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ABSTRACT: Liver 3D cell models are regularly employed as a screening platform for predicting the metabolic safety of drugs, by
monitoring the physiological responses of the spheroids, through the measurement of relevant markers of normal liver physiology,
notably glucose. Measuring glucose levels within the spheroids and their surroundings provides insight into the metabolic
homeostasis of liver cells and may be employed as an indication of potential drug-induced toxicity. Several ortho-aminomethyl
phenylboronic acid (PDBA) glucose sensors have been developed. Most recently, Mc-CDBA ((((((2-(methoxycarbonyl)-
anthracene-9,10-diyl)bis(methylene)) bis(methylazanediyl))bis(methylene))bis(4-cyano-2,1-phenylene))diboronic acid) was re-
ported. Although Mc-CDBA exhibits good water solubility and sensitivity toward glucose, its ability for intra- and extracellular
glucose monitoring in spheroids has not been determined. Here, we present a set of Mc-CDBA derivatives: carboxylic (BA) and
amide (BA §)-based Mc-CDBA sensors for extra- and intracellular glucose monitoring, respectively. Both sensors exhibit superior
spectroscopic features. BA S showed selective intracellular accumulation in liver spheroids and exhibited more than 3-fold higher
basal fluorescence sensitivity compared to Mc-CDBA. These observations led to the development of an extracellular hydrogel-
embedded sensor (HG-BA 21) to monitor extracellular glucose levels under persistent solution flow mimicking physiological
conditions. We have therefore demonstrated that the sensors developed by our team are suitable for a variety of assays, notably with
liver spheroids, and provide powerful new tools for organ-on-a-chip applications predicting drug-induced liver injury in the early
stages of drug development.

B INTRODUCTION pivotal role in cellular metabolism, energy production, and
apoptosis.”® The mechanisms of drug-induced mitochondrial
damage include nonselective membrane permeabilization,
impaired oxidative phosphorylation, inhibition of fatty acid
oxidation, and mitochondrial DNA depletion.g’9 Therefore,
careful monitoring of mitochondrial activity, integrity, and
dysfunction in 3D liver systems may help to identify DILI-
inducing candidates during the early stages of drug develop-
ment. One reliable indicator of mitochondrial damage is the
switch in cellular energy production from oxidative phosphor-
ylation to less efficient glycolysis, resulting in the depletion of
glucose levels. Hence, continuous monitoring of cellular

In recent years, human hepatocytes grown in a 3D culture, in
plates or microfluidic devices, have emerged as suitable
replacements for animal models for testing drug toxicity and
safety. Moreover, testing human cells that are arranged in
spheroids may reduce animal-to-human variability.”” Unlike
2D cultures, 3D spheroids enable the growth of primary
hepatocytes together with other types of liver cells to better
reflect their native surroundings. They can be grown for several
weeks, allowing for continuous evaluation of oxidation and
metabolism of various drugs over time.”* A 3D liver culture
can also sustain progressive cellular damage instigated directly
by exposure to drugs or degradation products. Such cellular

damage can manifest at the organ level, often denoted as drug- Received:  April 29, 2024
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Mitochondria are often the target of drug-induced cellular
damage and the leading cause of DILI, likely due to their
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glucose concentrations might indicate mitochondrial dysfunc-
tion instigated by drug toxicity.

The liver is also involved in de novo glucose synthesis in the
body (gluconeogenesis),lo and abnormalities in glucose
synthesis within cells can also be emf)loyed as an indirect
measure of drug-induced toxicity.'' As such, reliable,
continuous, and noninvasive monitoring of glucose levels
within hepatocytes remains a highly sought-after feature.

To date, several in vitro glucose-sensing technologies have
been developed, such as enzyme-based electrodes,'>"’
amperometric sensors,' " colorimetric assays,15 and micro-
fabricated sensors.'® However, emerging intensiometric optical
probes, which are small organic dyes that exhibit changes in
fluorescence emission as a function of glucose levels,'” appear
to be more desirable. This is due to their ability to be applied
directly to cells, enabling continuous monitoring of changes in
glucose levels at high spatiotemporal resolutions. Moreover,
these probes do not require dedicated microfluidic devices,
careful calibrations, or persistent maintenance. Fluorescent
sensors are also more stable compared with enzymatic
electrodes and can be easily monitored by fluorescence
microscopy and plate readers, as opposed to more dedicated
and specialized instruments.

