Open Access Article. Published on 10 October 2022. Downloaded on 10/20/2025 1:21:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Sensors & Diagnhostics

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: Sens. Diagn., 2022, 1, 1189

Received 28th June 2022,
Accepted 19th September 2022

DOI: 10.1039/d2sd00110a

rsc.li/sensors

Introduction

pH plays a significant role in chemical and biological

Optical detection of pH changes in artificial sweat
using near-infrared fluorescent nhanomaterialst

Nigar Sultana, @ Hannah Dewey @ and Januka Budhathoki-Uprety @ *

Increasing demand for pH measurements for healthcare, food safety, environmental monitoring, and
industrial treatments require molecular probes and sensors capable of measuring pH in specific
environments. In biological systems, pH changes in tissues and biofluids including urine, sweat, and blood
could indicate patho-physiological conditions such as tumor metastasis, microbial infection, acidosis, cystic
fibrosis, wound healing, etc. Sweat analysis provides a non-invasive and convenient measure to monitor
personal health. Thus, monitoring sweat pH could provide insights on patho-physiological changes. Optical
pH measurements have gained significant interest in recent decades due to versatile material choices and
new imaging technologies that allow exciting new applications. Single-walled carbon nanotubes (SWCNTs)
are emerging molecular optical probes and sensors because of their outstanding photophysical properties,
which include fluorescence in the near-infrared (nIR) spectral range, sensitivity to the molecular
recognition, and non-photo bleaching nIR emission. Tunable surface functionalization on SWCNTs could
produce targeted molecular probes that are responsive to environmental clues including changes in
solution pH. This research describes the development of SWCNT-based optical probes to enable detection
of pH changes in agueous media and artificial sweat as a model biofluid. The sensors can reliably detect
pH changes within a biologically relevant range and beyond, through changes in nIR emission. The sensors
that can respond within this pH range are valuable investigational tools in certain disease conditions that
experience extreme pH changes. We modulated the surface chemistry of nanotubes with a polymer and
showed that the sensor response direction can be modulated upon surface chemistry changes (for
example, brightening instead of quenching in acidic media). Ability to control sensor response direction is
highly important to develop optimal sensors for targeted applications. The nanotubes’ optical response to
changes in solution pH is meaningful and provides new opportunities to develop optical pH sensors for
wide applications including in healthcare, bioengineering, environmental sciences, and chemistry.

medical devices.” Tumor tissues can be distinguished from
normal tissues due to a lower pH (lysosomal pH in cancer
cells; 3.8-4.7 and extracellular pH level in tumor

processes. Changes in pH can be the cause or the result of
diseases and malfunction in a biological system." For
example, several patho-physiological conditions such as
tumor metastasis, microbial infection, blood glucose, female
reproductive tract infections, and wound healing could cause
changes in pH.>® Thus, monitoring pH could provide
insights on those patho-physiological changes. For instance,
acidosis associated with bacterial colonization of the implant
can be detected by pH changes on the surface of implanted
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environment; 6.2-6.9),”° and its progression and growth may
be followed by measuring the pH of the tumor fluid. The pH
of an adults normal skin surface is acidic (pH 4.1-5.8), but
disruption of the physical barrier leads to an increase of
pH."® During wound healing, the pH of both acute and
chronic wounds changes from basic to neutral to acidic.>"?
Sweat pH changes can reveal information about atopic
dermatitis, fungus infections, and cystic fibrosis (alkaline
sweat up to pH 9)."*'* Thus, sweat pH measurements could
aid in accurately identifying certain health issues.

Solution pH can be measured by various methods
including electrochemical, colorimetric, and fluorescence
measurements.” System configuration of conventional
electrochemical methods require a reference electrode and a
wired system to measure pH changes. Despite high sensitivity
under harsh environment, the need for a reference electrode
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and wired system increases the size posing challenges in
their direct applications in biomedical uses."” Optical pH
measurements have gained a significant interest in recent
decades'® due to versatile material choices and new imaging
technologies that allow tuning the probes and sensors for
exciting new applications including cell culture assays,
ex vivo, and in vivo applications. In this regard, various

classes of optical materials such as small molecule
fluorophores and indicator dyes, polymers, metal-organic
frameworks, and nanomaterials have been widely

investigated for absorption- and luminescence-based pH
sensors. While it is crucial to minimize photobleaching
effects, fluorescence techniques employing common visible
fluorophores (and fluorophore conjugated polymers and
nanomaterials) frequently suffer from strong scattering,
absorption, and autofluorescence, limiting penetration depth,
and signal-to-noise ratios. Besides, pH indicators for use in
biomedical applications perform better in the tissue
transparent near infrared region where absorption, auto
fluorescence and scattering from biological tissues and fluids
are minimal.

