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Ammonia is a key biomarker in inborn and acquired liver disease. As
clinical point-of-care blood ammonia assays are lacking, we developed a
polymersome formulation for point-of-care blood ammonia sensing combined
with a portable fluorometer. A pH-sensitive near-infrared (NIR) fluorescent dye was
identified, which showed a strong fluorescence increase at acidic pH values. Building
on reports on ammonia-selective PS-b-PEG polymersomes, these polymersomes =
were loaded with the NIR dye. These NIR fluorescent polymersomes sensed
ammonia in a clinically relevant range in ammonia-spiked fresh whole blood with
high linearity (R* = 0.9948) after S min using a conventional tabletop plate reader.
Subsequently, the assay was tested with a portable fluorometer. An ammonia-
dependent fluorescence increase was detected in ammonia-spiked fresh mouse blood
after 5 min using the portable fluorometer. The NIR dye-loaded PS-b-PEG
polymersomes rapidly sensed ammonia with high linearity in whole blood. This
assay was successfully combined with a portable fluorometer and only required 3 yuL of blood. These findings motivate a further
development and clinical translation of this point-of-care blood ammonia assay.

fluorometer, ammonia, ammonia assay, polymersome, point-of-care, diagnostics

suited for point-of-care or bedside testing.’ Point-of-care
ammonia testing is a clinical care gap as it would allow for
rapid ammonia determination at the bedside for acute
hyperammonemic crises and surveillance of chronic HE and
UCD patients in the outpatient setting. Such a point-of-care
ammonia assay would complement the clinical evaluation of
patients with liver disease, accelerating clinical decision-making
and allowing for ammonia monitoring at home.
Transmembrane pH-gradient polymersomes have recently
gained interest for their ammonia detoxification and sensing
capacity.””"" High-glass-transition-temperature polymersomes
made of poly(styrene)-b-poly(ethylene glycol) (PS-b-PEG) are
highly suited for sequestration of ammonia due to their higher
ammonia selectivity and stability than transmembrane pH-
gradient liposomes.'”™'* When these polymersomes are
exposed to ammonia, ammonia diffuses into the acidic
polymersome core and increases the luminal pH (Figure

Ammonia is an endogenous metabolite with important roles in
pH homeostasis and protein metabolism." However, at
pathologically elevated blood concentrations (hyperammone-
mia), ammonia exerts neurotoxic effects.” The liver is the
principal organ that removes ammonia in the body. Patients
with inborn (e.g., urea cycle disorders, UCD) or acquired liver
disease (e.g, liver cirrhosis and acute liver failure) often fall
short of efficiently clearing ammonia." Ammonia subsequently
accumulates in the brain and results in neuropsychiatric
symptoms (cognitive impairments, somnolence, hepatic coma,
and in some cases, death).” This syndrome termed hepatic
encephalopathy (HE) occurs in 30—40% of patients with liver
cirrhosis.* The plasma ammonia cutoff is 50 M for adults and
100 4M for newborns™® and can reach values up to 400 uM.”
The clinical gold standard for plasma ammonia testing
(glutamate dehydrogenase assay) has a lower limit of
quantification of 17 uM according to the manufacturer’s
information (AM101S, Randox Laboratories). March 7, 2024
Despite the important role of ammonia in liver disease, there June 23, 2024
are currently no Food and Drug Administration-cleared point- July 16, 2024
of-care tests for ammonia. The clinical gold standard is a July 30, 2024
glutamate dehydrogenase-based absorbance test in plasma that
requires analysis in the hospital laboratory and thus is not
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Figure 1. Polymersome ammonia assay and portable fluorometer. Mechanism of action of polymersome ammonia assay: ammonia diffuses across
the membrane of transmembrane pH-gradient poly(styrene)-b-poly(ethylene glycol) polymersomes into the acidic core. The protonation of
ammonia increases the luminal pH and the fluorescence intensity of an encapsulated pH-sensitive NIR fluorescent dye (A). In the proposed
ammonia assay setup, capillary blood is collected by a fingerstick and added to a polymersome assay solution. The NIR fluorescence change is
detected by a portable fluorometer (B). Portable fluorometer used in this study compared with an iPhone 13 as a size reference (C). NIR: near-

infrared fluorescent.

