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Introduction

Single-walled carbon nanotubes (SWCNTs) are near-infrared
(NIR) fluorescent nanomaterials with unique optical and elec-

Corona-dependent enhanced fluorescence
response of defects-induced single-walled carbon
nanotubes to organophosphate
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Single-walled carbon nanotubes (SWCNTSs) are promising near-infrared (NIR) fluorescent nanomaterials
for sensing, where their optical response is governed by surface chemistry and the surrounding corona
phase. While defect engineering has been widely employed to tune SWCNT photophysics, it remains
unclear how identical defects influence surface reactivity when embedded in different coronas.
Addressing this gap is essential for decoupling intrinsic effects of defect introduction from extrinsic con-
tributions of surface passivation. A deeper understanding of this interplay can inform the rational design
of nanomaterials with tailored interfacial reactivity. Here, we introduce oxygen defects into (6,5) SWCNTs
and demonstrate their enhanced, corona-dependent fluorescence response toward organophosphates
(OPs), a model class of reactive small-molecule analytes. In sodium cholate dispersions (SWCNTs@SC),
pristine nanotubes exhibit a rapid decrease in fluorescence intensity upon OP addition, whereas defect-
induced SWCNTs (D-SWCNTs@SC) show amplified response. In contrast, pristine lipid—polyethylene
glycol dispersions (SWCNTs@PEG) show negligible fluorescence modulation, while D-SWCNTs@PEG
display a gradual fluorescence enhancement, persisting even in seawater. Fourier transform infrared and
high-resolution X-ray photoelectron spectroscopy confirm direct OP-defect interactions in
D-SWCNTs@SC and surface passivation in D-SWCNTs@PEG. These findings establish oxygen defects as
tunable modulators of SWCNT-analyte interactions in a corona-dependent manner, offering a versatile
platform for NIR fluorescence sensing.

biosensing,'*™"

16,17

including real-time tracking of biological
processes, monitoring enzymatic activity,"*>* and detec-
tion of hormones,> >’ proteins,*®*>° lipids,®® and small
molecules,**~*® among others.

tronic properties, including exceptional photostability, resis-
tance to photobleaching, and deep tissue penetration in the
NIR biological transparency window.' These features make
them ideal candidates for applications in bioimaging and

“School of Electrical Engineering, Faculty of Engineering, Tel Aviv University, Tel Aviv
6997801, Israel

bSchool of Biomedical Engineering, Faculty of Engineering, Tel Aviv University, Tel
Aviv 6997801, Israel

“Biophysical Sciences Group, Saha Institute of Nuclear Physics, 1/AF Bidhannagar,
Kolkata 700064, India

4Chemical Sciences Division, Homi Bhabha National Institute, Mumbai 400094,
India

“Center for Physics and Chemistry of Living Systems, Tel Aviv University, Tel Aviv
6997801, Israel

TCenter for Nanoscience and Nanotechnology, Tel Aviv University, Tel Aviv 6997801,
Israel

SCenter for Light-Matter Interaction, Tel Aviv University, Tel Aviv 6997801, Israel
hSagol School of Neuroscience, Tel Aviv University, Tel Aviv 6997801, Israel

The Center for Computational Molecular and Materials Science, Tel Aviv University,
Tel Aviv 6997801, Israel. E-mail: bisker@tauex.tau.ac.il

