excitation path with source (S) and absorbance 
detection point (A) on each end (Figure 1a). The centre-to-
centre distance between F0 (l0 = 3.4 mm) and F1 (l1 = 6.4 mm) 
detection points was 3.0 mm. All optical ports (S, A, F0, F1) were 
equipped with 5 mm quartz ball lenses (Edmund optics, USA, 
67-386) in direct contact with the liquid, sealed by o-rings and 
coupled to 3/8-24 collimating lens (Avantes, Netherlands, COL-
UV/VIS) with SMA adapters. Optical signals were transmitted 
using 600 µm core solarization-resistant UV/Vis optical cable 
(Avantes, FC-UV600-1-SR). The assembled flow-cell module is 
shown in Figure 1c. In this prototype implementation, the 
outputs from F0 and F1 were acquired sequentially using a 
single-channel detector with time-multiplexing. This 
configuration may introduce systematic differences in absolute 
signal intensity due to optical coupling and alignment variability 
between the two acquisitions. However, these effects are not 
treated as negligible and are incorporated into the empirical 
calibration parameters. For potential future real-time or 
continuous monitoring applications, a dual-channel detection 
system or rapid optical switching is recommended to enable 
near-simultaneous acquisition. 
Although the cell design includes an absorbance port (A), 
absorbance detection was not required for the fluorescence 
calibration model presented here. For the continuous-flow 
gradient experiments, UV absorbance at 280 nm was monitored 
downstream using the ÄKTA UV module solely to reconstruct 
the effective gradient composition delivered to the flow cell. 
This external absorbance measurement was used as an 
independent reference for gradient-axis correction and was not 
incorporated into the fluorescence correction algorithm.
The flow inlet and outlet ports were connected using standard 
1/4-28 fittings with ferrule and 1/16” OD PTFE tubing (ID 1/32”). 
Three-way, 90° low pressure valves (Hamilton, USA, HVP-
86778) were installed at both the inlet and outlet to enable 
bubble removal, bidirectional flushing, and liquid isolation 
during acquisition. The internal cell volume was <100 µL, with 
~500 µL of connecting tubing. Bubble removal was verified 
optically by monitoring a stable lamp signal while briefly flowing 
liquid in both directions; the absence of transient intensity 
fluctuations indicated a bubble-free optical path.

The performance of the fluorescence flow cell was evaluated 
under two distinct operating modes. Under static sample 
conditions, individual samples were manually loaded, 
measured, and flushed between acquisitions. Under 
continuous-flow gradient conditions, fluorescence was 
recorded during on-line concentration changes under steady 
flow. In addition to the coefficient of determination (R2), two 
dimensionless metrics were used to characterize method 
performance under strong inner-filter effects: the limit of 
detection as a percentage of the maximum tested 
concentration (LOD%) and the percent error in the slope of the 
corrected signal (mErr%). LOD% quantifies sensitivity, while 
mErr% reflects the deviation from ideal linearity in the 
calibration fit.1 Together, these metrics provide scale-
independent assessment of quantification accuracy across 
different analytes or concentration ranges.
For static sample conditions, fluorescein (FL) standards were 
prepared in 0.1 M NaOH from a stock solution (c = 
5.88 × 10⁻⁴ M), verified spectrophotometrically ( = 87 100 
M⁻¹ cm⁻¹).5,15 A 2:1 serial dilution series of FL was generated 
over the concentration range of approximately 1-40 µM (7 
points). At the highest concentration, the absorbance at the 
excitation wavelength reached 𝐴490 ≈ 3.2 when normalized to a 
1 cm optical path, resulting in pronounced IFE (see Figure 2). For 
each concentration, lamp-off (dark) and lamp-on spectra were 
acquired with the cell hydraulically locked using the 3-way 
valves. Spectra were independently processed using a Savitzky–
Golay (SG) convolution (21-point window, 3rd-order 
polynomial).16

Figure 2. Raw fluorescence emission spectra acquired at detection points F0 and 
F1 (left y-axis) for c(Fluorescein) = 3.68 × 10-5 M in 0.1 M NaOH. Absorbance 
spectrum at detection point A (l = 9.8 mm, right y-axis) was measured for 
c(Fluorescein) = 9.19 × 10-6 M in 0.1 M NaOH.