1A). This pH increase can be quantified by a pH-sensitive
fluorophore and can thus be used for ammonia sensing. PS-b-
PEG polymersomes loaded with the pH-sensitive fluorescent
dye pyranine were capable of sensing ammonia in various
blologlcal fluids, namely, in the plasma of hyperammonemic
rats.” However, pyranine is not suited for blood ammonia
sensing due to interference by hemoglobin. Also, these studies
were performed using a large tabletop fluorescence plate
reader. To translate this assay to the point of care, fluorescent
dyes with low interference by hemoglobin and hand-held
portable fluorescence detection systems are needed.

NIRF assays have the potential to reach the point of
care."> ™" Thanks to the low interference of hemoglobin with
NIRF dyes, there is no need for blood separation which is
challenging to perform at the point of care.”” To detect the
fluorescence signal at the point of care, small portable
fluorometers are required.”””* The miniaturization of fluor-
ometers entails technical challenges to achieve trade-offs
between dimensions and performance (e.g., limit of detection,
accuracy, and precision).”® Recent technical advances have
made portable NIRF fluorometers more widely available.
Building on recent reports on ammonia-sensing PS-b-PEG
polymersomes,”'® the aims of this study were to develop a
NIRF dye-loaded polymersome formulation, to test it in fresh
whole blood, and to combine this polymersome ammonia
assay with a commercial portable NIR fluorometer (Figure
1B,C).

Diblock copolymer methoxy-poly(ethylene glycol) 2000-b-poly-
(styrene) 3000 (mPEG(2000)-b-PS(3000)) was purchased from
Advanced Polymer Materials (Dorval, Canada). Sodium chloride,
sodium hydroxide, potassium phosphate monobasic, citric acid,
sodium citrate, dimethyl sulfoxide (DMSO), trimethylamine, glycine,
valine, levofloxacin, propranolol, and dichloromethane were pur-
chased from Sigma-Aldrich (St. Louis, MO). IRDye 680RD NHS
Ester was obtained from LI-COR Biosciences (Lincoln, USA).
Purification columns (PD MidiTrap G-25 Columns) were obtained
from Cytiva (Marlborough, USA).

2.2.1. Polymersome Preparation. The dye-containing polymer-
somes were prepared in accordance with the literature.” 100 uL of
dichloromethane was used to dissolve 20 mg of mPEG(2000)-b-
PS(3000) polymers. A solution of 1 mL of an isotonic citric acid
solution 2.5 mM at pH 2.0 containing a concentration of IRDye
680RD was added to a 10 mL PFA vial (AHF Analysentechnik,
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Tiibingen, Germany) on ice. The polymer solution was added
dropwise to the dye-containing citric acid solution under sonication
with a probe sonicator (3.1 mm sonotrode, Fisher Scientific model
705 Sonic Dismembrator, 700 W, 50/60 Hz, Fisher Scientific,
Reinach, Switzerland) at an amplitude of 10 for 2 min in an ice bath.
The organic solvent was evaporated for at least 10 min at 40 °C at 600
mbar using a rotary evaporator, except for the transmembrane pH
gradient stability experiment, where evaporation was performed for 60
min at 40 °C at 220 mbar. The dispersion was stored at 4 °C and
protected from light.

In accordance with the literature,” MidiTrap G-25 columns were
used to purify the fluorescent polymersomes to remove the free dye
and replace the external phase with an isotonic sodium chloride-
containing phosphate buffer 50 mM at pH 7.4. In brief, the columns
were washed three times with the phosphate buffer. 200 L of the
dye-containing polymersome dispersion and 800 uL of the buffer
solution were added. 750 uL of the buffer was used to elute the
purified polymersomes. They were then stored at 4 °C and protected
from light.

The polymersome size was analyzed by laser diffraction (LS I3 320
Particle Size Analyzer, Beckman Coulter, Brea, CA) with isotonic
0.9% saline as the dispersion medium and presented as diameter (4m)
at the 10th (d10), SOth (median diameter, d50), and 90th percentile
(d90) of the volume distribution.

