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pH remains the most important chemical parameter and must be monitored for positive outcomes in areas
as different as cheese making and in vitro fertilisation (IVF). Where blood gas analysers enable patient
monitoring, starter cultures in cheese manufacturing are still monitored using conventional pH
electrodes. Here, we present a homogeneous multiwell plate sensor for monitoring pH, with the same
sensitivity as a pH electrode. The homogenous sensor operates in small liquid samples and uses two
components: a pH responsive triangulenium dye on a polystyrene nanoparticle, and a freely diffusing
commercial reference dye. Sensor measurements were made in triplicate to investigate and document
the performance and robustness of the individual components, before we moved on to investigate the

R 48t N ber 2024 multiwell plate sensor design. The pH sensor was first tested in cuvettes, before moving to microwells
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Accepted 24th December 2024 and smaller volumes. The target is to monitor pH in IVF cultures, and the sensor proved to be
operational in the pH range found in in vitro fertilisation buffers, but the references dye was shown not

DOI: 10.1035/d4ra07949¢ to be suitable for sensors. We conclude that the homogeneous sensor design is sound, but reaching the
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Introduction

The importance of sensors in industrial applications cannot be
overstated. Sensors measure temperature, pressure, and the
concentration of specific chemical species. They are indis-
pensable for monitoring changes in agricultural systems,"* beer
brewing,* drug development, and pharmaceutical production.**
Another example of the critical need for quality sensors is that
an ordinary car contains more than 100 sensors that perform
continuous measurements.®*® In bioproduction, chemosensors
enable the monitoring of concentrations of a selection of
chemical species.""" In particular pH remains a highly
important parameter for industrial bioproduction and
bioprocessing.>**"” In an industrial context, optical sensors
offer many advantages. They are often low-cost, non-invasive
and stable for longer than conventional sensors.'>'*?® Several
optical chemosensors for the measurement of dissolved oxygen
and pH have been introduced to the market.*>*7>*->

For repeated, parallel and high throughput sensing, multi-
well plate sensors for pH have been shown to be advantageous,
most of these use a thin film deposited in each well of the
plate.>**” Homogeneous multiwell-plate sensors offer several
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required precision of ApH = 0.01 can only be done with a different reference dye.

additional advantages.”® They use commercial software, elimi-
nate mass-transport issues, and are readily fabricated by
sequential additions of the sensor components.>*=** The sensing
action can exploit any optical sensor as the responsive compo-
nent. Here, we focus on optical pH sensors, where there are
many reports of nanooptodes for fluorescence sensing,***° and
responsive bioimaging.*'*#%%*4> Nanooptodes, or nanoparticle
based optical sensors, have several advantages. First, surface
modifications can ensure biocompatibility and full solubility of
all the sensor components.*** And second, nanoparticle
sensors can accommodate a wide variety of different dyes.*-
This is important, as a homogeneous multiwell-plate pH sensor
must rapidly be formed upon sample addition, and the dyes
must be robust for extended measurements.*® These two issues
are addressed in this work.

Further challenges can be addressed using homogenous
multiwell-plate sensors based on responsive nanoparticles.
More complicated analytes that cannot be measured in
a heterogeneous system due to mass transport limitations,
should be readily detected by a homogenous sensor. As several
areas of the industry have a need for sterile single-use sensing
platforms,*>'” we look to develop homogeneous multiwell-plate
optical sensors. Here, we looked to the needs of monitoring in
vitro fertilisation (IVF) treatments. Improved methods of
sensing pH of incubation mediums are needed, as the only
option today is to use blood-gas analysers developed to meet
a completely different demand.**®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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During embryo culturing, pH must be controlled indirectly
using the partial pressure of CO,, which only influences the
culture medium indirectly through diffusion through the oil
covering the small volume containing the IVF embryo.*~** pH in
IVF is critical,****>** must be kept constant—the recom-
mended pH is 7.1-7.4—, and there is regulatory demand that
the pH is measured throughout the process. Current means of
measuring pH in IVF incubation are limited,******¢ and the
indirect measurement of CO, gas concentration in incubation
chamber is favoured. The process of embryo culturing takes
four days,” and a single-use pH sensor is required as
a minimum to be stable in this timespan, must be able to be
placed in the incubator, and be read without disturbing the
embryo. Further, the sensor must be very precise (error < 0.01
pH) in the narrow pH range from 7.1 to 7.4, corresponding
a proton concentration between 40 nM and 79 nM.