The most commonly used fluorescent sensors in the
detection of saccharides, and other diols, are typically based
on a phenylboronic acid moiety that reversibly binds to 1,2 or
1,3-dihydroxyl compounds to form borate esters.'*~*° The
presence of an aminomethyl group in the ortho position to the
boronic acid moiety provides increased sensing capability
through improved binding affinity.”’ Many research studies
have shown that the incorporation of ortho-aminomethyl
phenylboronic acid moieties into different chemical sensors
improves selectivity, affinity, the growth of the quantum yield,
as well as red-shifted emissions.'”**~*’

Based on a previously designed glucose sensor denoted Mc-
CDBA,***! we developed diboronic acid derivatives BA, BA 5,
and HG-BA 21 in an effort to generate fluorescent probes that
can be used for continuous glucose monitoring in both intra-
and extracellular environments. Moreover, hydrogel embed-
ment provides a supportive environment that maintains the
sensor’s functionality and enhances its biocompatibility,
allowing glucose sensing under flow, making it a reliable tool
for continuous monitoring in dynamic biological systems, e.g.,
organ-on-a-chip platforms.

B EXPERIMENTAL SECTION

Synthetic Procedures for Diboronic Acid Probe
Derivatives. For details regarding the specific synthetic
procedures and materials used in generating boronic acid-
based probes 3,3'-((anthracene-9,10-diylbis(methylene))bis-
((2-borono-5-(trifluoromethyl)benzyl)azanediyl) ) dipropionic
acid (BA), ((((anthracene-9,10-diylbis(methylene))bis-
(methylazanediyl) )bis(methylene) )bis(4-(trifluoromethyl)-
2,1-phenylene) )diboronic acid (BA 2), ((((anthracene-9,10-
diylbis(methylene))bis((3-methoxy-3-oxopropyl)azanediyl))-
bis(methylene))bis(4-(trifluoromethyl)-2,1-phenylene))-
diboronic acid (BA 3), 3,3'-((anthracene-9,10-diylbis-
(methylene))bis((2-borono-5-nitrobenzyl) azanediyl))-
dipropionic acid (BA 4), ((((anthracene-9,10-
diylbis(methylene) )bis((3-amino-3-oxopropyl)azanediyl)) bis-
(methylene))bis(4-(trifluoromethyl)-2,1-phenylene))-
diboronic acid (BA $5), ((((anthracene-9,10-diylbis
(methylene))bis((7-aminoheptyl)azanediyl) ) bis(methylene))

bis(4-(trifluoromethyl)-2,1-phenylene))diboronic acid w or w/
o hydrogel BA 21 (HG-BA 21), and (((((2-
(methoxycarbonyl)anthracene-9,10-diyl) bis(methylene))bis-
(methylazanediyl))bis(methylene))bis(4-cyano-2,1-
phenylene))diboronic acid (Mc-CDBA), refer to the com-
panion manuscript to this work (Goldberg et al, ACS Omega).

Extracellular Glucose Sensing. Fresh probe solutions
were made by adding known concentrations of glucose in
InSight TOX Liver Medium w/o glucose (TLM) (pH 7.4,
Catalog# CS-07—001a, InSphero AG) or PBS. Prepared
solutions containing 0—100 mM glucose were added to a 96-
well, half-area black plate with a clear, flat bottom (Cat. no.
3880, Corning Incorporated Life Sciences) at a final volume of
100 uL/well in quadruplets. A stock solution of 10 uL/well of
10 mM BA probe was added and mixed three times. After 30
min at room temperature (RT), the fluorescence intensity was
recorded using a CytationS plate reader (excitation: 370 nm;
emission: 430 nm).

Glucose Selectivity Assay. TLM with or without glucose
was used to prepare 0—10 mM glucose, xylose, mannose,
galactose, and sucrose media solutions, which were added (100
uL/well in quadruplicate per condition) to a 96-well, half-area
black plate with a clear, flat bottom. BA probe (10 uL/well of
10 mM stock solution) was then added, and the mixture was
mixed three times. After 30 min at RT, the fluorescence
intensity was recorded using a Cytation$S plate reader.

pH-Dependent Glucose Recognition Assay. Solutions
of TLM, w and w/o glucose, at pH 2—12, were prepared by
adding 37% HCI and NaOH IN solution (100 uL/well in
quadruplicate per pH condition) to a 96-well, half-area black
plate with a clear, flat bottom. Stock solutions of BA, BA 5, and
Mc-CDBA probes (10 mM, 10 uL/well) were added and
mixed three times. Following a 30-min incubation at RT, the
fluorescence intensities were recorded by using a Cytation$5
plate reader as described above.