Near infrared fluorophores are suitable candidates for
optical pH indicators. Semiconducting single-walled carbon
nanotubes (SWCNTs) have unique optical properties, which
include an absorption at broader spectrum (UV-vis-nIR), bright
fluorescence emission in the near-infrared spectral range
(between 900 nm and 1600 nm), high sensitivity, high
photostability, and longer lifetime."”'® Furthermore, SWCNTs'
unique properties like their size, biocompatibility upon
functionalization, high chemical, thermal, and mechanical
stability, and ease of chemical functionalization, can enhance
sensing performance in biosensor platforms.'®>* Because of
the ultra-low background and high penetration depths in
biological tissues, this region of the electromagnetic spectrum
(tissue transparency window) is advantageous for detection and
bioimaging applications.**>® Therefore, with nIR emission,
SWCNTs have an advantage in optical sensing and imaging.>**’
The structural diversity of SWCNTs also allows for tunable
emission wavelengths.”®?° Thus, SWCNTs are considered
valuable materials for developing sensors for various classes of
analytes and can be utilized to perform environmental analysis,
clinical analysis, and industrial analysis. Furthermore,
photoluminescence on SWCNTs have been found sensitive
towards pH changes and underlying mechanisms have been
investigated in multiple studies.**>* Dukovic et al used
functionalized nanotubes, which showed photoluminescence
(PL) quenching at low pH.** O'Connell et al. found that
fluorescence of sodium dodecyl sulfate (SDS)-dispersed
nanotubes quenched under acidic conditions.*® The
photoluminescence intensity was dramatically reduced by
aggregation of the isolated nanotubes or by acidification of the
SDS micellar suspension.®® Strano et al. showed that an acidic
pH caused fluorescence quenching and a basic pH restored the
fluorescence reversibly.*> Pre-adsorption of molecular oxygen,
under ambient conditions, and sidewall protonation influenced
the pH effects on nanotubes. Cognet et al immobilized
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nanotubes dispersed in sodium dodecyl benzenesulfonate
(SDBS) solution in agarose gel and reported pH-dependent
reversible quenching of nanotube fluorescence by single-
molecule reactions.*® Carbon nanotubes that are non-covalently
functionalized with DNA have also been investigated as
potential optical pH sensors. Nif3ler et al. reported that non-
covalently functionalized DNA-SWCNTs showed optical
responses to pH changes induced by bacteria.*> The study
reported that (GT),o-SWCNTs, responded to a pH drop from 7.4
to 4.3 by nanotube's intensity decrease. However, these DNA-
SWCNTs showed lack of response to an increase in solution pH
(pH 8.1). Thus, these nanotubes have limited scope where
response to a wide pH range is required. Furthermore, some
limitations of using DNAs as functionalizing molecules are that
these biomolecules are prone to degradation under ambient
conditions, difficult to synthesize, and cost prohibitive. Another
approach for developing nanotube-based optical sensors
include controlled covalent modification to induce defects on
nanotubes and photoluminescence changes at the defect site.
Kwon et al showed that covalently functionalized/defect-
induced nanotubes respond to pH changes through
photoluminescence changes at the defect site.*® Although this
approach yielded sensitive optical probes towards pH changes,
the method of functionalization is tedious and requires
extensive time to develop sensors. A systematic investigation on
developing a modular carbon nanotube-based optical pH sensor
is still limited.

In this research, we used nIR fluorescent SWCNTs to
construct optical sensor materials. We functionalized SWCNTs
with pH-responsive amphiphilic compounds through a non-
covalent method, resulting in dispersed nanotubes in aqueous
solution. We showed that the nanotubes exhibit optical
responses in the near-infrared region (900-1600 nm) under mild
to high pH conditions, including pH range that is biologically
relevant in disease conditions in a complex fluid such as
artificial sweat as a model biofluid. Furthermore, these sensors
respond to in situ pH changes. While previous studies on
nanotube-based systems reported that nanotube's fluorescence
in acidic solution is quenched, we showed that the sensor
response direction can be tuned by modulating the nanotube's
surface chemistry with a synthetic polymer (for example,
brightening instead of quenching in acidic media) in complex
solution (e.g., model biofluid). Thus, the ability to control sensor
response direction is highly important to develop optimal
sensors for targeted applications.