Here, we attempt to realize such a sensor using a pH
responsive triangulenium dye and a commercial reference dye.
As mentioned above, the main challenges are creating a stable
suspension of the dyes in the culture medium and reliable
readout. Both are achieved if the sensor is truly homogenous,
and all sensor components are stable. We address the challenge
by using a nanoparticle platform, see Fig. 1, with the highly
photostable triangulenium dye. These dyes are known to
produce robust sensors, however, the reference dye remains
a challenge.*****% We have previously reported optical pH
sensors based on the highly photostable diazaoxatriangulenium
(DAOTA) dye, both using custom hardware and spectrome-
ters.”>*®*%” The triangulenium dyes in general, have proven to
be a series of exceptionally photostable fluorophores. In addi-
tion to this, they possess unique photophysical properties as
long fluorescent lifetimes and high quantum yields.®®¢"5¢8
Working in typical IVF buffers such as HEPES and MOPS, the
hypothesis was that using a robust, commercial fluorescent
dyes would alleviate the issues of finding a useable reference
dye. This turned out not to be the case.

In this work, we present a homogeneous single-use pH
sensor in a multiwell plate, with the DAOTA fluorophore, but
moving to a nanoparticle-based approach. This allows us to
circumvent the lipophilic nature of the DAOTA dyes by creating
polystyrene-based nanoparticles (NPs)*7* and further combat
issues with fluorescent probes, such as leaching of the dye into
surrounding media, while maintaining optimal access between
the analyte and the receptor of the sensor. The NPs are coated
with Triton X-100. A non-ionic surfactant that was been used
extensively in bioremediation research and has proven to be
less toxic than ionic counterparts and an effective solubilizing
agent.”>”® The NP surfaces are decorated with the pH responsive
DAOTA dye. The sensing components are completed by
combining the responsive NPs with a freely diffusing ATTO-647
reference dye. The mixture is deposited on the bottom of
a multiwell plate, ready for sensing. In this sensing formulation,
the responsive and reference dyes are physically decoupled,
eliminating possible energy transfer pathways, such as FRET,
between the two dyes.**”* Fig. 1 shows the sensor components
and the schematic of the multiwell sensing setup.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Sensor components: water-soluble polystyrene nano-
particles functionalised with a pH responsive diazaoxatriangulenium
(DAOTA) dye and the water-soluble ATTO-647 dye. (B) The deposition
and drying of pH responsive and reference dyes into a multiwell plate,
resulting in the final pH sensor formulation. The multiwell sensor
consists of a calibration series (top row), with the remaining wells
available for samples. (C) Using the pH sensor in a commercial plate
reader, showing sample deposition, mixing, reading and representative
data and response curve.

The advantages of this pH sensing formulation include: (i)
low cost of production, compared to conventional electro-
chemical pH probes. (ii) High sample throughput, by switching
to a multiwell based sensing platform. Furthermore, by
switching to a multiwell based platform, we are mimicking the
instrumental setup used for embryo incubation in IVF treat-
ment. From an experimental point of view, this also simplifies
parameter studies for sensor optimization.