This journal is © The Royal Society of Chemistry 2026

The fluorescence properties of SWCNTs are strongly influ-
enced by their surrounding corona phase, typically formed by
surfactants®®*° or polymers,*'** which governs the accessibil-
ity of the SWCNT surface and the fluorescence response upon
interaction with target molecules.*>™" In some cases, while
the molecular coating of the SWCNTs stabilizes the dispersion,
it can also restrict surface accessibility or limit the ability of
pristine SWCNTs to modulate their fluorescence in response
to environmental changes or as analyte binding.”?
Nevertheless, introducing covalent sp>-hybridized defects into
the SWCNT surface provides a way to overcome this limitation.
Such localized defect sites alter the electronic structure of
SWCNTs and can give rise to red-shifted emission features,
potentially enhancing molecular accessibility and enabling
tunable fluorescence modulation.”*>® Several studies have
demonstrated that sp-hybridized defects in SWCNTs influ-
ence their photophysical properties and enhance their inter-
action with the surrounding environment.’> ** However, while
the role of such defects in modulating optical behavior is
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investigated to a certain extent, it remains crucial to understand
how these same defects influence the surface chemistry of
SWCNTs when stabilized by different coronas or dispersing
agents. This understanding is essential for decoupling the
intrinsic effects of defect introduction from the extrinsic contri-
butions of the surrounding chemical environment. Such
insights extend beyond optical tuning, offering a broader frame-
work for engineering defect-environment interactions in nano-
scale systems relevant to catalysis, chemical sensing, molecular
recognition, and bio-nano interfaces. Among the various defect
chemistries, oxidative treatment with hypochlorite and ultra-
violet irradiation has been shown to produce localized oxygen-
containing defects characterized by their complex photophysical
properties,”>* enabling applications such as single-particle
tracking'” and ratiometric cholesterol detection.®®

In this study, we introduce covalent oxygen-containing
defects to explore their impact on the fluorescence response of
(6,5)-enriched SWCNTs dispersed in two distinct corona
phases: sodium cholate (SC), a small-molecule surfactant, and
lipid-polyethylene glycol (PEG), a biologically relevant disper-
sant. It is worth noting that the introduction of oxygen-con-
taining sp® defects was deliberately chosen because it rep-
resents a well-established and widely adopted functionali-
zation strategy in the SWCNTs literature. The NaClO/UV-
mediated approach provides a reproducible and chemically
well-understood route for generating oxygen-based defect sites
in the SWCNTs, which have been extensively characterized in
previous studies.”® Employing this established protocol
ensures that the nature of the defect sites is consistent and
comparable with prior reports, thereby enabling systematic
investigation of other parameters that influence defect photo-
physics. In the present work, the objective is to use a reliable
and widely recognized defect motif as a controlled platform to
probe how the surrounding corona phase modulates defect-
analyte interactions. Oxygen defects are particularly suitable in
this context because their chemical reactivity and associated
defect-state fluorescence are sensitive to the local interfacial
environment. Using such well-characterized defect sites, there-
fore, allows the influence of different coronas on the fluo-
rescence response of defect-engineered SWCNTs toward a
given analyte to be examined in a more generalized and inter-
pretable manner. Consequently, the use of oxygen defects pro-
vides a chemically accessible and broadly applicable model
system for understanding how corona-mediated interfacial
chemistry governs the sensing behavior of defect-functiona-
lized SWCNTs.

SC and PEG were selected as representative corona phases
owing to their distinct physicochemical characteristics and
modes of interaction with the SWCNT surface. SC, an ionic
bile salt, stabilizes SWCNTs primarily through electrostatic
and hydrophobic interactions, resulting in an adequately
exposed nanotube surface.®® In contrast, lipid-PEG provides a
sterically shielded and passivated interface due to its amphi-
philic  phospholipid-polymer  architecture.””  These
SWCNTs@SC and SWCNTs@PEG dispersions differ signifi-
cantly in their surface properties and may influence the result-
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ing accessibility to surrounding molecules as well as modulate
the extent of the fluorescence response following the addition
of defects.®””®® It is worth noting that SC and DSPE-PEG rep-
resent widely used “benchmark” corona phases for dispersing
SWCNTs in aqueous media. In the present study, these
coronas were intentionally selected because of their well-estab-
lished behavior and extensive use in the literature. Employing
such standard dispersants enables the isolation of interfacial
effects without the additional complexity introduced by
specially designed recognition polymers. In this way, any diver-
gence in fluorescence response can be attributed primarily to
differences in the local corona environment surrounding the
nanotube and its influence on defect-analyte interactions,
rather than to specific chemical recognition motifs encoded
within the corona itself. The use of these benchmark coronas,
therefore, provides a broadly accessible model system for
examining how variations in the corona phase regulate the
response of defect-engineered SWCNTs to a given analyte.