Experimental section
Materials

Single-walled carbon nanotubes, (6,5) chirality, average diameter
of ~0.78 nm diameter, =95% carbon basis (=95% carbon
nanotubes), sodium dodecyl benzenesulfonate (SDBS) and
sodium dodecyl sulfate (SDS) (with a purity of >99%) were
purchased from Sigma-Aldrich. Sodium cholate (SC) with a
purity of 99% was purchased from Alfa-Aesar, New Zealand.
Poly(diallyldimethylammonium chloride) (PDADMAC) with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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average Mw 200 000-350 000 and the concentration 20 wt% in
water was obtained from Sigma-Aldrich, USA. Artificial sweat
was purchased from Pickering Laboratories Inc. The pH buffers
were prepared using buffer capsules/powder obtained from
Micro Essential Laboratory Inc. The materials were directly used
without further purification.

Dispersion of SWCNTs with anionic surfactants

SWCNTSs were dispersed following the reported procedures with
some modifications."®” In brief, 1 mg of SWCNTs was
suspended in 2% sodium dodecylbenzenesulfonate (SDBS)
solution and sonicated (Sonicator-FB505110, Fisherbrand Model
505 Sonic Dismembrator) for 30 min at an amplitude of 20% at
low temperature using a precooled CoolRack (stored at —20 °C)
and an ice bath. The sample was centrifuged (Centrifuge-
75002436, Thermo Scientific™ Sorvall™ Legend™ Micro 21
Microcentrifuge) for 30 minutes, at 14000 RPM at room
temperature. Upon centrifugation, the residue, which mostly
contains carbonaceous impurities and unsuspended nanotubes,
was discarded and the supernatant was collected and re-
centrifuged under the same conditions. The supernatant was
diluted with deionized water for characterization by ultraviolet-
visible-near-infrared (UV-vis-nIR) absorbance and fluorescence
spectroscopies. Similar procedures were followed to disperse
SWCNTs with sodium dodecyl sulfate (SDS) and sodium cholate
(SC) separately. All experiments were performed at least in
triplicate.

Characterization of surfactants—-SWCNTSs

The nanotube complexes were characterized by UV-vis-nIR
absorbance and fluorescence spectroscopies. Near infrared
fluorescence measurements were performed on NS-MiniTracer
(NanoSpectralyzer from Applied NanoFluorescence LLC). A
typical condition, 3000 ms integration, 3 averaging, for
fluorescence was used for all measurements. Emission from
950 nm to 1350 nm was recorded and the data were directly
exported from NS-MiniTracer. These data were analyzed and
plotted using Microsoft Excel. UV-vis-NIR absorbance
measurements performed using a  UV-vis-NIR
spectrophotometer (Cary 5000 UV-vis-NIR spectrophotometer,
Agilent Technologies, Inc.).

were

Preparation and characterization of SWCNTs complexes at
varied pH

SWCNT suspensions at various pH ranges were prepared by
using buffer capsules (Hydrion Buffer Capsules, Micro Essential
Laboratory, Inc. USA). The solution pH was further determined
by using a portable pH meter (Orion Star 221, ThermoFisher
Scientific). The nIR fluorescence from the samples were
compared to their respective controls. Near infrared
fluorescence measurements were performed on NS-MiniTracer
(NanoSpectralyzer from Applied NanoFluorescence LLC).
Emission from 950 nm to 1350 nm was recorded and the data
were directly exported from NS-MiniTracer. These data were
analyzed and plotted using Microsoft Excel and GraphPad
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Prism. UV-vis-nIR absorbance measurements were performed in
a UVwis-NIR spectrophotometer (Cary 5000 UV-vis-NIR
spectrophotometer, Agilent Technologies, Inc.).