2.2.2. pH Sensitivity of the Dye. An IRDye 680RD stock
solution of 623 uM was prepared in DMSO (Sigma-Aldrich). Citric
acid solutions 50 mM were prepared at pH 1, 2, 3, 4, S, and 6, and
IRDye 680RD was diluted to a final concentration of 2 uM. The
fluorescence intensities of 100 L dye-containing solutions were read
in a black 96-well plate by a plate reader (Tecan Spark Multimode
Plate Reader, Tecan, Maennedorf, Switzerland) at the fluorescence
excitation and emission wavelengths of 664 and 702 nm, respectively,
with a bandwidth of 20 nm. This plate reader was equipped with a
monochromator. The light intensity was not reported by the
manufacturer. Device calibration with a fluorophore was not required
according to the manufacturer. The fluorescence intensity of the same
solutions (100 uL) in 600 uL Eppendorf tubes was also read by a
portable fluorometer (Deniro, Detact Diagnostics, The Netherlands),
whose emission and excitation wavelengths, bandwidth, and gain
could not be changed. The specifications provided by the
manufacturer include a processing time of <5 s per sample, an
excitation LED source with a maximum at 760 nm, an emission filter
at 750—769 nm, and detectors in the range of 800—1250 nm. The
assay name “CoviTact” was used with a blank of phosphate buffer 50
mM at pH 7.4. The “Delta RFU” value was analyzed. The light
intensity was not reported by the manufacturer. Device calibration
with a fluorophore was not required according to the manufacturer.
The stability of IRDye 680RD was tested by incubating the dye at 10
MM in citric acid solution 50 mM at pH 2.0 a temperature of 4 °C for
S days.
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2.2.3. Blood Ammonia Sensing Using a Plate Reader. First,
the polymersome assay was optimized in an isotonic sodium chloride-
containing phosphate buffer at pH 7.4. The assay mixture was
composed of 3 uL of mouse whole blood, 3 yL of ammonium
chloride standard, purified polymersome dispersions at different
volumes [25, 40, or 60 uL, resulting in polymersome dispersion
volume percentages (v/v) of 25, 40, and 60%, respectively], and the
volume was completed to 100 L with isotonic phosphate buffer 50
mM at pH 7.4. The polymersome volume fraction represents the
volume fraction of the purified polymersome dispersion in the total
assay volume. A polymersome dispersion volume percentage of 60%
was selected for the following experiments. To test the selectivity of
the polymersomes toward ammonia in the presence of other amine-
containing molecules, the polymersomes were incubated in an
isotonic sodium chloride-containing phosphate buffer at pH 7.4
spiked with 100 uM ammonia in the presence of trimethylamine at
100 uM or a mix of molecules (glycine, valine, levofloxacin, and
propranolol, each at 500 pM). To test its intra- and interday
variability, the assay was performed with the same polymersome
batches at 10 AM, at 4 PM of the same day, and in the following
morning at 10 AM. The stability of the transmembrane pH gradient
was investigated by fluorescence measurements of the dye-loaded
polymersomes over the assay time of 30 min. Mouse blood was
obtained from cardiac puncture with potassium EDTA as a coagulant
in male C57BL6 mice (age 4 to 12 weeks) and immediately stored on
ice. The blood samples were used within 40 min after collection.
Ammonium chloride standards 0 to 0.5 mM were prepared in isotonic
phosphate buffer 50 mM at pH 7.4. The assay mixture was composed
of 3 uL of mouse whole blood, 3 yL of ammonium chloride standard,
and 60 uL (60% v/v) of purified polymersome dispersion, and the
volume was completed to 100 yL with isotonic phosphate buffer 50
mM at pH 7.4. The fluorescence intensity of a black 96 well plate was
read after 2, S, 10, 15, 20, 25, and 30 min using a plate reader at the
fluorescence excitation and emission wavelengths described above.
For the experiments in a blood-free medium, the blood volume was
replaced with isotonic phosphate buffer (S0 mM) at pH 7.4. The
fluorescence ratio was defined as the fluorescence intensity at a given
spiked ammonia concentration normalized to the fluorescence
intensity of the nonspiked buffer or blood sample and allowed to
compare different conditions. The lower limit of quantification was
defined as the lowest spiked ammonia concentration with a coefficient
of variation under 20%.

A limitation of this study is that the assay testing was performed in
male mice at the age of 4 to 12 weeks. Future studies will investigate
potential sex- and age-dependent effects on the assay performance in
preclinical and clinical studies.

2.2.4. Blood Ammonia Sensing Using a Portable Fluor-
ometer. The experiments were performed under point 2.2.3 with a
polymersome volume of 90 uL (total volume of 100 uL). The assay
mixture was prepared in a 600 yL Eppendorf tube. The fluorescence
intensity of the tube was read after 2, S, 10, 15, and 20 min and was
determined by a portable fluorometer (Deniro, Detact Diagnostics,
The Netherlands).

