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ABSTRACT: Imbalance of potassium-ion levels in the body can ~Nanosensor Optical Response to Potassium lon
lead to physiological dysfunctions, which can adversely impact (=

cardiovascular, neurological, and ocular health. Thus, quantitative “Q hgssgggggl Tcé;
measurement of potassium ions in a biological system is crucial for X - &

personal health monitoring. Nanomaterials can be used to aid in &

disease diagnosis and monitoring therapies. Optical detection SWCNTsin biofluid mM KCl

technologies along with molecular probes emitting within the near- Biocompatibility Assessment

infrared (NIR) spectral range are advantageous for biological
measurements due to minimal interference from light scattering
and autofluorescence within this spectral window. Herein, we @ ;
report the development of NIR fluorescent nanosensors, which can  Epithelial cells Treated
quantitatively detect potassium ions under biologically relevant seeded with sensor Control Treated
conditions. The optical nanosensors were developed by using

photoluminescent single-walled carbon nanotubes (SWCNTs) encapsulated in polymers that contain potassium chelating moieties.
The nanosensors, polystyrene sulfonate [PSS—SWCNTSs, nanosensor 1 (NS1)] or polystyrene-co-polystyrene sulfonate [PS-co-PSS—
SWCNTs, nanosensor 2 (NS2)], exhibited dose-dependent optical responses to potassium ion level. The nanosensors demonstrated
their biocompatibility via the evaluation of cellular viability, proliferation assays, and expression of cytokeratin 12 in corneal epithelial
cells (CEpiCs). Interestingly, the nanosensors’ optical characteristics and their responses toward CEpiCs were influenced by
encapsulating polymers. NS2 exhibited a 10 times higher fluorescence intensity along with a higher signal-to-noise ratio as compared
to NS1. NS2 showed an optical response to potassium ion level in solution within S min of addition and a limit of detection of 0.39
mM. Thus, NS2 was used for detailed investigations including potassium ion level detection in serum. NS2 showed a consistent
response to potassium ions at the lower millimolar range in serum. These results on optical sensing along with biocompatibility show
a great potential for nanotube sensors in biomedical research.
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B INTRODUCTION healing in mechanically scraped corneal epithelial defects in
Potassium is crucial for maintaining blood pressure, pH rats.” Different potass1um—1or.1 ch.annels Present n CEPI.CS
balance, digestion processes, activating nerve impulses, and regulate the balance of potassium ions, which also play a vital
regulating heart, muscle, kidney, neurological, and corneal role in maintaining transparency of cornea through osmotic
functions.' > Monitoring potassium-ion levels of corneal regulation of fluid flow.'” An imbalance in electrolyte
epithelium and in the ocular surface can be a useful tool in concentration at the ocular surface and in tear fluids is
understanding ocular health. Corneal epithelium, the outer- considered an indicator of various ocular diseases and
most multicellular layer of the cornea, plays an important role disorders. !

in the vision system by contributing to the refractive power of
the eye and by acting as a protective barrier. Prior research
has shown that potassium ions play an important role in
maintaining proliferation and apoptosis of corneal epithelial -
cells (CEpiCs).” Tear fluids which surround CEpiCs have Rec_e“'ed: February 26, 2024
higher concentrations of potassium ions (~25 mM) compared Revised: ~ May 9, 2024

to other extracellular fluids and secretions of the body.® An Accepted:  May 27, 2024
elevated presence of potassium ions protects CEpiCs from Published: June 11, 2024
apoptosis induced by ultraviolet exposure.® High concen-

trations of potassium ions have been found to promote wound

Methods for measuring potassium ion level in biological

12,13

fluids include precipitation, ion chromatography,'* atomic
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absorption spectroscopy,” flame photometry,'®'” and capillary

electrophoresis.'® Current clinical protocols use ion-selective
electrodes (ISEs) to analyze biofluids for potassium.'’ ISEs
utilize an ion-selective membrane, such as valinomycin, a
peptide-based ionophore, which selectively binds to potassium
ions and results in voltage changes in the electrode, thereby
allowing for the calculation of potassium level in the solution."
The ISEs have been incorporated into portable platforms for
point-of-care detection in biological fluids.”” However, these
devices require refrigerated storage and transport or have short
shelf-lives (~$ months)*” which could limit the applications in
fields and other resource-limited settings.