Polymer addition to surfactant-SWCNTs

Poly(diallyldimethylammonium chloride) (PDADMAC) with
average Mw 200 000-350 000 and the concentration 20 wt%
in water was used. A 2% solution (weight/volume) of
PDADMAC was prepared by diluting 20% PDADMAC aqueous
solution in DI water. 100 pl of 2% diluted PDADMAC solution
was added to each 400 pl solution of surfactant-SWCNTs
complexes separately. SWCNT suspensions at various pH
ranges were prepared by using buffer (Hydrion Buffer
Capsules, Micro Essential Laboratory, Inc. USA). The solution
pH was further determined by using a portable pH meter
(Orion Star 221, ThermoFisher Scientific). Hereafter, near
infrared fluorescence measurements were performed and
emission from 950 nm to 1350 nm was recorded to generate
the data being analyzed and plotted using Microsoft Excel
and GraphPad Prism software.

Data analysis. All analysis were performed with GraphPad
Prism software (GraphPad Software, CA). Statistical analysis
was conducted via two-way ANOVA. Statistical significance
was determined by p values. The p values which are less than
0.001 are summarized with three asterisks (***), and p values
less than 0.0001 are summarized with four asterisks (***%*)
on the bar graph. Simple regression analysis was run to get
the trend line from each triplicating sample mean and
average and its corresponding control mean and average.

Results and discussion

In this research, we used three anionic surfactants to disperse
nanotubes in water. Fig. S1t includes chemical structures of
the three surfactants - sodium dodecyl sulfate (SDS), sodium
dodecyl benzene sulfonate (SDBS), and sodium cholate (SC)
used to disperse SWCNTs in aqueous solution and Fig. 1a
represents schematics for dispersion of nanotubes. SWCNTs
are hydrophobic and remain in rope or bundle form due to
the strong van der Waals force and n-n stacking
interactions.*®?’ In this state, photoluminescence of SWCNTSs
remains quenched and does not show significant optical
properties.*® However, de-bundled SWCNTs obtained through
non-covalent interactions with surfactants and polymers
exhibit photoluminescence.*® Amphiphilic compounds have
been widely used to suspend SWCNTs in water due to high
stability, efficiency, selectivity, and scalability.">*" As
amphiphilic molecules percolate through the bundled
SWCNTs, the hydrophobic parts of these molecules adsorb
onto the wall of SWCNTs splitting the bundle apart.***°

To obtain aqueous dispersion of nanotubes, a mixture of
SWCNT powder and aqueous solution of a select dispersant was
sonicated. The resulting dark aqueous suspension was
centrifuged to remove any residue, which contains
carbonaceous impurities, bundled structures and residual
catalysts. The supernatant was characterized by UV-vis-nIR
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Fig. 1 Optical responses from SDBS-SWCNTSs at various pH ranges. a)
Schematic illustration of the process and nanotube suspension at
various pH. b) Emission intensity change in response to pH, n = 3.

absorbance (Fig. Slaf) and nIR fluorescence (Fig. S1bf)
measurements. The aqueous suspensions of SDS-SWCNTs,
SDBS-SWCNTs and SC-SWCNTs were stable without visual
aggregates for a few months.

The fluorescence from the surfactant-SWCNTSs suspension
appear to be dispersant-dependent. Our results show that
among aqueous dispersion of SDBS-, SC-, and SDS-SWCNTs,
SC-SWCNTs exhibited the highest emission intensity,
followed by SDBS-SWCNTs and SDS-SWCNTs under similar
experimental set-ups (Fig. Slct). The differences can be
explained based on specific molecular interactions between a
surfactant and the nanotube due to differences in chemical
identity of the surfactant molecule. Such molecular
interactions result in various degrees of SWCNT surface
coverage, exposure to solvent molecules, and dielectric
environment. SC has a stiff amphiphilic structure with a
steroid ring that is quasiplanar, somewhat curved, and rigid,
with a hydrophilic face (the hydroxyl groups and the charged
carboxylate group) and a hydrophobic face (the methyl
groups and the tetracyclic carbon backbone) that are back-to-
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back.*” Due to the slightly bent but stiff steroid ring in SC, it
is expected that these surfactants can accommodate the
curvature of the SWCNTs surface, hence improving the
dispersion stability of SWCNTs in aqueous solutions.** SDBS,
due to the planar aromatic structure, aligns parallel to the
SWCNT surface to maximize aromatic n-r stacking.’* SDS is
a non-aromatic surfactant. We speculate that these
differences in molecular interactions between surfactant and
carbon nanotube cause differences in fluorescence intensity
among SC-, SDBS-, and SDS-SWCNTs.