Because SG filtering and dark subtraction are linear operations, 
their order is interchangeable within the retained pixel range. 
Dark-corrected, SG-filtered emission spectra were computed as 
the difference between the smoothed lamp-on and lamp-off 
spectra (Figure 2).
Fluorescence signals F0 and F1 were extracted by integrating a 
10 nm window (± 5 nm) centred at λ = 517 nm (~24 CCD pixels), 
corresponding to the emission maximum observed at both 
detection points. As analyte concentration increased, both 
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signals exhibited pronounced attenuation due to inner-filter 
effects. At higher absorbances, the proximal detector (F0) 
showed nonlinear signal compression, while the distal detector 
(F1) approached the detector noise floor, consistent with strong 
attenuation of excitation and emission along the optical path. 
The distinct attenuation behaviour of the two spatially 
separated signals provides complementary information that 
can be exploited for calibration-based correction of inner-filter 
effects.
Calibration was performed using a numerical optimization 
procedure inspired by the NINFE framework,1 adapted and 
generalized for a dual-pathlength flow cell. A general 
relationship between any number of fluorescence signals and 
concentration is modeled according to eq1:

min
{𝑞𝑖},{𝑝𝑑}

𝑀

𝑗=0

𝑁

𝑖=0
𝐹𝑖,𝑗

―𝑞𝑖 ― 𝑓𝑗 𝑝0, 𝑝1, …, 𝑝𝐷; 𝑐𝑗

2

where 𝑐𝑗 are concentrations used for the calibration, 
{𝑞0, 𝑞1, …, 𝑞𝑁; 𝑝0, 𝑝1, …, 𝑝𝐷} is the set of calibration parameters 
for which the smooth function 𝑓𝑗(𝑝0, 𝑝1, …, 𝑝𝐷;𝑐𝑗)  is optimized 
by least-squares minimization. When a linear model 𝑓 =  𝑝0 +
𝑝1 ∙ 𝑐𝑗 is selected, the calibrated relationship provides an 
analytic expression linking the combined fluorescence signal to 
concentration 𝑐𝐼𝐹𝐸𝑅  = (∏𝑁

𝑖=0 𝐹𝑖
―𝑞𝑖 ― 𝑝0)/𝑝1.

For the present flow cell with two fluorescence detection points 
F0 and F1 (𝑁 = 1 and 𝐷 = 1), the general equation eq1 reduces 
to eq2:

min
{𝑞1,𝑝0,𝑝1},

𝑀

𝑗=0
𝐹0,𝑗

1+𝑞1 ∙ 𝐹1,𝑗
―𝑞1 ―  (𝑝0 + 𝑝1 ∙ 𝑐𝑗)

2

with only 3 calculated parameters, {𝑞1, 𝑝0, 𝑝1} using the 
relationship 𝑞0 = ―(1 + 𝑞1) established in previous work.1 

In contrast to polynomial fitting, which provides a purely 
descriptive curve for a given dataset, the present model 
combines signals measured at defined spatial positions along 
the excitation path. The empirical exponent captures position-
dependent attenuation effects, allowing the corrected signal to 
reflect the underlying attenuation geometry. Within a defined 
absorbance range and measurement configuration, the 
calibrated model retained the same functional form and did not 
require dataset-specific modification. 
Numerical optimization was performed using Solver tool in 
Microsoft Excel, yielding an empirical exponent 𝑞1 = 3.021. 
Using a linear concentration model for the smooth function, 
FIFE_CORR =  𝑝0 +  𝑐 ∗ 𝑝1, with parameters  𝑝0 = ― 10.1 and  𝑝1
= 15354, linear correlation produced R2 > 0.99812 across the 

full dilution series (Figure 3). 

Figure 3. Fluorescence signals, F0 and F1, (left y-axis) and the calibrated fluorescence 
signal FIFE_CORR (right y-axis) as a function of fluorescein concentration under static 
(manual) sample loading. Dashed lines indicate linear trend fits for each signal (R2(F0) = 
0.8616, R2(F1) = 0.5643, R2(FIFE_CORR) = 0.9981).