To evaluate the impact of the oxygen defects and the corona
phases on the fluorescence response to target analytes, we
have selected organophosphate (OP) as a representative small
molecule model analyte.”® OPs are a class of phosphorus-con-
taining compounds widely used as chemical agents found in
pesticides and nerve agents, known for their toxicity, environ-
mental persistence, and biological activity.”* OPs were selected
as representative analytes because they possess well-defined
electrophilic phosphorus centers that can undergo nucleophi-
lic substitution or addition reactions with oxygen-containing
functional groups. In the context of defect-engineered
SWCNTSs, oxygen-based sp® defect sites introduce chemically
reactive functionalities in the SWCNTs that can participate in
such interactions. This makes OPs a suitable probe molecule
to examine how defect-mediated chemical processes influence
the photophysical response of SWCNTs. Additionally, the rela-
tively small molecular size and amphiphilic nature of OP mole-
cules enable them to access the SWCNTs surface through
different corona environments, making them particularly
useful for evaluating how the surrounding corona phase
modulates analyte accessibility and defect reactivity. Using OP
as a model analyte, therefore, allows systematic investigation
of how identical defect sites embedded within different corona
phases can produce divergent fluorescence responses.
Consequently, OP provides a chemically relevant platform for
studying the interplay between defect chemistry, analyte reac-
tivity, and corona-mediated interfacial environments in defect-
functionalized SWCNT systems. Specifically, we utilized bis[2-
(methacryloyloxy)ethyl] phosphate as a chemically representa-
tive OP model. Its phosphate ester motif provides Lewis-basic
oxygen atoms capable of interacting with defect sites, while its
amphiphilicity ensures aqueous solubility without excessive
steric hindrance, permitting differential interactions within SC
and DSPE-PEG coronas. Importantly, this molecule lacks
intrinsic NIR fluorescence, ensuring that any measured optical
modulation originates solely from the SWCNT-analyte inter-
action, rather than background interference. The strong elec-
trophilic nature of OPs and their propensity to interact with

This journal is © The Royal Society of Chemistry 2026
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surface oxygen functionalities make them particularly suitable
for probing the influence of defect-induced surface chemistry.
In the context of our study, OPs thus serve as ideal analytes to
evaluate how oxygen defects modulate the interfacial reactivity
of SWCNTs stabilized in distinct corona environments. This
choice directly aligns with our objective to discern how identi-
cal defect sites respond to external chemical stimuli under
varying surface passivation conditions, thereby providing
mechanistic insight into the interplay between defect chem-
istry and corona-dependent reactivity. By incorporating oxygen
defects, we aim to amplify the optical response of SWCNTs to
OPs and compare the fluorescence modulation across the SC
and PEG coronas. Raman spectroscopy confirmed successful
incorporation of oxygen-containing defects in both SC- and
PEG-dispersed SWCNTs. Upon OP addition, oxygen defects-
induced SWCNTs@SC (D-SWCNTs@SC) exhibited an immedi-
ate and more pronounced decrease in fluorescence intensity,
compared to their pristine counterparts. In contrast,
SWCNTs@PEG displayed no measurable response in the
absence of defects, while defect-induced samples
(D-SWCNTs@PEG) showed a gradual fluorescence increase
that required an extended time to stabilize. Furthermore, to
evaluate the robustness of this approach in complex environ-
ments, we demonstrated that D-SWCNTs@PEG retained a sig-
nificant fluorescence response to OP in seawater, serving as a
proof-of-concept for environmental applications. Fourier
Transform Infrared (FTIR) spectroscopy analysis demonstrated
that OP interacts directly with defect sites in D-SWCNTs@SC,
producing distinct spectral signatures that confirm strong
surface coordination. In contrast, no such interactions were
evident in D-SWCNTs@PEG, where the observed fluorescence
enhancement may reflect corona disruption upon defect intro-
duction, potentially allowing surface passivation by OP.%%7>777
Consistent with these observations, high-resolution X-ray
photoelectron spectroscopy (XPS) analyses revealed the for-
mation of new O-P and C-O-P bonds in D-SWCNTs@SC, con-
firming covalent interaction of OP with oxygen defect sites,
whereas in D-SWCNTs@PEG, no such bonding was detected,
supporting a defect passivation mechanism. These results
demonstrate that both the presence of defects and the corona
composition critically influence the temporal profile and direc-
tion of the fluorescence response, laying the foundation for
exploring defect-corona interplay as a design principle in
future SWCNT sensor platforms.