Table 1 Nanoparticle synthesis batches with corresponding synthesis
parameters

NP batch I I jiis v

PS mg ml~" in toluene 7 7 7 7
DAOTA mg ml ™" in toluene 0.25 0.25 0.25 0.25
Triton X-100 mg ml " in water  5.35 5.35 5.35 5.35
Mixture (toluene/water) 2/14ml 2/14ml 2/14ml 2/14 ml
Dialysis volume 2L 2L 2L 2L

RSC Adv, 2025, 15, 1438-1446 | 1439
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Table 2 Sample list including known and unknown samples used for
testing the final sensor design

Sample Type PH range Number Triplicates
MOPS Unknown 6.53-7.39 4 Yes
MOPS Known 6.75-7.62 4 Yes
HEPES Unknown 6.87-8.13 4 Yes
MOPSO Unknown 6.21-7.56 4 Yes
Universal Calibration 4.50-7.98 10 No

4

8
I I I |Calibl!ation | I I l Blalnk
Sample Sample Sample Sample
Sample Sample Sample Sample
Sample Sample Sample Sample
Sample Sample Sample Sample
Sample Sample Sample Sample
Sample Sample Sample Sample
Sample Sample Sample Sample

Fig. 2 An overview of the multiwell plate-based sensor design. Top:
96-well plate dimensions. Center: Loading method for evaluation of
the optimal ratio of pH responsive DAOTA NPs to ATTO-647 reference
dye. Dye loaded and used wells are indicated in orange. Bottom: Final
sensor layout, showing the calibration series and method of depositing
sample triplicates in the multiwell plate.

The performance of the homogenous NP-based pH sensor
was evaluated in a series of cuvette experiments before trans-
lation to a microwell-based setup. This is the actual sensor
format for IVF and allowed for a significantly increased sample
throughput. The sensor fabrication was optimized, and finally
the response and sensing precision was demonstrated, using
a selection of Good's buffers, commonly used in biological
systems and IVF treatment. We found that ATTO-647 is not
stable and that the format works for sensing pH.

1440 | RSC Adv, 2025, 15, 1438-1446
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Methods and materials
Reagents and materials

The pH responsive DAOTA dye with pK, = 6.05 was prepared as
hexafluorophosphate salts as previously reported b(N-dodecyl-
N'-(2-hydroxy-5-trifluoromethylphenyl)-diazaoxatriangulenium
hexafluorophosphate, CsgH3gF3N,0,-PFs, M = 756.69 ¢
mol").”® ATTO-647 was purchased from ATTO-TEC. Polystyrene
(M 35000), Triton X-100, 4-(2-hydroxyethyl)-1-
piperazineethane-sulfonic acid (HEPES), toluene and Pur-A-
Lyzer Maxi Dialysis tubes (3 ml, MWCO: 12-14 kDa) were
purchased from Sigma-Aldrich. 3-Morpholinopropane-1-
sulfonic acid (MOPS) 0.5 M, pH 7.0 and 2-hydroxy-3-
(morpholin-4-yl)propane-1-sulfonic acid (MOPSO) 0.2 M, pH
7.0 were purchased from Thermo Fisher Scientific. 0.02 M
universal buffer was prepared using boric, acetic, and phos-
phoric acid.

Greiner Bio-One 96-well black F-bottom multiwell plates
were purchased from VWR and Kartell 96-well clear multiwell
plates were purchased from Buch & Holm.

Dynamic light scattering

Multi-angle Dynamic Light Scattering (DLS) was done using

a Malvern Zetasizer Ultra. Scattered light was collected at angles

of 12.78°, 90° and 174.7° from the incident light beam. 30

collection runs with a measurement time of 3.36 s were done.
For each sample this process was repeated 3 times.

Scanning electron microscopy

Scanning electron microscopy (SEM) samples were prepared on
silica wafers as follows: wafers were rinsed and cleaned using
soap and water, followed by rinsing with absolute ethanol and
dried with nitrogen. Following this, any leftover impurities were
removed by treatment with a Piezo Brush PZ2 plasma gun for
one minute. Wafers were finally rinsed with absolute ethanol
and dried with nitrogen.