Under static sample conditions, linearity was preserved across 
the full absorbance range examined up to 36.8 µM, 
corresponding to  𝐴490 ≈ 3.2 normalized to a 1 cm optical path.
Within this regime, the limit of detection normalized to the 
maximum analyte concentration was LOD% = 5.65, and the 
percent error of the slope of the corrected fluorescence signal 
was mErr% = 0.49, indicating high quantitative accuracy.1 This 
calibration demonstrates a proof-of-principle implementation 
of the multidetector model described in the associated patent 
submission.17

To evaluate flow performance, experiments were conducted 
under continuous-flow gradient conditions. A continuous 
fluorescein concentration gradient was generated using an 
ÄKTA start FPLC system (Cytiva, USA) operated without 
fractionation. Buffer A was 0.1 M NaOH and buffer B was a 
fluorescein stock solution in 0.1 M NaOH adjusted to 𝐴490 ≈ 5, 
normalized to a 1 cm optical path, prepared from previous stock 
by tenfold dilution. Prior to gradient initiation, the fluorescence 
flow cell was thoroughly rinsed with approximately 10 mL of 
buffer A to avoid sample carryover between gradient runs. A 
linear 0–100% B gradient was programmed over 10 mL at a 
constant flow rate of 1.0 mL min⁻¹ using the instrument’s built-
in static mixer (V = 0.4 mL). The effective gradient profile was 
reconstructed from UV absorbance to account for system 
dispersion and delay volume. The gradient enabled gradual on-
line mixing of fluorescein during flow through the cell; no 
fractions were collected.
To verify and correct the actual gradient profile delivered to the 
flow cell, UV absorbance at 280 nm was monitored on-line 
during the same run using the ÄKTA UV detector (optical path 
length 0.2 cm). The maximum observed absorbance was 
approximately 𝐴280 ≈ 145 mAU, corresponding to 𝐴490 ≈ 4.5, 
normalized to 1 cm optical path. This value was extrapolated by 
using the ratio of molar extinction coefficients at 490 nm and 
280 nm ( = 87 100 M⁻¹ cm⁻¹ and  = 15 240 M-1 cm-1) and 
corresponding pathlengths (l490 = 1 cm and l280 = 0.2 cm). The 
recorded 𝐴280 trace was used as an independent proxy for the 
effective %B composition and revealed the expected non-
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linearity at the beginning and end of the programmed gradient 
due to valve duty-cycle limits and mixer dispersion. 
Consequently, only the central 2–98% B region of the gradient 
was used for inner-filter effect analysis, while the initial and 
final 2% were excluded. This measured UV profile was therefore 
used to generate a corrected gradient axis for subsequent data 
analysis, in which the recorded signal was mapped onto an ideal 
linear gradient. 
Fluorescence measurements under flow conditions were 
performed using the same optical setup as in the static sample 
experiment, except that 1000 µm core UV/IR optical cables 
(Avantes, FC-UV1000-1) were used to increase signal sensitivity. 
Because a single-channel spectrometer was employed, two 
separate gradient runs were performed to collect fluorescence 
signals F0 and F1. A total of 64 time points were recorded up to 
the concentration of 48 µM (Figure 4). In contrast to the static 
sample experiments, raw baseline-corrected data were used, 
where the baseline was defined as the average of 20 data points 
collected prior to gradient initiation under lamp-on conditions 
in the absence of fluorescein. The 3000 ms integration time of 
the spectrophotometer corresponds to < 0.4 % of total gradient 
duration and therefore does not introduce significant 
concentration averaging error.
Applying the same calibration procedure as described above, 
the empirical exponent in eq2 was optimized to 𝑞1 = 1.310. The 
resulting calibrated signal exhibited strong linearity, with R2 > 
0.99750, and parameters  𝑝0 = 15.6 and  𝑝1 = 66467. 
Linearity was maintained over the central portion of the 
gradient, corresponding to a 1 cm-normalized absorbance 
range of approximately 𝐴490 = 0.09–4.18. Within this range, 
the limit of detection expressed as a percentage of the highest 
analyte concentration in the series was LOD% = 6.26, where LOD 
values were normalized to the maximum concentration of the 
corresponding dataset. The percent error of the slope of the 
corrected fluorescence signal was mErr% = 2.15, indicating good 
quantitative stability of the calibrated response under flow 
conditions. 