Various nanomaterials have been used in the fabrication of
fluorescent nanosensors.”"”” Interest in the optical probes for
detection of potassium ion level has increased due to their
simplicity and sensitivity.”> Optical materials such as dyes and
fluorophores have been developed for colorimetric and
fluorescent detection of potassium ions in blood, serum, and
urine samples.”* ™" These materials allow optical detection
within the visible range via a turn-on response or color
changes. However, detection within the visible range is less
advantageous due to interference from light scattering and
absorption from proteins, lipids, and nucleic acids present in
biological fluids.””*" Detection within the near-infrared (NIR)
spectral window (900—1700 nm)>” has less light scattering and
negligible autofluorescence from biological fluids and tissues.”’
Thus, NIR optical detection technology that can yield direct
measurements of potassium ions could allow for measurements
in native biological samples.

Semiconducting single-walled carbon nanotubes (SWCNTs)
possess unique optical properties including nonphotobleaching
fluorescence in the NIR region, high optical sensitivity, and
high stability.””™** To render SWCNTs soluble in aqueous
media, nanotubes can be noncovalently functionalized with
polymers,36'3’7 oligonucleotides,38 small molecules,® and
surfactants.”” Such noncovalently functionalized SWCNT-
based optical sensors have been developed for the detection
of target analytes such as viruses like COVID-19 virus and*'
human immunodeficiency virus,** protein biomarkers,*
quaternary ammonium compounds,** pH,* glucose,46 and
neurotransmitters.”’ These studies provide a basis for the
development of targeted molecular sensors based on photo-
luminescent SWCNTs.

Herein, we investigated SWCNT-based optical nanosensors
for the detection of potassium ion level in biological fluids and
assessed the biocompatibility of these nanosensors via cell
viability and proliferation assays. The nanosensors comprise
photoluminescent SWCNTSs, optical transducing elements
wrapped within polymers that contain functionalities to
effectively interact with potassium ions. The polymer-function-
alized SWCNTSs exhibited an optical response to potassium
ions, in the presence of excess sodium ions and serum proteins,
within a concentration range associated with adverse health
impacts. Upon establishing that the newly developed nano-
sensors can detect potassium ions in a protein-rich environ-
ment, we further evaluated the biocompatibility of these
nanosensors at the cellular level using mammalian CEpiCs to
gain insights into potential future applications of these
nanosensors in medicine and biology. In this study,
interactions between CEpiCs and nanosensors were evaluated
via cell viability, proliferation assays, and immunocytochemis-

try.

B MATERIALS AND METHODS

Materials. Poly(sodium 4-styrenesulfonate) (PSS, M, ~
70,000 g/mol), dimethyl sulfoxide (DMSO, anhydrous,
>99.9%), potassium chloride (KCIl), sodium chloride
(NaCl), and SWCNTs (7,6) (=90% carbon basis, 0.83 nm
average diameter) chirality were purchased from Sigma-
Aldrich. Poly(styrene-co-4-styrene sulfonic acid) (PS-co-PSS,
M, ~ 11,640 g/mol) was purchased from Polymer Source,
Inc., Quebec, Canada. Phosphate buffered saline (PBS) was
purchased from Corning, NY, USA. Fetal bovine serum (FBS)
was purchased from Atlas Biologicals, Inc., Fort Collins, CO,
USA.

Nanosensor Preparation. PSS—SWCNTs were sus-
pended in an aqueous solution by mixing 5.0 mg of PSS and
1 mg of SWCNTs in 1 mL of DI water. The mixture was then
sonicated using an Ultrasonic Liquid Processor FB-505 (Fisher
Scientific) in an ice bath for 10 min, 20% amplitude, pulse 30 s
on/30 s off. After sonication, the suspension was centrifuged at
18.8¢ for 30 min using a Thermo Scientific Sorvall Legend
Micro 21 centrifuge. The supernatant was extracted and used
as the stock solution, while the residue was discarded to
remove non-suspended impurities. Once the stock solution
was prepared, excess polymer was removed from the PSS—
SWCNT suspension by centrifugal filtration at 18.8¢ for 7 min
using 100 kDa MWCO Amicon Ultra centrifugal filter units.
The filtrate was discarded, and the residue was redispersed in
DI water by simple mixing with a pipet, transferred into a 1.5
mL microcentrifuge tube, and stored at room temperature. PS-
c0-PSS—SWCNTSs were prepared with similar methods apart
from dissolving 5 mg of PS-co-PSS in 150 uL of DMSO first,
diluting with DI water, and then adding 1 mg of SWCNTs.
Sonication, centrifugation, and filtering procedures were
carried out as described above.

UV—Vis NIR Spectroscopy. The absorption was measured
in an Agilent Cary 5000 UV-vis—NIR spectrophotometer
between 400 and 1350 nm. The concentrations of PSS—
SWCNTSs and PS-co-PSS—SWCNTSs were determined by
measuring the absorption of dilute samples at ~630 nm
(eswent = 0.036 L mg™' cm™).