Intracellular Glucose Sensing. Liver spheroid culture:
3D InSight Human Liver Microtissues containing primary
human hepatocyte (PHH) and human Kupffer cell (HKC)
(PHH:HKC ratio of 10:2) were provided by InSphero
(InSphero AG). The human microtissues were incubated in
an Akura 96 Spheroid Microplate with 70 uL 3D InSight
Human Liver Maintenance Medium—AF per well at 37 °C
and 5% CO,.

Liver Spheroid Probe Penetration Assay. BA 5 and Mc-
CDBA probe solutions were freshly prepared by diluting the 20
mM DMSO stock solution in TLM w/o glucose to a 20 uM
final probe concentration. The liver spheroids were washed
three times with TLM w/o glucose and incubated with the BA
S and Mc-CDBA probes at 20 M for 2 h. The spheroids were
then washed with TLM with glucose, and images were
acquired daily for up to 5 days using a Thorlabs Widefield
Microscope (Monochrome CMOS Camera, New Jersey,
United States) and processed using Image].

Cell Starvation Assay. Liver spheroids were cultured in
Akura 96 Spheroid Microplates, stained with BA S (20 uM),
and then cultured in glucose-free TLM or regular TLM for §
days. The spheroids were imaged daily using a Laser Scanning
Confocal Microscope (LSM-900-Meta detector, Zeiss, Ger-
many) with 0.5% of a 405 nm laser.

Nefazodone Treatment Experiment. Liver spheroids
were cultured in Akura 96 Spheroid Microplates and stained
with BA § (20 M) and MitoTracker CMTMRos (1 uM) for 2
h, washed, and treated w and w/o (32 yM) for 24 h. Spheroids

https://doi.org/10.1021/acsomega.4c04101
ACS Omega 2024, 9, 44214—-44223


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

>
@

06
(=]

Hi HO OH

F3C \q /OH \/p/CFs g
B B
0.5 1

.0 3 'E"
£ 2

‘ =

+ Glucose - Glucose k]
2 1.54

]

=

=

o

-+-. Sucrose

—u—Glucose —e-— Xylose
Mannose ----Galactose

10%6

o 1f0 ’
0 . :
HO OH 0 0.2 0.4

Glucose (mM)

1076

BA Intensity (RFU)

o

S

™8

£

2

2

2

y=2024.4x+909969 =
R?=09876 =

0.6 0.8

pKa"  _m (+)Glucose
(-) Glucose

7 8 9 10 1 2
pH

Figure 1. Photophysical properties of the extracellular glucose probe (BA). (A) Schematic representation of the sensing mechanism of BA for
glucose. (B) Linear relationship of the fluorescence intensity of BA (800 M) vs different glucose concentrations in TLM (pH 7.4). (C)
Fluorescence response of BA (100 M) in response to glucose, xylose, mannose, galactose, and sucrose (0—10 mM). (D) pH-dependent (pH from
2 to 12) fluorescence emission intensity of BA (100 M) in TLM =+ glucose. Schematic representation of the proposed mechanism of the
fluorescence sensing of BA for the turn-on detection of glucose. Data are presented as the mean + SD (n = 4).

(n = 3 from each group) were imaged by confocal microscopy
using 0.8% of 405 nm and 0.8% of 561 nm for BA 5 and
MitoTracker, respectively.

Confocal Imaging. Imaging was performed using a Zeiss
Laser Scanning Confocal Microscope equipped with a
spectrally resolved 32-pixel GaAsP detector array (LSM-900-
Meta detector, Zeiss, Germany). The imaging was performed
by bidirectional laser scanning, in a frame of 512/512 pixels
with a zoom of 0.7, using a water immersion objective lens 20X
[a water Plan-Apochromat objective lens; 20x/1.0 DIC, D =
0.17 (UV) VIS-IR M27 75 mm] with a focal spot diameter of
0.5 um (D = 1.2 PCS X A/NA). Spheroids were imaged in PBS
with a low-intensity laser to avoid bleaching. Images were
taken using Z-stack mode (about 350 stacks) with intervals of
0.5 microns and represented as maximum intensity projection
for all stacks. The fluorescence intensity was calculated using
ZEN software, Zeiss (black edition).