Nanotube's optical responses to solution pH

Anionic nanotube complexes (SDBS-SWCNTs, SDS-SWCNTs,
and SC-SWCNTs) were exposed to acidic, basic, and neutral
pH conditions and the optical responses at solution pH 2 to
pH 9 were measured. In the acidic environment, the
fluorescence was quenched (Fig. 1b and S2at) in comparison
to the respective controls for which the solution was
maintained at pH 7. As seen in Fig. 1b for SDBS-SWCNTs,
fluorescence intensity decreased by 54%, 34%, 33%, 12%,
and 1.9% at pH 2, pH 3, pH 4, pH 5 and pH 6 respectively,
compared to their respective controls at neutral pH. The
results were significant compared to the controls. Fig. S2ct
shows a pH response curve for the optical responses from
SDBS-SWCNTs. Whereas SDS-SWCNTs showed about 65%
and 23% decrease in nIR emission intensity at pH 2 and pH
4 respectively (Fig. S2at). The overall quenching effects upon
acid doping on surfactant-SWCNT suspensions observed in
this study are consistent to previous reports’°™* in which
such fluorescence quenching on SDS- and SDBS-suspended
nanotubes in acidic media was attributed to selective
protonation of pre-adsorbed oxygen at the nanotube
sidewalls. It is noteworthy that solution pH influences the
solubility of the surfactant molecules through ionization
because of protonation (at pH < pK,) and deprotonation (at
pH > pk,) of the functional groups on the surfactants. As the
solution pH becomes acidic, the anionic surfactant-SWCNTs
experience various degrees of protonation. Furthermore,
acidic pH can destabilize micelle structures®>*® and induce
reorganization of surfactant molecules on nanotube surface,
which could provide a path through which the acid can reach
the nanotube surface and quench the fluorescence. The pK,
of dodecyl acid, cholic acid, and
p-dodecylbenzenesulfonic acid are 1.9, 4.98,”*® and 0.7
(estimated)*® respectively. Thus, SC is protonated at pH < 4,
which reduces its ionization and water solubility. In fact, we
observed aggregation of SC-SWCNTs at pH < 4 (Fig. S37).
When the pH of nanotube solution was tuned to a basic
region (pH > 7), nanotube photoluminescence was enhanced
(Fig. 1b and S2a and bf). SDBS-SWCNTs exhibited significant
emission changes about 48% and 81% increase in the
emission intensity at pH 8 and pH 9 respectively (Fig. 1b).
SDS-SWCNTs showed about 125% and 84% increase in
emission intensity at pH 8 and pH 10, respectively. SC-
SWCNTs showed 282% and 79% increase in emission

values sulfuric

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intensity at pH 8 and pH 10 respectively (Fig. S2bt). The
results can be explained based on previously reported
reversible sidewall protonation of carbon nanotubes, which
may result in pH-sensitive fluorescence modulation.

Nanotube's optical responses to in situ pH changes

In many instances, it is crucial to report in situ pH changes
(acidic to basic and vice versa). We investigated the optical
responses from the nanotubes upon iz situ pH changes from
neutral to an acidic pH followed by a basic pH in a sequence
of events (steps 1-2, Fig. S4aft). First, the pH of the nanotube
solution was changed from neutral to an acidic pH (pH 4,
step 1, Fig. S4at) and the optical responses were recorded.
The solution pH of the nanotube suspension was then
changed to pH 8 (step 2, Fig. S4at). The optical responses
were recorded upon changes in solution pH at each step. The
pH adjustments were made by adding pH buffers to
nanotube suspension and the DI water in controls to
compensate for dilution effects. The solution pH was
confirmed by using a pH meter before and after the optical
measurements. Fig. S4(b and c)f show that both SDBS-
SWCNTs and SDS-SWCNTs exhibited fluorescence quenching
at pH 4. Changes in the solution pH from pH 4 to pH 8 was
accompanied by fluorescence intensity enhancement as
compared to respective controls at neutral pH. Thus, the
nanotubes once quenched under acidic conditions can be de-
quenched through pH modulation. The results are consistent
to previous reports in which the fluorescence was restored in
pre-acid treated nanotubes either by adding alkaline solution
or by degassing the solution to remove adsorbed
oxygen.’*?*°° The effects can be attributed to reversible
sidewall protonation that localizes electrons,
quenching the nanotube's fluorescence emission.*® The
responses from the nanotubes under these sequential (in
situ) pH changes (Fig. S4t1) were consistent to responses at
specified individual pH conditions (Fig. 1b and S27), albeit
the degree of changes were comparatively smaller in acid-
pretreated nanotubes. These responses also indicate that
acidic and basic environments do not cause a permanent
effect on these nanotubes. With similar responses from both
SDS- and SDBS-SWCNT systems towards pH changes, we
chose SDBS-SWCNTs as a model system for kinetics
measurements.