Fluorescence Spectroscopy. Nanotube fluorescence was
acquired via NIR fluorescence measurements with a 638 nm
laser excitation source using NS MiniTracer from Applied
NanoFluorescence, LLC. Parameters of 5000 ms integration
and 3 averages were used for all measurements. The spectra
were analyzed between 950 and 1250 nm.

Zeta Potential Measurement. PSS—SWCNT stock
solution was diluted to ~1—2 mg/L in DI water and 1 mL
of solution was pipetted into a 4.5 mL poly(methyl
methacrylate) cuvette. A universal “dip” cell from Malvern
(product number: ZEN1002) was inserted into the cuvette,
and surface charge was measured via dynamic light scattering
using a Malvern Zetasizer Nano-ZS operated at 25 °C. Similar
methods were carried out for surface charge measurements of
PS-co-PSS—SWCNTs.

SWCNT Response to Potassium lons. 100 mM, 0.50 M,
and 1 M KCI solutions were added to PSS-(7,6) SWCNTs
(~103 mg/L of nanotubes) in a 1:3 v/v (KCI/SWCNT
suspension) to yield final KCI concentrations of 25, 125, and
250 mM, respectively. The solution was mixed thoroughly, and
NIR fluorescence was measured at a specified time upon the
addition of KCl solution. Control experiments were conducted
with DI water in place of a potassium chloride solution. The
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nanotube’s optical response to NaCl solution was also
measured following the same methods. Sodium occurs in
blood and tears alongside potassium ions at concentrations of
135—145"7 and 120—170 mM,"' respectively. Therefore,
sodium ions were tested against PSS—SWCNTs to gauge the
selectivity of these nanosensors. PS-co-PSS—SWCNTs" (~$
mg/L of nanotubes) response to potassium ions was evaluated
by adding 5—7 mM KCl in 0.50 mM increments, and the NIR
fluorescence was measured at the specified time points.
Nanotube response to sodium ions was assessed with the
same experimental procedures as KCI. Sensor response of PS-
c0-PSS—SWCNTSs to elevated potassium- and sodium-ion
levels was assessed by measuring the nanotubes’ optical
response to 5—7 mM KCIl and 145-209 mM NaCl over
time separately (1:3 v/v, KCl or NaCl/SWCNT suspension)
and with a potassium and sodium ion mixture (1:1:3 v/v, KCl/
NaCl/SWCNT suspension). Sensor response in protein-rich
media was conducted in PBS without calcium and magnesium
and in PBS with serum (10% FBS). Nanotubes were diluted in
each medium type serum-free PBS or PBS with (10% FBS),
the specified KCI concentration was added to the solution, and
NIR fluorescence measurements were taken at specified time
intervals after KCI addition. Data analysis was performed by
taking the peak-to-valley difference of the (7,5) nanotube
(1030—1052 nm) of each PSS—SWCNT spectrum due to
background shifts while the cursor integral between 950 and
1250 nm was used for data analysis of PS-co-PSS—SWCNT
spectra. The intensity change was calculated (if any) against
the control. All experiments were performed in triplicates.

Cell Culture. Human CEpiCs (36045-16, Celprogen,
Torrance, CA) were maintained in human corneal epithelial
cell culture complete medium with serum (M36045-16S,
Celprogen) in T-75 culture flasks coated with an FNC coating
mix (0407; Athena Enzyme Service, Baltimore, MD, USA) at
37 °C and 5% CO, The culture medium was changed every
2—3 days. The cells were subcultured regularly using Trypsin—
EDTA (0.25%) (25200072, Thermo Fisher, Waltham, MA)
upon reaching approximately 80% confluence.

Cell Viability and Proliferation. For both cell viability
and proliferation assays, ~10,000 CEpiCs were plated on
FNC-coated (0407, Athena Enzyme Service, Baltimore, MD)
24-well plates (142475, Thermo Fisher). PSS—SWCNTs or
PS-co-PSS—SWCNTs were added to culture media with
varying concentrations (0, 0.1, 0.2, 2, and S mg/L) for
specified lengths of time. For day 1, PSS—SWCNT-
supplemented culture media were replaced with fresh culture
media after 6 h and the cells were observed after 24 h. For day
2, PSS—SWCNT- or PS-co-PSS—SWCNT-added culture
media were replaced with fresh culture media after 24 h and
observed after 48 h. Cell viability was conducted using a LIVE/
DEAD Cell Imaging Kit (488/570) (R37601, Thermo Fisher)
following the manufacturer’s recommendations using a 1:3
dilution ratio with PBS. After removing culture media and
washing with PBS once, the CEpiCs were incubated at 37 °C
for 25 min with prepared solution. CEpiCs were imaged and
analyzed at 10X magnification by fluorescence microscopy
(EVOS FL Auto 2, Thermo Fisher). Cell proliferation assays
were conducted using an alamarBlue cell viability reagent
(DAL1100, Thermo Fisher) according to the manufacturer’s
recommendations. After incubation for 3 h with the reagent
added to the culture media, the supernatant was collected from
each well and transferred to a 96-well plate (10861-666, VWR,
Radnor, PA) and fluorescence was measured on a microplate