One drop of sample solution was deposited unto a prepared
wafer and left for five minutes. Remaining liquid was removed,
and the sample dried with nitrogen.

SEM images were obtained on a Jeol 7800F-Prime electron
microscope using Lower Electron Detection (LED) mode.

Plate reader measurements

Prepared 96 well assays were measured in a PHERAstar FSX
plate reader from BMG Labtech. An optic module with excita-
tion at A = 510 nm and dual emission at A = 590 nm (DAOTA)/
665 nm (ATTO-647, bandwidth for all: 10 nm) was used. The
PMT gain value and focus height was determined using the
built in procedure, resulting in an emission signal strength of
85% of the detector maximum for the DAOTA channel. The
signal was detected using the top optic. Additional details along
with data from the plate reader measurements can be found as
ESL+

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Fluorescence emission spectra of pH titrations (g, = 510 nm), showing the effect of changing the DAOTA/ATTO-647 loading ratio on
emission spectra and response curves (insets). The response curves were calculated as the ratio between the summed response signal (blue area)
and the summed reference signal (red area), emulating the emission bands that were used during plate reader measurements. Error bars are

calculated from the instrumental response error.
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Fig. 4 Response data and response curve for the calibration buffers
used to determine the pH of IVF buffers.

Fluorescence spectroscopy

Emission and excitation spectra were obtained with a Cary
Eclipse fluorescence spectrometer using disposable PMMA
cuvettes. Emission spectra were obtained by excitation at A =
510 nm, mimicking the excitation slit used during the plate
reader measurements.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Nanoparticle synthesis

The synthesis was done using a sonication microemulsion
method following the procedure, previously reported by D.
Bartos et al.*®® Polystyrene (PS) beads (M,: 35 000 g mol ') were
dissolved in toluene, resulting in a 0.8 w/w% solution. The
DAOTA dye was dissolved in the PS/toluene solution to
a concentration of 0.3 mM. Triton X-100 was dissolved in water
for a 5.35 mg ml ' solution. The DAOTA/PS solutions were
mixed with the Triton X-100 solution in a 1:7 ratio by pulsed
sonication for 1 min, using a XS-sonic, FS-300N sonicator probe
(cycling sonication of 1 s on and 1 s off), followed by magnet
stirring for 1 h. The stirring and sonication process was done
five times in total. Subsequently, the mixture was left for toluene
evaporation by magnet stirring at room temperature for 24
hours. The obtained product was dialysed for a total of 3 days,
using 3 ml dialysis tubes (MWCO: 12-14 kDa) in 2 L water. The
water was changed after 2 and 24 hours. In total four different
samples of nanoparticles were prepared, see Table 1. The first
three batches were used on determining the optimal parame-
ters for measurements using a plate reader and the final batch
for evaluation of the sensor performance on IVF buffers.

RSC Adv, 2025, 15, 1438-1446 | 1441
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Fig. 5 Top: Calibration response function and measured data from
known and unknown samples of IVF buffers. Bottom: Evaluation
function and determined pH values of known and unknown samples of
IVF buffers. The grey area is the error on the sensor obtained from the
optimised sensor design (batch VII). Data points are plotted at the pH
values obtained from a reference pH probe and errors are the standard
deviations obtained from triplicate samples in the plate propagated to
correspond to sensor signal error (top) and pH error (bottom).

Multiwell plate fabrication

Eight batches of multiwell plate sensors were fabricated with
several variations (see Table S1}). For each batch, three indi-
vidual sensors were made to evaluate the fabrication robust-
ness. The ESIf contains the characterisation of each batch.

The fabrication of a 96-well plate was done using an auto-
mated liquid handling platform (TECAN Freedom EVO). To
optimise the sensing platform, series with different volumetric
ratios of DAOTA NP/ATTO-647 were made. The optimisation of
the sensor took seven iterations, batch I-VII in Table 2. The
layout of the multiwell plate sensor for optimisation purposes is
shown in Fig. 2, different ratios of responsive and reference
dye—from 100:0, 80:20, 60:40, 40:60, 20:80, to 0:100
DAOTA/ATTO-647—were tested on the same plate. A row of
blanks was included for each loading ratio.