Hydrogel-Embedded Glucose Recognition Assay.
Solutions of S uL/well pre-UV-treated BA 21 hydrogel were
placed in a 96-well, half-area black plate with a clear, flat
bottom and UV-illuminated for 5 min. TLM w/o glucose was
added at 100 uL/well for 24 h. Once the hydrogels were

44216

acclimated, solutions of TLM containing 0—100 mM glucose
were added for 30 min at RT. Fluorescence intensity was
recorded using a Cytation$S plate reader as described above.
Similarly, hydrogel drops were exposed to TLM w and w/o
glucose at pH from 2 to 12, and after 30 min, the samples were
monitored using a Cytation$5 plate reader.

Data Analysis. The fluorescence intensity (F) of confocal
images was calculated and measured (in arbitrary units [a.u.])
by averaging ~350 Z-stacks using the Zen software (Zeiss,
black edition). Data are displayed as mean + SEM (n = 4)
unless otherwise indicated in the figure legends. Statistical
analysis was carried out using GraphPad software. Significance
was tested using multiple ¢ tests and two-tailed ¢ tests along
with the Mann—Whitney test and normality test. Levels of
significance were set at no significant difference (n.s.), *p <
0.0S, **p < 0.01, **%p < 0.001, and ***¥p < 0.0001.

B RESULTS AND DISCUSSION

The BA probe was designed to improve water solubility by
incorporating double carboxylic moieties to such an extent that
they prevent the membrane permeability of the molecules.
Thus, to engineer a membrane-permeable intracellular glucose

https://doi.org/10.1021/acsomega.4c04101
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probe, we introduced lipophilic amide residues onto BA
(denoted BA 5). Finally, BA 21 was synthesized as an acrylate-
based derivative for hydrogel embedding and immobilization
of the water-soluble probe.

An Extracellular Glucose Probe. The mechanism of
glucose recognition by our BA probes is based on the
reversible interaction between 2-aminomethyl phenylboronic
acid subunits and glucose. The tertiary amine is highly engaged
in emission modulations via N—B interactions. The N—B bond
is weak in the free boronic acid subunits, but the bond
becomes stronger in the presence of the boronated ester
formed upon binding to glucose. After the interaction, the
nitrogen atom is more involved in the dative bond and the lone
electron pair cannot participate in photoinduced electron
transfer (PET) quenching.”” Consequently, the probe
transitions from a dark to a fluorescent state following glucose
binding (Figure 1A).

We first evaluated the analytical performance over the 0—10
mM glucose concentration range using a Benesi—Hildebrand
plot, revealing a linear relationship between glucose concen-
trations and BA fluorescence intensity (Figure 1B). BA
demonstrated a rapid and measurable signal even at low
glucose concentrations (e.g, 0.2 mM). Overall, these findings
indicate the suitability of BA adjustments to detect
physiologically relevant glucose concentrations vs nonstandard
concentrations. BA concentration must be adjusted to match
the glucose concentration in the system; if the probe
concentration is too low, the system may quickly reach
saturation, limiting the accuracy of glucose detection. By
adjusting the affinity and selectivity of the probe, we can
precisely tailor it to meet the specific needs of diverse
biological applications, ensuring accurate and reliable glucose
detection across a wide spectrum of concentrations. Next, we
assessed the affinity and selectivity of BA for glucose and other
saccharides at a constant concentration (100 yM) across a
broad range of analyte concentrations (0—10 mM saccharide
concentration in PBS). BA exhibited strong selectivity and
affinity for glucose (Figure 1C), with signal saturation at ~2.5
mM, showcasing its wide dynamic range. Additionally, BA
exhibited a notable response to xylose (similarly saturating at
~2.5 mM), with minimal responsivity toward mannose,
sucrose, and galactose. These findings were expected given
the five-membered ring structure of xylose, simulating the
furanose form of glucose, which is the favorable binding form
to the boronic acid unit, whereas mannose and galactose act as
C-2 and C-4 epimers of glucose, and sucrose is a disaccharide.
Moreover, xylose concentrations in cells are generally
negligible compared to glucose, ensuring that any potential
interference from xylose is minimal, as its concentration is far
lower than that of glucose. The binding affinity between two
boronic acid subunits and saccharide is strongly dependent on
the orientation and relative position of hydroxyl groups,
allowing differentiation between similar saccharide mole-
cules.”™*° The design of a glucose-selective diboronic acid
binding lies in a structural arrangement of two boronic acid
moieties in the same covalent framework that fits both cis-1,2-
dihydroxyl and cis-3,5,6-trihydroxyl furanose forms. Therefore,
the establishment of diboronic acid derivatives with two
recognition sites can achieve selective recognition of glucose
over other saccharides.””