reader (Synergy HT, BioTek, Winooski, VT, USA) at an
excitation wavelength of 540 nm and emission wavelength of
590 nm, according to the specifications of the manufacturer.
For both day 1 and day 2, the obtained values were
standardized to the value measured in the control group.

Immunocytochemistry. Immunocytochemistry for cyto-
keratin 12 (CK 12) was conducted on eight-chamber
microscope slides coated with a human corneal epithelial
expansion extracellular matrix (E36045-16-8MCS, Celprogen).
On each chamber, 20,000 cells were plated and cultured in
regular media for 24 h. At that time point, cells were then used
for immunocytochemistry and fluorescent imaging using the
same nanosensor concentrations and time points as done
previously with cell viability and proliferation assays. Cells were
fixed with 4% paraformaldehyde solution at room temperature
for 20 min. Next, cells were permeabilized using 0.1% Triton
X-100 for 1S min and incubated with serum blocking (2%
bovine serum albumin + 2% goat serum) to block any
nonspecific binding. Anti-cytokeratin 12 antibody (1:100, sc-
515882, Santa Cruz Biotechnology, Dallas, TX) was diluted in
blocking buffer and incubated overnight. Later, secondary
antibody goat antimouse Alexa Fluor 488 (1:250, A-21141,
Thermo Fisher) was diluted in 10% blocking buffer and
incubated at room temperature for 1 h. Nuclei were
counterstained with Hoechst 33342 (H3570, Thermo Fisher)
and imaged using fluorescence microscopy (EVOS FL Auto 2,
Thermo Fisher). Additionally, the number of counterstained
nuclei in each chamber was counted (1 = 6) for both day 1 and
day 2 using EVOS Image Analysis software (Thermo Fisher).

Mathematical Analysis. Analysis was performed with the
GraphPad Prism 9 software program (GraphPad Software,
CA). Statistical analysis was conducted via two-way ANOVA
with Tukey’s multiple comparisons test method. Statistical
significance was determined by p < 0.05 of differences between
the means of control and treated samples: 0.01 < p < 0.05 (*),
0.001 < p < 0.01 (¥*), 0.0001 < p < 0.001 (**%), p < 0.0001
(*##*) Curve smoothing was performed via the Savitzky—
Golay method. Calibration curves were calculated via simple
linear regression analysis. Limits of detection (LOD) and limits
of quantitation (LOQ) were calculated with the standard
deviation of the regression line (o) and the slope of the
calibration curve (S). Formulas used were LOD = 3.3%*(5/S)
and LOQ = 10%(s/S).*

B RESULTS AND DISCUSSION

Polymers with aromatic substituents and potassium-ion-
binding hydrophilic moieties were chosen for SWCNT
functionalization to yield water-soluble polymer—SWCNT
complexes that could facilitate interactions between the
SWCNTs and potassium ions in solution. Figure la shows
the chemical structures of the polymers: poly(styrene sulfonic
acid sodium salt) (PSS) and poly(styrene-co-styrene sulfonic
acid sodium salt) (PS-co-PSS). Figure 1b shows the schematic
of polymer—SWCNT complex formation. PSS is an FDA-
approved drug used in the treatment of hy§perkalerr1ia149 to
remove excess potassium ions from the body.”” The sulfonate
group on the polymer can exchange sodium ions for potassium
ions in the large intestine of the gastrointestinal tract’">* and
the excess potassium ions along with the polymer are
eliminated from the body. PSS has been found to disperse
carbon nanotubes into aqueous suspension.’> Molecular
dynamic simulation studies showed that both PSS and PS-co-
PSS can effectively interact with carbon nanotubes to form
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Figure 1. Schematic for nanosensor development via noncovalent
functionalization of nanotubes: (a) structures of polymers used for
nanotube functionalization; (b) schematic of functionalizing nano-
tubes with a polymer.

polymer—nanotube complexes.”*>> The aromatic groups along
the polymer backbone on PSS polymer could interact with
graphitic walls of carbon nanotubes via 7—7 interactions, and
the negatively charged sulfonated groups could provide
colloidal stability on resulting polymer—SWCNT complexes
via electrostatic repulsion.’® PS-co-PSS was chosen for
nanotube functionalization due to the presence of both
hydrophobic substituents and hydrophilic sulfonate groups to
facilitate binding to potassium ions. The sulfonate group could
act as a potassium binding agent similar to PSS, while the
phenyl groups on the polymer chain could allow for
hydrophobic interactions with the carbon nanotube graphitic
surface.” Both PSS and PS-co-PSS could facilitate interactions
between the nanotube surface and potassium ions through
cation-exchange mechanisms.