To test the final sensor another fabrication—batch VIII in
Table 2—was performed. Here the layout is simple as the sensor
with a fixed DAOTA/ATTO-647 60:40 was distributed in all
wells.

After loading, the sensors were dried at 50 °C overnight,
resulting in a film at the bottom of each well. Two kinds of

1442 | RSC Adv, 2025, 15, 1438-1446
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multiwell plates were used: 96-well Greiner bio-one black F-
bottom (1) and 96-well Kartell - clear (2).

Sensor characterisation

Cuvette experiments. To evaluate the performance and
robustness of sensor mixtures a pH titration series was done,
and the emission spectrum recorded at each point. Response
curves were determined from summation of the measured
emission intensities at 580-600 nm, for the responsive dye, and
655-675 nm for the reference dye.

Multiwell plate experiments. To evaluate the performance
and robustness of the I-VII sensor plates (see Table 2), the pH
response signal was measured using universal buffer adjusted
to a range of pH values from 4-8. The pH of each buffer solution
was measured using a conventional potentiometric pH probe as
reference.

The buffer solutions were deposited in the multiwell plates
using the automated pipetting system, 100 pl in each well, using
the template as can be seen in Fig. 2. Each row is filled with the
same buffer starting from low pH (pH ~ 4) to high pH (pH ~ 8).

After buffer deposition, the multiwell plates were sonicated
using a sonicator bath for 3 minutes, to re-disperse the
DAOTA:ATTO-647 film in the buffer solution before measuring
using the plate reader as described above.

Sensor testing. To evaluate the performance and robustness
of the final sensor plates (batch VIII, Table 2), the pH was
measured in a series of samples using a universal buffer cali-
bration series. The sensor layout is shown in Fig. 2, and the list
of samples are shown in Table 2. The data is available as ESIL.}

A selection of Good's buffers used for in vitro fertilisation
(MOPS, MOPSO and HEPES), were prepared and pH was
adjusted to a range of values within each buffer's respective
buffer range. The sensor characterisations were performed on
batch VIII, with a 10-point standard curve determined in
universal buffer for calibration, see Table 2 for details.

The sample and calibration solutions were deposited in the
multiwell plates, 100 pl in each well, using the template as can
be seen in Fig. 2. The pH of each sample was also measured
using a conventional potentiometric pH probe before and five
days after the measurement. All data is available in the ESL.}
These also include the error from the conventional pH probe.

After sample deposition, the multiwell plates were sonicated
using a sonicator bath for 3 minutes to re-disperse the
DAOTA:ATTO-647 film. The samples were measured as
described above.

Fitting procedure and propagation of errors

To generate the evaluation function for the pH sensor, the data
was fitted to a sigmoidal response function:

y ) + Yo (1)

1 + ek(pH-pKy

Here, y is the obtained response signal, a is the signal span, & is
the shape factor of the curve and y, is the baseline signal. By
rewriting the evaluation function of the pH sensor was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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obtained. Here, pH is described with the measured signal y as
the variable:
_ 1)
©)

As written in eqn (2), the evaluation function provides pH by
input of the measured signal intensity y.

x’-Fitting was done to obtain the response function of the
pH sensor. This was done from triplicate measurements of
calibrations buffers. Non-linear propagation of errors was used
to determine the error on pH-value readout of the evaluation
function, from the measured optical signal intensity. The result
of the error propagation is confidence intervals reported in for
response curves and evaluation functions. The data for all
batches is included in the ESL.}

The ratiometric signals obtained from the unknown samples
were converted to pH using an evaluation function generated
from the evaluation function generated from the response of
calibration buffers on the same plate. The inherent error
determined from the sensor characterisation from batch VII.