The known pH dependency of boronic acid—diol interaction
is expected to alter the affinity of BA to glucose. Indeed, the
highest fluorescence of BA in the presence of glucose was

obtained in the pH range of 6.5—9 (Figure 1D). The Lewis
acidity of the 2-aminomethyl phenylboronic acid scaffold was
markedly increased upon complexation with glucose, which
resulted in the formation of anionic tetrahedral boron. This
boronic acid form, with an adjacent amine center, is often
referred to as “"Waulff-type”.”' Concomitantly, the engagement
of the amino group in the N—B interaction masked its lone
pair of electrons, reducing fluorescence quenching via a PET
effect.'””* As a result, the fluorescence intensity of BA
increased in a pH range of 6.5—9.”" In strong acidic conditions
(pH 2-3), the fluorescence intensity of BA is glucose-
independent due to the boronic acid group undergoing sp2
hybridization and planar geometry that prevents binding with
glucose. In addition, the amino group is protonated, which
masks the nitrogen lone electron pair and suppresses
fluorescence quenching. At pH 3.5—4.5, the amino group is
deprotonated, which results in fluorescence quenching owing
to the nitrogen lone electron pair engagement with the
anthracene fluorophore. However, once a glucose molecule is
recognized, the nitrogen lone electron pair will no longer be
engaged with anthracene. Instead, the N—B bond forms,
leading to the suppression of fluorescence quenching.'”* In
strong alkaline conditions (pH > 10), deprotonation of the
amine group initiates the PET effect, irrespective of glucose
binding.

An Intracellular Glucose Probe. To produce an intra-
cellular glucose probe, we introduced an amide substitution to
BA, as this substitution is well recognized for increasing
membrane permeability compared to carboxylic acid moieties.
In general, amide derivatives are more cell-permeable than
carboxylic acid derivatives, owing to reduced polarity.”” We
denote this probe as BA S. The glucose-sensing mechanism of
BA S is expected to resemble that of BA (Figure 2A). Unlike
BA, BA S exhibited a much larger dynamic range in sensing
glucose. At a constant concentration of the probe (100 yM),
we noted that the probe reached saturation at 200 mM glucose
(in PBS) (Figure 2B). Moreover, we noted that the probe
displayed moderate linearity between 0 and 75 mM (R* =
0.956), whereas a higher regression (R* = 0.995) was obtained
for the lower range of 0—10 mM.

Ky value calculation of both sensors provided intriguing
results: BA displayed Ky = 65.0 & 8.4 uM and BA S exhibited
Kj = 332 mM =+ 0.6 mM. The dissociation constants were
calculated by fitting eq 1 to the experimental glucose binding
data using a custom MATLAB script and the MATLAB
fmincon built-in function.

RFU, . [Glucose]
K, + [Glucose] (1)

RFU =

We assume that such significant differences in K4 might be
explained by the different solvent accessibilities of both sensors
in PBS. BA S has lower water solubility than BA, due to the
presence of two amide moieties compared to dicarboxylic
moieties in BA. Overall, BA 5 exhibited better glucose
sensitivity in physiologically relevant conditions, as well as an
extended dynamic range.” Under physiological conditions,
negatively charged carboxylic groups limit the diffusion of BA
through biological membranes, restricting access to the cell
interior for selective media-based glucose detection. Con-
versely, amidated derivative BA 5 and cyano-substituted Mc-
CDBA are expected to permeate cells more effectively. To
explore the latter, we incubated 3D human liver spheroids with

https://doi.org/10.1021/acsomega.4c04101
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Figure 2. Photophysical properties of the intracellular glucose probe
BA S. (A) Schematic representation of the sensing mechanism of BA
S for glucose. (B) Fluorescence intensity of BA S (100 M) upon the
addition of glucose (0—200 mM) in PBS (Aex = 378 nm, dem = 430
nm). (C) Microscopy imaging and intensity quantification of cellular
permeability of BA S vs BA and Mc-CDBA. 3D human liver spheroids
incubated with BA, BA 5, and Mc-CDBA (20 M in 0.1% DMSO) for
2 h in glucose-free TLM and imaged 24 h later. Data are presented as
the mean + SD (n = 4).