Figure 4. Fluorescence signals, F0 and F1, (left y-axis) and the calibrated 
fluorescence signal FIFE_CORR (right y-axis) as a function of fluorescein concentration 
under continuous gradient flow conditions. Dashed lines indicate linear trend fits 
for each signal (R2(F0) = 0.7195, R2(F1) = 0.0071, R2(FIFE_CORR) = 0.9967).

If concentration-dependent quenching were significant within 
the investigated concentration range (up to 50 µM), a 
systematic deviation from linearity would remain after 
correction of optical attenuation. No such residual curvature or 
slope compression was observed. This suggests that, under the 
present conditions and concentration range, signal distortion is 
dominated by optical attenuation (primary and secondary 
inner-filter effects), while any contribution from self-quenching 
is below the detectable level.
The apparent discrepancy between the raw and corrected 
fluorescence scales in the two datasets requires clarification. 
While the raw F0 signals were of similar magnitude in the 
experiments shown in Figures 3 and 4, the corrected 
fluorescence is not a directly measured intensity, but a derived 
quantity obtained from a nonlinear combination of F0 and F1. Its 
absolute magnitude therefore depends not only on the 
measured channel intensities, but also on their relative scaling 
and on the optimized empirical exponent q1. Because these 
parameters differed between the two independently calibrated 
experiments, the absolute values of the corrected signals are 
not expected to match directly, even when the raw F0 traces 
appear similar. This is because the distal signal (F1) is generally 
more strongly affected by attenuation and alignment sensitivity 
than the proximal signal (F0), making it more susceptible to 
variations in optical coupling and experimental configuration. 
The relevant outcome is therefore not the absolute corrected 
signal level itself, but the restoration of a linear concentration 
response within each experimental configuration.
Differences in optimized q₁ between static and flow 
experiments likely reflect the different calibration regimes 
rather than a change in any single underlying physical 
parameter. In the static measurements, discrete standards 
were measured under stationary conditions with directly 
defined concentrations. In the flow experiments, by contrast, 
calibration was performed during a continuous gradient, with 
concentration assigned indirectly from the UV/gradient 
reference and with the fluorescence signals subject to 
transport, dispersion, and signal-alignment effects (sequential 
acquisition of F0 and F1 signals). These factors may introduce 
additional sources of variability that can influence the optimized 
empirical parameters and thereby alter the scale of the 
corrected response. Accordingly, absolute fluorescence 
intensities are not directly comparable between independent, 
separately calibrated experiments, because they are influenced 
by optical coupling, fibre alignment, detector scaling, and 
acquisition mode. Interpretation is therefore based on the 
relative signal behaviour and on the resulting calibrated 
concentration response within each experiment.
To assess the influence of hydrodynamic conditions on the 
calibration, an additional experiment was performed at a 
reduced flow rate of 0.5 mL min⁻¹ (see Zenodo repository for 
details). The corrected fluorescence signal retained excellent 
linearity (R2 > 0.99750), comparable to that obtained at 1.0 mL 
min⁻¹, with similar LOD and slope error metrics. This indicates 
that the calibration remains effective under moderate changes 
in flow rate and residence time for the present system.
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Figure 5. Fluorescence signals, F0 and F1, (left y-axis) and the calibrated fluorescence 
signal FIFE_CORR (right y-axis) as a function of quinine sulfate concentration under 
continuous gradient flow conditions. Dashed lines indicate linear trend fits for each signal 
(R2(F0) = 0.7070, R2(F1) = 0.5065, R2(FIFE_CORR) = 0.8652).