valence

Kinetics measurements on SDBS-SWCNT's optical responses

For applications, it is important to establish that the
indicator response is measurable within a defined period. To
determine the nanotube's response to specified pH, we
performed kinetics measurements on SDBS-SWCNTSs system
responding to a specified solution pH. The fluorescence from
SDBS-SWCNTs was measured at pH 8 at 5-minute intervals
up to 90 minutes. As shown in Fig. 2, fluorescence intensity
increased up to the first 65 minutes and then plateaued for
the remaining time (ca. 90 minutes). Furthermore, a
considerable response even within first 5-10 minutes of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Kinetics measurements of intensity changes of SDBS-SWCNTs
over time at pH 8.

treatment makes these nanotubes promising materials for
sensor development.

Surface chemistry modulation on anionic-SWCNTs and the
optical responses to pH changes

In the previous section, the optical responses of anionic
surfactant-SWCNTs to a change in solution pH (2-10) has
been discussed. The nanotubes responded to basic pH (8-10)
via fluorescence enhancements and to acidic pH ranges (2-5)
via fluorescence quenching. In many situations, it is
important to collect signals under acidic conditions. For
instance, in acidosis and tumor metathesis, biological tissues
experience a pH drop. Due to quenching effects, the
nanotube’s optical signal in the acidic pH ranges (2-6) gets
weaker, potentially causing a low sensitivity from turn-off
signals. A probe with ‘turn on’ response could mitigate such
issues.

Surface chemistry can modulate the photoluminescence of
nanotubes.*®>' We modulated the surface chemistry on SDBS-
and SDS-SWCNTs by introducing a cationic polymer to trigger
electrostatic interactions between nanotube's anionic surface
coating and the cationic polymer. This electrostatic interaction
neutralizes excessive negative charges on nanotube adsorbents.
We hypothesized that the charge modulation on the anionic
nanotubes could produce an opposite optical response to
specified pH as new chemistry could affect nanotubes sidewall
protonation, a phenomenon that has been shown to influence
nanotube photoluminescence under acidic pH environment.
Experimentally, a cationic polymer could be added onto the
anionic surfactant-SWCNTs to modulate the nanotube's surface
chemistry. We used a cationic polyelectrolyte,
poly(diallyldimethylammonium chloride) (PDADMAC), which is
widely used to bind to anionic molecules through electrostatic
interactions.”® Addition of the positively charged polymer
(PDADMAC) to an anionic surfactant-nanotube system triggers
changes in molecular adsorption characteristics onto the
surface of the carbon nanotubes due to a strong electrostatic
interaction between oppositely charged molecules on the
nanotube surface. Both pH and ionic strength can influence the
electrostatic interaction between the oppositely charged
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molecules.” Ionic strength affects the properties of electrostatic
complexes due to charge screening, whereas pH can modulate
the degree of charges on polyelectrolytes. For weak electrolytes,
ionization extent is controlled by solution pH and ionic
strength, which makes the electrostatic complexations in weak
polyelectrolytes responsive to external variations. On the other
hand, for strong electrostatic complexation, associative
complexes are spontaneously formed. With surfactant-
suspended nanotubes, addition of a strong polyelectrolyte
polymer, PDADMAC, most likely results in spontaneous
complexation that could remain stable under moderate
conditions of ionic strength and pH changes. We introduced
PDADMAC polymer solution into SDBS-SWCNT suspension
(Fig. 3a). The PDADMAC-SDBS-SWCNTs were then subjected to
various pH conditions and the optical responses from the
nanotubes were measured. Interestingly, we found that the
addition of PDADMAC to SDBS-SWCNTs made the nanotubes
respond to an acidic pH with an enhanced emission intensity
up to 97% and to a basic pH with quenching effects down to
40% with significant signal changes except for pH 6 (Fig. 3b).
The fluorescence intensity increased by 97%, 70%, 60%, 11%,
and 1.9% at pH values 2, 3, 4, 5, and 6 respectively compared to
their respective control at neutral pH. The nanotubes responded
to basic solution pH with a decrease in fluorescence intensity
with 40% and 27% at pH values 9 and 8 respectively. The results
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Fig. 3 Surface chemistry modulation on nanotubes and optical
responses at various pH. a) Schematic illustration of surface chemistry
modulation. b) Intensity changes of PDADMAC-SDBS-SWCNTs in
response to solution pH changes, n = 3.
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showed a linear trend with a goodness of fit 95%. Results from
SDS-SWCNTs showed a similar trend with emission intensity
increased at pH 4 and intensity decreased at pH 8 (Fig. S51).
These results, upon addition of cationic polymer to anionic
nanotubes, were in the opposite trend as compared to results
from anionic SDBS-SWCNTs in the absence of PDADMAC
polymer (Fig. 1b). The electrostatic interactions between the
PDADMAC and anionic surfactants-SWCNTs could disrupt
adsorption of surfactants on nanotubes and perturb surface
charges influencing the sidewall protonation and the excitonic
behaviors on nanotubes. Furthermore, this interaction could
also influence oxygen adsorption, hydration, and nanotube's
exposure to polar solvent molecules, all of which can affect the
photoluminescence.