Preparation and Characterization of PSS—SWCNTs
and PS-co-PSS—SWCNTs Complexes. SWCNTs were
dispersed in an aqueous solution via noncovalent functional-
ization with either PSS or PS-co-PSS polymer following
literature protocol.*® The resulting PSS—SWCNTSs, denoted
as nanosensor 1 (NS1), and PS-co-PSS—SWCNTs, denoted as
nanosensor 2 (NS2), suspensions maintained their colloidal
stability under ambient storage conditions for several months
(>12 months). NS1 and NS2 were characterized by using
UV—vis—NIR absorbance, NIR photoluminescence, and zeta
potential measurements (Figures S1 and 2). Surface charges
play a crucial role in stability of colloidal dispersions®® with an
absolute zeta potential of >+15 mV expected to yield stable
dispersions.”” Therefore, surface potential measurements were
conducted on both nanotube suspensions to ensure a
reasonable colloidal stability. Zeta potential measurements

b) 0.003 b

]
= 0.002
2.5%1014~
) ~ § oo
3 240 A “-"‘ I\.I 0.000
A M\ J o\ NS1  NS2
2 [ .‘ \
2 axond |\ / o
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Figure 2. Characterization of NS1 (PSS—SWCNTs) and NS2 (PS-co-
PSS—SWCNTs): (a) zeta potential of NS1 and NS2, n = 3; (b) NIR
photoluminescence spectra of NS2 and intensity of NS1 and NS2
(inset), n = 3.

for NS1 and NS2 showed a surface charge of —58.6 + 1.50 and
—55.8 + 0.75 mV, respectively (Figure 2a). These values are
well within the criteria for colloidal stability. Furthermore, NS2
exhibited a lower negative surface potential than NS1. This can
be attributed to less anionic sulfonate groups along the PSS-co-
PS polymer chain (13 mol % degree of sulfonation) as
compared to homopolymer—PSS with sulfonate groups on
each repeat unit. Thus, NS2 has a lower negative charge
density due to the lower degree of sulfonation on the
copolymer compared with the homopolymer.

The absorption spectra of both samples (NSI and NS2)
exhibited distinct peaks in the visible and NIR region (Figure
Sla) indicating E;; and E,, transitions on SWCNTs.”®
Interestingly, NS2 had more distinct E;; and E,, transitions
in the absorption spectra (Figure Sla) as compared to NSI.
The fluorescence measurements on NS1 exhibited a low signal,
indicating that the nanotubes are highly quenched (Figure
S1b), whereas NS2 had significantly enhanced the NIR signal
by ~10 folds (Figure 2b) compared to NS1 of the same
nanotube concentration. The differences in absorption and
emission profiles of NSI and NS2 could be a result of the
nanotube’s microenvironment. It has been reported that
changes in the polarity and dielectric environment near the
nanotube’s surface can affect their optical properties.””" This
can occur via solvatochromic mechanisms, where nanotube
emissions can be hindered in more polar environments thereby
causing a quenching effect, while emissions can be enhanced in
more hydrophobic environments.”*™®" For PSS, sulfonated
groups present on each repeat unit along the polymer chain
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make it more hydrophilic compared to PS-co-PSS. Further-
more, the sulfonate groups are directly attached to the
aromatic rings of the polymer chain which could allow for
the sulfur and oxygen atoms to reside close to the nanotube
surface.” This could attract water molecules closer to the
nanotube surface thereby providing a polar microenvironment
that can potentially interfere with radiative recombination of
the electron—hole pair (exciton) generated upon nanotube
excitation.””®> This would affect the optical transitions in
SWCNT complexes. On the other hand, NS2 consists of
nanotubes functionalized with a copolymer that only has 13
mol % degree of sulfonation resulting in higher hydrophobicity
when compared to the homopolymer, PSS. Therefore, the
phenyl substituents on PS-co-PSS on NS2 could provide a
sufficiently nonpolar microenvironment which would drive
some water molecules away from the nanotube surface
resulting in greater absorption and emission signals.