2.2.5. Statistical Analysis. GraphPad Prism (version 10.1.2) was
used for the statistical analysis. Comparisons of three or more groups
were performed by a one-way ANOVA followed by Tukey’s posthoc
test. Comparisons of the two groups were made using an unpaired ¢-
test. A p-value of <0.05 was deemed statistically significant.

To determine the pH-dependent behavior of the NIR dye, the
fluorescence intensity of IRDye 680RD was measured at
different pH values. There was a pH-dependent increase in
fluorescence intensity in the acidic range (Figure 2A,B). The
pH-dependent increase was observed with both the tabletop
and portable NIR fluorometer. We selected this dye
hypothesizing that the protonation state of the nitrogen in
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Figure 2. pH-dependent fluorescence of IRDye 680RD. Fluorescence
intensity of IRDye 680RD at different pH values detected using a
tabletop plate reader (A) and a portable fluorometer (B). IRDye
680RD concentration: 2 uM. All results are mean + SD (n = 3).

the indole ring affects the delocalization of the pi electrons and
leads to a pH-dependent fluorescence intensity (Figure S1).
Indeed, the deprotonation of the nitrogen at higher pH values
increased the dye’s fluorescence intensity. To study dye
stability in an acidic buffer, the fluorescence intensity was
investigated over S days, and no loss of fluorescence was
observed (Figure S2).

To determine the usefulness of the NIR dye for the ammonia
assay, it was encapsulated in PS-b-PEG polymersomes. In this
section, the polymersomes were tested in buffer and fresh
mouse blood and a tabletop plate reader was used as the
detector. Fresh mouse blood is a suitable matrix as ammonia
levels increase during storage.26 In the buffer, there was an
increase in the fluorescence intensity in a polymersome-
concentration-dependent manner, which confirms that the
polymersomes are the source of fluorescence (Figure 3A). The
fluorescence intensity remained stable over 30 min. The
polymersome volume fraction of 60% (v/v) was selected for
the following experiments due to its high fluorescence
intensity. Upon the addition of ammonia, there was an
increase in the fluorescence intensity that reached a plateau
after 15 min (Figure 3B). This gradual increase in fluorescence
is likely due to the influx of ammonia into the polymersome
core that increases the luminal pH and thus the fluorescence
intensity of the dye. This finding is in line with the patent
literature where an IRDye 680RD-loaded PS-b-PEG polymer-
some formulation was tested for ammonia sensing in
phosphate buffer.”” The increase in fluorescence was similar
in whole blood (Figure 3B) which indicates that the ammonia
sensing properties of the NIR dye-loaded polymersomes are
preserved in whole blood and that the interference by
hemoglobin is low.

In light of these encouraging findings with a single ammonia
concentration, the IRDye 680RD-containing PS-b-PEG
polymersomes were tested in a clinically relevant range of
ammonia concentrations in HE and UCD of up to 500
uM.®7**73% In ammonia-spiked whole blood, there was an
ammonia concentration-dependent increase in fluorescence
over time that reached a plateau after approximately 10 min
(Figures 4A and S3). The response was highly linear (R* =
0.9948) in a clinically relevant ammonia range (Figure 4B).
The whole blood volume fraction was 3 uL, a volume typically
used in capillary blood assays.’’ The lower limit of
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Figure 3. Ammonia sensing in ammonia-spiked buffer and mouse blood was carried out using a plate reader. Fluorescence intensity of IRDye
680RD-containing PS-b-PEG polymersomes at different volume fractions in ammonia-free isotonic phosphate buffer at pH 7.4 (A). Fluorescence
intensity ratio of IRDye 680RD-containing PS-b-PEG polymersomes in ammonia-spiked buffer or blood over time (B). Fluorescence intensity
ratio: fluorescence intensity in 0.5 mM ammonia-spiked buffer or blood normalized to nonspiked buffer or blood. Inner phase composition: dye
concentration: 19 uM; buffer composition of inner phase: isotonic citric acid buffer 2.5 mM at pH 2.0; whole blood volume fraction (B): 3% (v/v);
incubation at room temperature. Detector: tabletop plate reader. All results are shown as means + SD (n = 3—4).
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Figure 4. Ammonia sensing in ammonia-spiked mouse blood using a plate reader. Fluorescence intensity ratio of IRDye 680RD-containing PS-b-
PEG polymersomes in ammonia-spiked blood over time (A). Fluorescence intensity ratio of IRDye 680RD-containing PS-b-PEG polymersomes in
ammonia-spiked blood at § min with regression curve (B; data extracted from A). Fluorescence intensity ratio: fluorescence intensity of ammonia-
spiked blood normalized to nonspiked blood. Inner phase composition: dye concentration: 37 uM; buffer composition of inner phase: isotonic
citric acid buffer 2.5 mM at pH 2.0; whole blood volume fraction: 3% (v/v); incubation at room temperature. Detector: tabletop plate reader. All
results are means + SD (n = 4).