We then further studied the modified nanotubes’ response
to in situ pH changes from neutral to acidic and then to basic
region. Under this condition, PDADMAC-SDS-SWCNTs were
evaluated for their responses at acidic and basic pH. Fig. S5et
shows that the nanotubes responded to an acidic pH (pH 4)
with fluorescence intensity enhancement by 19% and to a basic
pH (pH 8) with decrease in emission intensity by 16%.

Optical response in artificial sweat

For practical applications, the probes and sensors should
retain their responses in a complex environment. This is
important because biofluids, tissues, and other biological
samples are complex and the molecular probes/sensors will
experience a complex environment. We investigated whether
the nanotubes could respond to specific pH in a complex
aqueous system. We used artificial sweat as a model biofluid
to evaluate the performance of these pH-sensitive nanotubes
in a complex system.

We first used nanotubes without polymer coatings (e.g:;
SDBS-SWCNTs and SDS-SWCNTs) to evaluate the responses.
Following the similar procedure described previously, SDBS-
SWCNTs and SDS-SWCNTs were exposed to artificial sweat at
acidic and basic pH conditions (Fig. S6at) and the optical
responses at pH 2 to pH 10 were measured. Artificial sweat at
pH 5.5 and pH 8 were used as received. Further pH modulation
was achieved by adding buffer and a few drops of either dilute
hydrochloric acid or dilute sodium hydroxide solution as
needed. The solution pH remained stable throughout the
experiments as confirmed by a pH meter. All these anionic
surfactant-SWCNTs complexes showed emission intensity
enhancement in the basic environment (pH 8-10). In the acidic
environment, the emission intensity was quenched for all
surfactant-SWCNTs in comparison to the controls for which
solution was neutral at pH 7 (Fig. S6bt).

SDBS-SWCNTs showed around 65% and 17% decrease in
the emission intensity at pH 2 and pH 5.5 respectively (Fig.
S6bt); whereas SDS-SWCNTs showed 30% and 38% decrease
in nIR emission intensity at pH 2 and pH 5.5 respectively
(Fig. S6bt). Likewise, nIR emission intensity increased by
about 107% and 114%, respectively, at pH 8 and pH 10 for
SDBS-SWCNTs (Fig. S6bt). For SDS-SWCNTs, the emission

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intensity increased by 62% and 60% at pH 8 and 10,
respectively (Fig. S6bf). Similarly, for SDBS-SWCNT
sequential test in situ, the emission intensity decreased by
about 55% at pH 4 (Fig. S6dt). Modulating the solution pH
to pH 8 increased the intensity by 17%, and finally
modulating the solution pH from pH 8 to pH 4 again
(represented as pH4r in Fig. S6df) decreased the emission
intensity by about 61% (Fig. S6df). In parallel, the sequential
pH changes experiment for SDS-SWCNT, intensity decreased
by 57% at pH 4, then increased by 20% at pH 8, and again in
acidic pH (pH 4), the intensity decreased by about 30% as
shown in Fig. S6d.f