Optical Response to Potassium lons. Potassium
chloride (KCI) solutions at various concentrations were
added to NS1 and NS2 in aqueous solution, and the
nanotube’s optical responses were evaluated via NIR
fluorescence measurements.

Response of NS1 (PSS—SWCNTs) to Potassium lons.
To evaluate the nanotube’s response to potassium ions in
aqueous solution, potassium chloride (KCl) solutions at
various concentrations were added to an aqueous suspension
of NS1 and the nanotube’s optical response was measured at
the specified time. NS1 showed a dose-dependent linear
response with nanotubes’ enhanced emission intensity (Figure
3a). The emission intensity increased over time and the
strongest response occurred at 24 h with an intensity-fold
increase up to 4-, 17-, and 60-fold upon addition of 25, 125,
and 250 mM (final concentration) of KCIl solution,
respectively (Figure 3a).

The optical response from nanotubes could be attributed to
sodium—potassium ion-exchange reactions on sulfonate groups
on the polymer, which directly interacts with the nanotube
surface. The differences in physicochemical properties between
the sodium ion and potassium ion such as size and hydration
could influence the vicinity of nanotubes and play a role in
fluorescence enhancement. Although sodium ions are smaller
than potassium ions,”” they can attract enough water molecules
to form two structured and robust hydration shells, whereas
potassium ions can form a hydration shell where water
molecules are distributed more broadly.*® Therefore, the
smaller hydrated sodium ion attached to the sulfonate groups
of PSS polymer could play a role in quenching of nanotube
emissions, as the hydration shells surrounding individual
sodium ions could reside close to the nanotube surface.

Interactions between the nanotube surface and water have
been reported to quench photoluminescence.’”*’ As sodium is
exchanged for potassium ions, the larger cation can displace
hydrated sodium ion—water clusters as it diffuses into the
PSS—SWCNT complex. Additionally, the larger size and less
stable hydration of a potassium ion compared to a sodium ion
could induce dielectric changes in the microenvironment
surrounding the nanotube. Changes in the dielectric environ-
ment can modulate nanotube photoluminescence through
solvatochromic mechanisms.”' Thus, the turn-on response in
nanotube fluorescence could be presumably due to water
displacement and charge modulation around the nanotube
surface during ion-exchange interactions (Figure 3b).

a

o) 807 o 25mMKel rore
= m 125 mM KCl .
I 604 4 250 mMKCI

[-H]

=]

[
£ 404 r
=
E A

° .. e
% 204 - ¢ o
% : n : ﬁ
'y
c A b4
Q
A

0 1 3

o -
n
=

Time (hours)

Polymer-nanotube . .
complex Nanotube interactions

with potassium ion

Intensity(a.u.)

Wavelength
(nm)

Figure 3. Optical detection of potassium ions: (a) response of NSI to
25, 125, and 250 mM KCl via intensity-fold changes, n = 3; (b)
schematic of optical detection of potassium ions with functionalized
SWCNTs.

Although NS1 can respond to potassium ions in aqueous
solution, the intrinsic fluorescence signal from the PSS—
SWCNT complex is inherently low [Figure 2b (inset)], which
necessitates a relatively higher concentration of nanotubes and
potassium ions in solution to acquire measurable signals. The
intrinsic low fluorescence signals from NS1 also posed
challenges in data analysis. These difficulties prompted us to
modify the chemical composition of the polymer dispersant to
improve intrinsic photoluminescence from nanotubes. Accord-
ingly, we developed nanosensor version 2 (NS2) in which a
copolymer of PS-co-PSS was used instead of homopolymer
PSS to encapsulate SWCNTs. We anticipated that the
reduction in the number of hydrophilic and charged sulfonate
moieties along the polymer chain and the introduction of
aromatic phenyl substituents could modulate the optical
characteristics of SWCNTs due to surface chemistry
modulation. We found that a copolymer of PS-co-PSS with a
degree of sulfonation ~13 mol % was suitable to yield a stable
suspension of SWCNTs in water with a significantly enhanced
emission profile as compared to PSS-suspended SWCNTSs of
similar preparation.