quantification was 31 yM after 2 min (coefficient of variation ammonia-spiked buffer in the morning and afternoon and the
of 5.9%). following morning. A similar sensor response was observed at
To test intra- and intraday variability of the assay, the these time points (Figure S4). To study polymersome stability,
response of the same polymersome batches was tested in an the polymersome size was investigated over S days, and no
229 https://doi.org/10.1021/acsbiomedchemau.4c00013
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Figure 5. Ammonia sensing in ammonia-spiked mouse blood using a portable fluorometer. Fluorescence intensity ratio of IRDye 680RD-
containing PS-b-PEG polymersomes in ammonia-spiked isotonic phosphate buffer of 50 mM at pH 7.4 over time (A). Fluorescence intensity ratio
of IRDye 680RD-containing PS-b-PEG polymersomes in ammonia-spiked blood over time (B). Fluorescence intensity ratio: fluorescence intensity
in ammonia-spiked buffer or blood normalized to nonspiked buffer or blood. Inner phase composition: dye concentration: 37 uM; buffer
composition of inner phase: isotonic citric acid buffer 2.5 mM at pH 2.0; whole blood volume fraction (B): 3% (v/v); incubation at room
temperature. Detector: portable fluorometer. All results as means + SD (n = 4). **p < 0.01, ***p < 0.001.

aggregation was observed (Figure S5). To study the selectivity
of the assay for ammonia, polymersomes were incubated with
ammonia and physiologically amine-containing metabolites
and drugs (Figure S6). The absence or small increases in
fluorescence intensity upon addition of these potentially
interfering substances highlights the high selectivity of the
assay to ammonia and is in accordance with the literature.”
Furthermore, the fluorescence intensity of the polymersomes
was tested over the time of the assay in the absence of
ammonia (Figure S7), and the stable fluorescence indicated
that the transmembrane pH gradient of the polymersomes was
stable during the assay.

After the polymersome ammonia assay was tested using a
conventional tabletop plate reader, its performance was tested
using the portable fluorometer (Figure 1C). There was an
ammonia concentration-dependent increase in fluorescence
intensity in ammonia-spiked buffer (Figure SA) and blood
(Figure SB). This finding demonstrates the usefulness of the
portable fluorometer as a detector for the polymersome blood
ammonia assay. The lower limit of quantification was 125 yM
after 2 min (coefficient of variation of 7.2%). The increase in
fluorescence intensity ratio was lower, and the lower limit of
quantification was higher than with the plate reader. This may
be explained by the different excitation and emission
wavelengths used by the plate reader and portable fluorometer.
While we were able to use optimized wavelengths with the
plate reader, thanks to its monochromator, the wavelengths
could not be adjusted with the portable fluorometer.
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Ammonia is a key biomarker in inborn and acquired liver
disease, but point-of-care blood ammonia diagnostics are
currently lacking. Here, we developed a polymersome
formulation for blood ammonia sensing and combined it
with a portable fluorometer. Building on an ammonia-selective
PS-b-PEG polymersome technology, these polymersomes were
loaded with a pH-sensitive NIR dye to minimize interference
by hemoglobin in whole blood. Rapid and linear ammonia
sensing was observed in whole blood in a clinically relevant
range by using a conventional tabletop fluorometer. To
translate the assay to clinics, it was tested with a portable
fluorometer that requires small sample volumes and rapidly
measures the fluorescence intensity. The motivation behind
the use of a portable detection system is that it allows point-of-
care (at home, doctor’s office, pharmacy, and ambulance truck)
and bedside (emergency room and intensive care unit)
measurements. The portable fluorometer detected a pH-
dependent fluorescence increase in the pH-sensitive NIR dye.
The polymersome assay in combination with the portable
reader performed well in ammonia-spiked buffer and whole
blood. These findings highlight the blood ammonia sensing
properties of the NIR dye-loaded PS-b-PEG polymersomes
and strongly support the usefulness of the portable fluorometer
as a detector, and they motivate a further clinical translation of
this NIR fluorescent polymersome ammonia assay.
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