However, the raw fluorescence signals were flow-rate 
dependent, indicating that the relationship between the 
programmed gradient and the measured detector response is 
shaped by both optical effects and flow-dependent transport 
processes. 
These effects are reflected in the optimized calibration 
parameters, which differed between flow conditions. More 
generally, the calibration parameters are both flow-dependent 
and analyte-dependent and should therefore be determined 
empirically for each measurement configuration.
Although the present study focuses on fluorescein as a model 
analyte, the proposed correction framework is not restricted to 
a specific emission spectrum or Stokes shift. Because the 
calibration is empirical and based on position-resolved 
attenuation rather than explicit spectral overlap assumptions, 
adaptation to other fluorophores is achieved through 
compound-specific calibration. Complementary experiments 
with quinine sulfate (Figure 5), which exhibits a larger Stokes 
shift and reduced emission reabsorption, further demonstrate 
the general applicability of the approach across different 
attenuation regimes. In this case, the corrected signal exhibited 
weaker calibration performance with reduced linearity (R2 > 
0.86524) and reduced sensitivity (LOD% = 41.8), primarily due 
to lower fluorescence intensity and increased noise in the raw 
signals. Because the calibration model combines signals 
multiplicatively, noise present in F₀ and F₁ is amplified. Despite 
this limitation, the slope error remained moderate (mErr% ≈ 
−6.9%), indicating that the underlying model structure remains 
valid. These results suggest that performance in low-emission 
systems is primarily limited by instrumental sensitivity rather 
than by the calibration approach itself.
In conclusion, inner filter effects limit the dynamic range of 
fluorescence measurements, restricting their applicability for 
quantitative analysis at elevated analyte concentrations. Here 
we introduce a compact fluorescence flow cell (< 100 µL cavity) 
incorporating two fixed fluorescence detection points along the 
excitation axis, together with a numerical calibration that relies 
exclusively on fluorescence signals. The method fits a smooth 

parametric model describing the position-dependent 
fluorescence response and enables calibration-based correction 
of inner filter effects under both static and flow conditions.
The system requires no movable optics or absorbance 
measurements and is compatible with continuous-flow 
operation. Classical geometric cell-shift models assume a 
uniform excitation beam path and a symmetric fluorescence 
observation field within the cell.7 In practice, real flow cells 
deviate from these assumptions due to optical effects. An 
empirically calibrated model can implicitly account for these 
effects, yielding a much more robust linear fluorescence–
concentration relationship.
Using fluorescein as a model analyte, the flow cell approach 
achieved linearity for absorbance up to 𝐴490 ≈ 3.2, normalized 
to a 1 cm optical path (R2 > 0.99812). The continuous flow-
gradient experiment demonstrated high stability and 
reproducibility in multiple runs, maintaining strong linearity (R2 
> 0.99669) for absorbance up to 𝐴490 ≈ 4.2, normalized to a 1 
cm optical path. Static experiments validate geometric 
correction under equilibrium conditions, while flow 
experiments assess robustness under dynamic concentration 
gradients relevant to process monitoring. For quinine sulfate, 
linearization was achieved up to A345 ≈ 3.6, normalized to a 1 cm 
optical path, with reduced but still meaningful correlation (R2 > 
0.86524). The lower linearity and higher detection limits 
observed in this case are attributed primarily to reduced 
fluorescence intensity and increased noise propagation in the 
correction model, rather than a breakdown of the underlying 
attenuation-based calibration principle.
Together, these results demonstrate a generalizable framework 
for quantitative fluorescence analysis under conditions of high 
optical density. While the presented flow cell and calibration 
model were developed using fluorescein as a model compound, 
the approach based on two-point fluorescence detection and 
empirical calibration can be adapted to other fluorophores or 
sample matrices through compound-specific calibration.
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Raw and processed fluorescence data, instrument exports and 
implementation in Excel supporting this study are available 
from the Zenodo repository at DOI: 10.5281/zenodo.18393535.
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Data availability 

The data supporting the findings of this study, including raw and processed fluorescence 
spectra, calibration datasets, continuous-flow gradient metadata, and exported raw 
instrument files, are openly available in the Zenodo repository 
at https://doi.org/10.5281/zenodo.18393535. 
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