Response of NS2 (PS-co-PSS—SWCNTs) to Potassium
lons in Solution. The response of NS2 to potassium ions was
evaluated with similar experimental conditions as NS1 albeit at
a much lower concentration of potassium ions (5—7 mM) in
solution. The concentration range was chosen to mimic the
serum potassium levels associated with hyperkalemia, which
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Figure 4. NS2 (PS-co-PSS—SWCNTs) response to potassium ions: (a) optical response of NS2 to 5S—7 mM KCl in water minutes after KCI
addition; (b) NS2 response to KCl over time; (c) response to the KCl/NaCl mixture with increasing concentrations of KCl in the presence of 29
folds excess of NaCl, n = 3; (d) response to potassium ions in PBS solution in the absence and presence of 10% FBS, n = 3.

occurs at 5—7 mM.°® To evaluate the sensor response,
potassium chloride salt was added to NS2 in aqueous solution,
and the optical response from the nanotubes was measured via
NIR fluorescence. Upon addition of KCI, a linear dose-
dependent response with increase of nanotube fluorescence by
10, 14, 20, 22, and 27% at concentrations of 5, 5.5, 6, 6.5, and 7
mM, respectively, with a significant optical response at 6 mM
was triggered (Figure 4a) within ~S min of addition of KCI
solution. The LOD was 0.39 mM and LOQ was 1.19 mM
(Figure S2). Furthermore, the optical response was measured
over time up to 3 h upon introduction of potassium ions to
nanotubes. Figure 4b shows the dose-dependent response over
time with enhanced emission intensity. Upon addition of §,
5.5, 6, 6.5, and 7 mM KCl, emission increased significantly up
to 27, 32, 50, 59, and 63%, respectively, at 3 h (Figure 4b).
Sodium and potassium ions coexist in many biological
systems with sodium ions found at much higher concentrations
in serum (135—145 mM) and tear fluid (120—170 mM) than
potassium ions. For instance, intra- and extracellular
potassium-ion levels are maintained through the sodium-—
potassium adenosine triphosphatase pump"®’ to regulate
osmotic function, membrane potential in cells, nerve function,
and muscle contractions.”®® Therefore, it is essential to ensure
that excess sodium ions in solution do not deter the sensor’s
response toward recognizing potassium ions. We evaluated
NS2’s response to potassium in the presence of excess sodium
up to 29-fold higher than potassium-ion concentration. The
relative concentration ratio was selected based on their
presence in biofluids. We observed that the nanotubes
exhibited a dose-dependent response with increase in
concentration (Figure 4c), which was consistent to NS2’s

response to potassium ions in the absence of sodium ions.
Thus, NS2 seems to be responsive to potassium ions in the
presence of excess sodium in solution.

Biological fluids, such as blood and tears, are complex and
contain many proteins. One of the big challenges in the use of
nanomaterials in biological environments is that proteins tend
to adhere to nanomaterial surfaces affecting their functions.
Oftentimes, the nanosensor’s response to analytes is hindered
in a protein-rich environment. Therefore, it is essential to
evaluate the sensor response in protein-rich environments to
gain further insights. NS2’s response to potassium ions in
buffer and serum was evaluated. Serum, the solution obtained
after removal of blood cells and clotting factors from whole
blood, is considered an important biological fluid for disease
diagnosis for reduced complexity and clinical relevance.®”
Furthermore, there is considerable overlap in protein
composition between blood serum and ocular biofluids
including tear fluid,”® making serum a viable model biofluid
for testing the sensor’s functionality in conditions similar to the
ocular environment. We evaluated optical responses of NS2 to
potassium ions spiked in serum diluted in PBS solution and in
PBS buffer-only control. NS2 exhibited a linear dose-
dependent response to KCl spiked into buffer with an emission
increase up to ~53 and 50% (at 7 mM KCl) in the absence
and presence of serum, respectively (Figure 4d). Additionally,
the optical response was significant to concentrations as low as
S mM KCI. The consistent response of NS2 to KCI in serum
media indicated nonsignificant interference from proteins
during nanotube’s interactions with potassium ions.

Biocompatibility Assessment for Nanosensors—NS1
and NS2. Biocompatibility usually refers to the quality of the
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tested material not having toxic or injurious effects on the
biological system. Here, we define “biocompatible” as nano-
sensors that do not adversely affect cellular viability or
proliferation capacity nor do they hinder basic CEpiC function
as evidenced through expression of key functional marker
cytokeratin 12. Studies suggest that surface modifications of
SWCNTS can influence their interactions with cells.”'~"> In
the context of this study, we compared viability, proliferation,
and functionality of CEpiCs in the presence of increasing
concentrations of NS1 and NS2 to analyze biocompatibility.
Although NS1’s optical signals were intrinsically low as
compared to NS2 limiting its further applications as sensors,
comparison of both these materials’ response toward
mammalian cells could provide insights on how surface
chemistry could play a role in interactions with the cells.
Biocompatibility of the sensors with CEpiCs was evaluated
using a cell viability (LIVE/DEAD) assay. The proliferation
rate of CEpiCs was quantitatively determined by alamarBlue.
As shown in Figure S, the results from these assays showed that