ln(a* !
Y=o
k

pH = pK, +

Results and discussion

The sensor components are shown in Fig. 1. The pH responsive
triangulenium dye (DAOTA Ag = 590 nNmM, émax = 15
940 M ' em™?, ¢p = 65%, B = 10000 M~ cm ') has been
explored extensively elsewhere and is known to be an extremely
stable fluorophore.*®%*757° The ATTO-647 (Ag = 667 NM, &y =
1.2 x 10°M ' em ™, ¢ = 20%, B =24 000 M~ " cm ™) reference
dye is known as one of the most stable red emitting dyes, but is
known to have some stability issues above neutral pH.** To
ensure a homogenous assay, the triangulenium dye was
immobilised on water-soluble nanoparticles, see Fig. 1. The
lipophilic alkyl chain on the triangulenium dye irreversibly
physisorbs the dye in the PS of the NP surface. The fact that
extended dialysis does not remove the dyes, ensures that the
nanoparticle shown in Fig. 1 is a stable species. The DLS results,
see the ESI,7 show that the NP are monodisperse and forms
a stable suspension without aggregation. The response of the
triangulenium dyes is maintained on the NP, see below. The
PET mechanism of the response have been investigated in great
detail elsewhere.””® This combination of dyes is new. Previ-
ously, TDI(bis(2,6-diisopropyl-phenyl)terrylene diimide) and
DMQA(dimethoxy-quinacridinium) have been explored.>>*” We
started by investigating the loading ratio between DAOTA-NP
and ATTO-647 in cuvette-based experiments evaluated using
a benchtop fluorometer.

SEM and DLS data (ESI Fig. S1 and Table S27 respectively)
show that the Triton-X functionalised NPs have average sizes
from 30-90 nm. In our hands, the relevant optical response is
similar across all fabrications.®>”*

The emission spectra of different ratios of DAOTA NPs and
ATTO-647 were measured at varying pH values (Fig. 3). A fluo-
rescence emission intensity drop is seen for DAOTA around
590 nm when pH is increased. This confirms that the pH

© 2025 The Author(s). Published by the Royal Society of Chemistry
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response is maintained for the DAOTA NPs, as the response is
identical to what was previously shown for the free dye.*®*””
Considering the first panel in Fig. 3 it can clearly be seen, that
a stronger reference signal is required for sensing purposes.
Even though ATTO-647 is a brighter fluorophore than DAOTA,
the fact that we excite at the edge of the ATTO-647 absorption
band significantly reduces the ATTO-647 signal.

The insets in Fig. 3 show the normalised pH response ob-
tained as the ratio between the DAOTA and ATTO-647 signals.
These response data are generated from the summed intensi-
ties of each dye response (blue and pink respectively in Fig. 4)
that correspond to the bandpass filters used in plate reader
measurements. Visual inspection of the data indicates that
more ATTO-647 is needed, even though the response data and
response curves look reasonable for all DAOTA/ATTO-647 ratios.

Translating from cuvette to multiwell plate proved prob-
lematic. The DAOTA response dominates the signal obtained in
the plate reader in both the DAOTA and reference channels. The
response from the sensor resulted in a response that is too low
for sensing purposes for batch I-VI. This manifests as large-to-
infinite errors in the evaluation function, see ESI{ for details.
Consequently, large amounts of ATTO-647 had to be loaded in
the multiwell plate to achieve a relevant sensitivity.