With these consistent and predictable results in artificial
sweat samples, we then further investigated whether
modulating the nanotube's surface chemistry could control
the optical response direction under acidic and basic
conditions. As described previously, a positively charged
polymer (PDADMAC) was added to the anionic surfactant
dispersed SWCNTs to modulate the nanotube's surface
chemistry (Fig. 4a). The modified PDADMAC-SDBS-SWCNTSs
were then added into artificial sweat at specified pH.
PDADMAC-SDBS-SWCNTs were tested from pH 2-9 at an
interval of 1 unit to cover a wide range of pH scale. Fig. 4b
shows that these nanotubes responded to acidic sweat by
increased emission intensity up to 107% and to basic sweat
by reduced emission down to 63%. The fluorescence intensity
increased by 107%, 102%, 81%, 41%, and 7% at pH values 2,

a
+ + + +
NSNS

In I pit
Sl paadeeadiecd

Anionic carbon Cationic  pojymer-coated
nanotube  polymer  carhon nanotube

Sensor response to artificial sweat
1.2

0.9+
0.6+
0.3+

0.0

Intensity Change (I-lo)/lo

Fig. 4 Optical responses from PDADMAC-SDBS-SWCNTSs in artificial
sweat at acidic and basic pH. a) Schematic illustration of the nanotube
complex. b) pH response curve showing intensity changes at specified
pH. The solid line represents linear regression fits, n = 3.
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3, 4, 5 and 6, respectively as compared to their respective
controls at neutral pH. These results were significant for both
acidic and basic pH range. In biochemical processes, pH
changes occur in small increments prior to reaching to their
extreme values. Therefore, we evaluated the optical responses
from the nanotubes at an interval of 0.5 pH units within a
narrow acidic pH range (pH 2-4.5). The results showed that
PDADMAC-SDBS-SWCNTs could differentiate these narrow
pH intervals with pH dependent significant emission changes
(Fig. S7t1). As sweat contains various electrolytes including
sodium and chloride, a sweat sensor should be able to
function in salt-rich environment. Therefore, we evaluated
the nanotubes' response to pH in the artificial sweat at pH 5
with increasing concentration of sodium chloride (50 mM,
100 mM, 150 mM, 200 mM, 300 mM). Our results showed
that addition of salt at these concentrations did not cause
any significant changes in the optical response. These results
in artificial sweat suggests that these carbon nanotube-based
materials are compelling candidates for further development
of optical pH detection systems.

Conclusions

We have reported pH responsive nanotube complexes, which
enable optical detection of pH changes in a wide pH range in
complex solution such as artificial sweat. Two different types
of non-covalent functionalization approaches were employed
to develop optical nanosensors — small molecules adsorbed
on SWCNTs and their further functionalization with polymer
deposition. Both systems exhibited optical response to a wide
pH range, which is relevant in biology, biochemical
processes, and industrial processes. We also showed that the
optical response could be modulated via modulation of the
nanotube's surface chemistry. Although other methods of
functionalization  including  defect-induced  covalent
functionalization approach and DNA-SWCNTs have been
investigated to measure pH changes, the current approach of
non-covalent functionalization using small molecules and
polymers provides a more straight-forward, versatile, and
efficient route to develop nanotube-based sensors. The
results suggest that functionalized carbon nanotubes provide
a basis for sensor materials towards the development of
optical pH sensors for biofluids analysis. As carbon
nanotubes can be integrated into various form factors
including biocompatible gels, polymeric scaffolds, paints,
fibers, etc., the findings from the current research provides
new opportunities in developing new optical sensor platforms
for exciting new opportunities in biomedical applications.
More importantly, the study demonstrated that the sensor
response direction can be tuned and the sensor has potential
for bodily fluids analysis. Future investigation is warranted
for developing the solid/gel or patch form of these sensors
for practical purposes. We expect this work to be a valuable
tool in biomedical sciences where very tiny sensor need to be
implanted or can be used for in vitro analysis, which may
reduce invasive techniques for biological pH measurements.
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