27344

cell viability remained greater than 99% upon incubation of the
cells in the presence of NS2 with an increasing nanotube
concentration (0.1—5 mg/L nanotubes). For all concentrations
of NS2, there was an increase in cell density between days 1
and 2 (Figure Sa). The results from proliferation assays
indicate that the cells remaining adhered to the dish continue
to exhibit a similar level of metabolism and thereby viability as
inferred from their proliferative capacity. Also, NS2 did not
cause any significant difference in cell proliferation on day 1 or
day 2 compared to the control (0.0 mg/L) (Figure Sb).
Additionally, cells stained with Hoechst 33342 nuclear stain
were counted using EVOS image analysis software. Based on
the cell count (Figure Sc), the number of cells was slightly
lower at higher nanotube concentrations (5.0 mg/L) as
compared to lower concentration. However, the difference
was not statistically significant compared to the control (0.0
mg/L). Figure S3 shows that for all concentrations of NS1,
there was an increase in cell density between day 1 and day 2
(Figure S3a) with a minimal presence of dead cells. However,
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cell density was lower with an increase in nanotube
concentration of NS1 (Figure S3). A significant decrease (p
> 0.0001) in proliferation was observed at 5.0 mg/L
concentration of NS1 compared to the control (Figure S3b).
Additionally, results from counting of cells upon being stained
with Hoechst 33342 nuclear stain showed that the number of
cells greatly increased on day 2 compared to day 1 (Figure
S3c). However, within the same day, the number of cells
counted was significantly lower (p > 0.0001) at higher
concentrations of NS1 (2.0 and 5.0 mg/L) compared to the
control (0.0 mg/L).

Expression of CK12 was investigated to understand the
impact of nanosensors on cell functionality and phenotype.
CK12, which is uniquely expressed in CEpiCs, forms the
intermediate filament framework responsible for the structural
integrity and stability of the cells. The absence or mutation of
CK12 can lead to weakening of the cell cytoskeleton structure
and may cause Meesmann corneal dystrophy.”® Immunocy-
tochemistry and fluorescent imaging of CEpiCs showed that
CEpiCs expressed CK12 regardless of the time of incubation
and concentration of NS2 used (Figure 6). The cell
morphology remained consistent, and CEpiCs formed clusters
at all concentrations (Figure 6), which is an initial indication of
the hallmark cellular morphology unique to CEpiCs. The
CEpiC expression of CK12 remained consistent with NS1
treatment (Figure S4).

Overall, both NS1 and NS2 demonstrated their biocompat-
ibility in a CEpiC model. CEpiCs were able to maintain
proliferation and metabolic activity in the presence of both
sensors, as evident from cell viability and cell proliferation
assays. Functionality and phenotype of CEpiCs were ensured
by the presence of the CKI12 protein using immunofluor-
escence. This indicates that nanosensors did not adversely
affect cell functionality.”” However, we observed minimal
variation in the cell response to two distinct nanosensors. The
differences could be explained based on the surface chemistry
on nanotubes, which is consistent to prior reports showing that
surface chemistry can play a pivotal role in interactions
between carbon nanotubes and cells.”*”*° The response was
also concentration-dependent, with higher concentrations
showing decreased metabolic activities.

B CONCLUSIONS

In this study, we reported two optical nanosensors (NS1 and
NS2) for the detection of potassium ions in solution and
evaluated their biocompatibility in mammalian cells. NS1 was
composed of SWCNTs encapsulated in PSS sodium salt
polymer, and NS2 consisted of SWCNTSs coated with a
copolymer PS-co-PSS sodium salt. Tuning of nanotube’s
surface chemistry with two distinct polymers modulated the
photophysical properties of the nanosensors, their response to
the analyte (potassium ions), and interaction with mammalian
cells in culture. Compared to NS1, NS2 outperformed with
comparably higher emission signals than NSI1, enabled
detection of potassium ions at lower mM concentration, in
the presence of serum proteins, and showed selective response
to potassium over excess sodium ions. Furthermore,
cytotoxicity assays revealed that NS2 allowed for greater cell
survival at higher nanotube concentrations compared to NSI.
Thus, varying the degree of sulfonation on the polymer
functionalizing the nanotubes could modulate nanotube
emission signals, biocompatibility, sensor sensitivity, and
performance in complex environments. Nanotube-based

detection of the potassium ion in biological fluids could be
advantageous as an optical detection technology for precise
biofluid analysis. Furthermore, future studies could utilize the
knowledge gained from this research for future applications of
such sensors in monitoring potassium-ion levels in biology.
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