20 uM BA, BA 5, and Mc-CDBA for 2 h and imaged the
spheroids after 48 h. Basal fluorescence (i.e., preglucose
addition) was only detected in spheroids treated with Mc-
CDBA and BA 5. Notably, BA S-treated spheroids showed
more noticeable fluorescence, which enabled imaging of single
cells within the spheroid likely due to a combination of
improved cellular penetration and higher basal fluorescence of
BA 5 (Figure 2C). We also compared the cell permeability of
other derivatives previously developed by our team (BA, BA 2,
BA 3, BA 5, and BA S; Scheme S1 and Table S2), in which
case we noted that spheroids exposed to BA and BA 4 had no
intracellular signal (note the excessive fluorescence of the
solution in the presence of BA). In contrast, BA 2 and BA 3
showed high intracellular signals, although we also noticed
extracellular aggregation of the probes, likely the result of their
poor water solubility. As expected, BA § also displayed strong
pH dependence (Figure 3A), as did the previously reported
intracellular glucose sensor Mc-CDBA (Figure 3B). However,
at acidic conditions (pH < 4.5), BA 5 showed higher
fluorescence intensity compared to Mc-CDBA (~1.5 RFU vs
0.5 RFU, respectively), likely owing to its superior water
solubility. At high pH, the intensity of the probe was glucose-
independent, as seen for BA (Figure 1D). Moreover, BA §

exhibited higher fluorescence at pH 4.5—9 compared to Mc-
CDBA having more than 3-fold higher basal fluorescence.
Mechanistically, both probes exhibit sp2 boron hybridization
under strong acidity, hindering binding to glucose. At higher
pH, the probes engage in multivalent recognition of glucose
under sp3 hybridization, accompanied by N—B bond
formation that unmasks the nitrogen lone electron pair,
allowing PET to occur. These thereby translate to sensitive and
stable fluorescence responses. A further increase in pH results
in deprotonation of the amine group, and the nitrogen lone
electron pair triggers the PET effect, quenching both probes.

To explore the stability of BA S within the spheroids,
intracellular glucose dynamics were visualized over the course
of several days. 3D human liver spheroids were grown in a
glucose-free medium for S days and were compared to
spheroids maintained at normal glucose levels (Figure 4).
Confocal images were acquired daily to assess changes in the
morphology, viability, and spheroid glucose levels. In the first
three days, spheroids did not change intracellular glucose
levels, whether cultured in the presence or absence of glucose
(Figure 4B). However, on days 4 and S, spheroids that were
grown w/o glucose demonstrated a significant reduction in
cellular fluorescence compared to control spheroids. These
data suggest that the BA 5 reagent is relatively stable over S
days, allowing continuous monitoring without the need to add
any additional probe during measurements. Moreover, glucose
storage in spheroids can last for up to 3 days, followed by
reductions in glucose concentrations, which may result in
oxidative stress and cell death.'

To better understand the local distribution of BA S from a
bioprocess perspective, we explored the cellular uptake of BA 5
and conducted a cell starvation experiment on a more
simplified cell system using 2D Human Embryonic Kidney
(HEK) cells (Figure S1). HEK cells are not able to conduct
glycogenesis, which is the process of converting glucose to
glycogen for storage. Therefore, we selected HEK cells as a
control system in which the uptake and metabolism of glucose
are mainly regulated by the cycle of Krebs. The probe
successfully monitored the physiological behavior of the
glucose: after 12 h of glucose deprivation, the intracellular
glucose level was significantly decreased.