Characterising the multiwell plate pH assay

With sufficient ATTO-647 in the sensor (batch VII), we tested the
response of different volumetric ratios of DAOTA/ATTO-647 (see
ESI Fig. S207). The best ratio was found to be 60 : 40. This was
determined using nonlinear error propagation and investi-
gating the error in the evaluation function. For each function
the nonlinear error propagation results in a confidence interval,
which is shown as a shaded area around each function. For the
evaluation function, dashed lines centered around the pK, +0.5
pH indicate the pH region of interest. Considering the func-
tions shown in Fig. S207 it was concluded that the inherent
error around in the pH region of interest for this sensor is 0.2.
Further, we realise that we cannot achieve a more accurate
response function unless we; (i) change the composition of the
sensor, (ii) have higher precision in the individual date points,
or (iii) have more response data to fit the response function. (ii)
and (iii) are problematic to achieve, as (ii) requires better
equipment and we are already using a state-of-the-art plate
reader, and (iii) requires very high precision in the pH of the
reference buffers. At this point we must accept that we are
limited by the performance of ATTO-647, yet we conclude that
and error of 0.2 is acceptable for a pH sensor prototype.

Testing the pH assay

We are targeting easy determination of pH during in vitro fer-
tilisation. So, to evaluate the performance of the sensor we
made a sensor and tested in in vitro fertilisation buffers with
known and unknown pH. The calibration was done using
universal buffer, and the samples were run in triplicates.

The calibration data is shown in Fig. 4. The unknown
samples were evaluated using the response function folded with
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the known fabrication error. The result of the measurements
and this exercise is shown in Fig. 5.

Considering the data in Fig. 5, we immediately realise that
the sensor has a problem at pH > 7, as we see the real pH-pH
determined using a conventional pH probe—of the samples
deviate from the pH determined by the homogenous multiwell
plate sensor. The signal in the reference channel is unphysical,
and we must conclude that the reference dye is hydrolysing in
the IVF buffers. Even though we selected the most stable fluo-
rescent dye available to us, it is apparently not suited in this
sensor format.

In the calibration data in Fig. 4, we excluded two data points
due our observation that the reference dye was not stable above
pH 8 across all buffers. And in the IVF buffers the problem
becomes apparent already from pH = 7.

The manufacturer reports that ATTO-647 degrades by
nucleophilic attack in solvents like DMF and DMSO, while it in
alkaline solution will react with hydroxide. We assumed that on
the timescales and pH range we are interested in, this would be
a minor effect. However, when we consider the data on the
unknown samples shown in Fig. 5, the instability is evident
already at neutral pH, and we must conclude that the sensor is
only operational to pH ~ 7.3.

To overcome this limitation of the reference dye, we propose
moving the reference dye to a NP platform similar to what has
been done with the pH responsive dye. Encapsulation within
polystyrene NPs will reduce possible degradation from inter-
action with the solvent. Previously, we have had success with
encapsulating a series of dyes within polystyrene NPs.*

Conclusions

While heterogeneous multiwell-plate pH sensors are known,
and few reports of homogenous multiwell-plate pH sensors
exist, this is the first report of a homogenous multiwell-plate pH
sensors based on robust pH responsive dyes on a nanoparticle
platform. A homogenous multiwell plate pH sensor was devel-
oped using a new reference dye. A robust design of the active
sensor components was achieved, a homogenous sensor was
made, but the ATTO-647 reference dye did not solve the issues
previously seen with other reference dyes. We must conclude
that the ATTO-647 dye is not stable and cannot be used in a wide
range pH sensor.

Thus, the pH sensor we report on here has a range from 6.5
to 7.3, and the pH can be determined with a single point
measurement error as low as 0.02 (reproducibility), even though
the systematic error of the current embodiment of the sensor is
0.2 (precision). This is suitable to follow dairy production e.g.
cheese making, but for monitoring IVF we need further
improvements, that is a better reference dye system. This
should also lead to an error below ApH = 0.02.

With future homogenous multiwell-plate sensors developed
using this methodology, only the selection of dyes will limit the
possible applications. Sugar-responsive molecules, will allow
for determination of blood sugar, residual sugar in fermenta-
tions and lactose content in dairy. Heavy metal responsive dyes,
will make sensors for environmental monitoring og e.g. lead

1444 | RSC Adv, 2025, 15, 1438-1446

View Article Online

Paper

and mercury. And optimized pH-sensors will be important
brewing, biotechnological production and diagnostics.
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