Both gluconeogenesis and glycogenolysis pathways control
the rate of glucose release from the liver."” The need to store
or release glucose is primarily signaled by hormones, such as
insulin and glucagon. Insulin inhibits gluconeogenesis and
causes glucose deposition in the liver as glycogen, whereas
glucagon stimulates gluconeogenesis and activates glycogen-
metabolizing enzymes. These two mechanisms enable the liver
to act as a glucose sensor, to store or degrade glycogen, and to
produce glucose according to peripheral needs.”> When drugs
or xenobiotics reach the liver, the drug-induced stress response
may cause shifts in cellular metabolism, potentially impacting
glucose utilization and production.”*** Mitochondrial function
may also be affected, influencing reactive oxygen species
(ROS) and ATP production and cellular energy balance,
impacting glucose metabolism.***”

Aware that liver drug toxicity can induce changes in extra-
and intracellular glucose levels,™*** we examined the
potential of BA S to serve as a glucose sensor in a DILI
spheroidic model. The drug nefazodone, an antidepressant that
has been withdrawn from the market in various countries due
to concerns of liver toxicity, was chosen as a hepatotoxic drug
in our spheroid model.”” While its DILI mechanism is not fully
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Figure 4. Glucose starvation of human liver spheroids. (A)
Representative images of human liver spheroids stained with BA §
at 20 uM (blue) for 2 h and incubated for S days + glucose. Confocal
images were taken every 0, 24, 48, and 72 h using 0.5% of the 405 nm
laser. The images are represented as maximum intensity projection of
~350 Z-stacks for each. (B) Fluorescence intensity quantification of
confocal images represented as calculated mean and SEM (n = 3/5).
Statistical analysis: multiple t test with Mann—Whitney test and
normality test. *¥p < 0.05, ***p < 0.001.
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understood, it has been linked to mitochondrial dam;age.51_53

Here, human liver spheroids were cotreated with BA 5 (20
uM) and a fluorescent mitochondrial marker for probing
mitochondrial membrane potential (Ay,,) associated with
ROS accumulation.”* Spheroids were exposed to nefazodone
(32 uM) for 24 h. Following five additional days in culture,
fluorescence signals were acquired (Figure SA). Mitochondrial
membrane activity was significantly elevated after treatment
with the drug compared to treatment with the vehicle
(DMSO) (Figure SB), likely due to the collapse of the
mitochondrial membrane potential and induction of oxidative
stress (which is expected to be accompanied by simultaneous
acceleration of glycolysis.”* It is important to note, however,
that ROS not only impacts mitochondrial function and
membrane potential but may also influence the fluorescence
intensity of CMTMRos, potentially altering the interpretation
of experimental results.’>*® As an internal control, we also
demonstrated that nefazodone has no reactivity to top BA S by
combining BA 5 and nefazodone and comparing BA S intensity
with and without nefazodone upon the addition of glucose
concentrations (0—200 mM) in PBS (Figure SC). As
anticipated, we observed an increase in BA S signal in
spheroids treated with the drug, indicative of an elevation in
intracellular glucose levels. These data suggest that the BA 5
glucose probe can be employed for the evaluation of DILI in
human liver spheroids and can be multiplexed with additional
sensors of varying colors.

A Hydrogel-Based Glucose Probe. Hydrogels are three-
dimensional, biocompatible, water-swollen polymer networks
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Figure 5. Human liver spheroids cotreated with nefazodone, BA S,
and a mitochondrial marker. (A) Representative confocal images of
3D human liver spheroids stained with BA S glucose probe (20 uM,
blue) and MitoTracker (1 uM, orange) for 2 h and incubated +
nefazodone (32 M) for 24 h. Images were taken on day S using 0.8%
of 405 nm and 0.5% of 561 nm laser for BA S and MitoTracker,
respectively, and represented as maximum intensity projection of
~300 Z-stacks for each. (B) Fluorescence intensity quantification
represented as calculated mean and SEM (n = 3). (C) Fluorescence
intensity of BA S (100 M) upon the addition of glucose
concentrations (0—200 mM) in PBS, in the presence of DMSO or
nefazodone (32 uM) (dex = 378 nm, dem = 430 nm). Statistical
analysis: two-tailed ¢ test. **p < 0.001.

that can be readily implemented within microfluidic devices,
cell wells, or other perfusion chambers in which cells and
spheroids can be cultured.’”**

Sensors immobilized within these hydrogels can thereby
afford continuous measurement of the extracellular environ-
ment w/o being washed away by perfusion.”” ' We therefore
developed the BA 21 probe to irreversibly (covalently) bind to
a polymeric hydrogel network (Figure 6A). BA 21-embedded
hydrogels (HG-BA 21) exposed to increasing glucose
concentrations exhibited dose-dependent increases in fluo-
rescence (Figure 6B).

To assess the incorporation of the covalent probe into the
hydrogel, we measured the fluorescence intensity of HG-BA 21
in conditioned media in response to glucose. HG-BA 21 was
coated onto 96-well plates and exposed to varying concen-
trations of glucose. Free hydrogel and HG-BA 21 exposed and
transferred to an empty well medium served as negative
controls. As expected, dose-dependent fluorescence changes
were identified only within HG-BA 21 with no fluorescence
signal detected in the transferred media or hydrogel without
BA 21, highlighting a significant advantage of this method for
extracellular glucose sensing. This suggests that probe
incorporation into the hydrogel enhances its photosensitivity,

pKe

BA_21 Gel Intensity (RFU)

Figure 6. Application and photophysical properties of the hydrogel-
based glucose probe HG-BA 21. (A) Schematic representation of the
sensing mechanism of BA 21 for glucose. (B) HG-BA 21 fluorescent
intensity at 10, 5, 2.5, 0.5, and 0.05 mM glucose concentrations in
TLM (Aex = 370 nm, dem = 430 nm), hydrogel only exposed to 10
mM glucose, and media transferred from HG-BA 21 exposure as
system controls for leakage of BA 21. Inserted spectra: BA 21 w/o
hydrogel embedment emission spectra at pH 2 and 7.4. (C) pH-
dependent (pH from 2 to 12) fluorescence emission intensity of HG-
BA 21 + glucose. Data are presented as mean + SD (n = 4).

allowing the implementation of a nonphoto active probe in a
physiologically relevant system.

We examined the emission spectra of the free version of the
BA 21 probe in physiologically relevant pH (pH 7.4) or acidic
(pH 2) conditions, showing that the probe had diminished
intensity at physiological pH, associated with its low water
solubility (Figure 6B inset). Next, we further examined the
behavior of BA 21, free and hydrogel-embedded, at different
pH levels (Figure 6C). BA 21 probes that were not embedded
within the hydrogel showed no fluorescence at pH 4—12,
regardless of the presence of glucose. In contrast, HG-BA 21
probes exhibited the expected pH-dependent fluorescence
changes, with 2-fold increases in fluorescence in the presence
of glucose. This observation indicates that hydrogel incorpo-
ration restored the fluorescence, likely by facilitating better
solvent insertion, allowing the sp3 hybridization of the boron
atom necessary for glucose incorporation.”
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B CONCLUSIONS

Taken together, we present a set of modular boronic acid-
based fluorescent probes for measuring changes in glucose
levels. Specifically, we present three probes, BA, BA S, and BA
21, for the detection of glucose in extracellular, intracellular,
and hydrogel environments, respectively. Diboronic acid
probes, unlike enzymatic glucose probes, offer a direct readout
of glucose through reversible, real-time, continuous, and in situ
changes in glucose levels. Compared with previously reported
boronic acid glucose probes, the probes developed in this study
provide peripheral chemical substitutions suitable for diverse
applications with improved biocompatibility. Importantly, we
showed the compatibility of the various probes for assessing
glucose dynamics in liver spheroids under the DILI conditions.
These compounds are easy to synthesize sensitive, selective,
and stable glucose sensors, suitable for a variety of assays,
notably with spheroids, and provide powerful new tools for
organ-on-a-chip applications predicting DILI in the early stages
of drug development.
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B ABBREVIATIONS

Mc-CDBA  ((((((2-(methoxycarbonyl)anthracene-9,10-diyl)-
bis(methylene))bis(methylazanediyl)) bis-
(methylene))bis(4-cyano-2,1-phenylene))-
diboronic acid)

BA 3,3’-((anthracene-9,10-diylbis(methylene) )bis((2-
borono-S-(trifluoromethyl)benzyl)azanediyl))-
dipropionic acid

BA S ((((anthracene-9,10-diylbis(methylene) )bis((3-
amino-3-oxopropyl)azanediyl) )bis(methylene))-
bis(4-(trifluoromethyl)-2,1-phenylene) )diboronic
acid

BA 21 ((((anthracene-9,10-diylbis(methylene) )bis((7-
aminoheptyl)azanediyl) )bis(methylene) )bis(4-
(trifluoromethyl)-2,1-phenylene) )diboronic acid

DILI denoted drug-induced liver injury

PHH primary human hepatocyte

HKC human Kupffer cell

PET photoinduced electron transfer

ROS reactive oxygen species
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