Results and discussion

To expand the applicability of introducing defects as a general
strategy for modulating the optical response of single-walled
carbon nanotubes (SWCNTs), we selected organophosphates
(OPs) as a representative small molecule for probing SWCNT
reactivity. For this purpose, oxygen defects were introduced
into chirality-enriched (6,5) SWCNTs suspended by SC, a small
molecule surfactant, and DSPE-PEG, a biocompatible phos-
pholipid-polyethylene glycol.

This journal is © The Royal Society of Chemistry 2026
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Fluorescence response of D-SWCNTs@SC to OPs

We first assessed the spectroscopic characteristics of the (6,5)
chirality-enriched single-walled carbon nanotubes (SWCNTs)
dispersed in SC. UV-vis-NIR absorption analysis revealed a pro-
minent peak at 990 nm (Fig. S1A, black curve), corresponding
to the FE;, transition. Fluorescence spectroscopy provided cor-
roborating data of the (6,5) emission peak at 983 nm when
excited at 560 nm (Fig. S1B and C, black curves), consistent
with the excitation-emission map (Fig. S1D). These findings
confirm the successful dispersion of the SWCNTs@SC.

To introduce oxygen defects into the prepared
SWCNTs@SC, we treated the suspension with sodium hypo-
chlorite (NaClO) and exposed it to 254 nm UV irradiation for
either 5 or 15 minutes.”® UV-vis-NIR absorption spectra of the
defect-induced SWCNTs (D-SWCNTs@SC) revealed a decrease
in the E;; peak intensity and a minor blue shift of a few nano-
meters for both defected samples (Fig. S1A, blue and cyan
curves). The fluorescence emission profiles of the D-SWCNTs
displayed a new emission peak corresponding to the E  tran-
sition, approximately at 1110 nm for the 5 minute exposure,
with E;; > E:u and shifted to roughly 1120 nm for the
15 minute exposure, resulting in E’ 2 Ei, (Fig. S1B, blue and
cyan curves, respectively), with corresponding features evident
in the excitation-emission maps (Fig. S1E and F). Notably,
while longer UV exposure resulted in a higher E| intensity
relative to the E;; peak, it also led to a decrease in the overall
fluorescence intensity (Fig. S1C). Therefore, the shorter UV
exposure time was preferred to maintain a balance between
defect formation and preserving fluorescence brightness.
Finally, Raman spectroscopy on both pristine SWCNTs@SC
and D-SWCNTs@SC confirmed oxygen defect incorporation in
the latter, as evidenced by an increased D-band intensity at
approximately 1314 cm™" in the D-SWCNTs@SC (Fig. S2A).
Together, these results affirm the successful introduction of
defects into the surfactant-stabilized SWCNTs.

Following the spectroscopic characterization of the
D-SWCNTs@SC, our investigation shifted towards evaluating
their performance as optically responsive nanomaterials,
specifically upon the interaction with OP. We hypothesized
that the controlled introduction of oxygen defects may
enhance the fluorescence response of D-SWCNTs@SC com-
pared to pristine SWCNTs@SC. Our efforts focused on moni-
toring intensity modulations in the E;; emission peak, primar-
ily due to its higher initial intensity and favorable signal-to-
noise ratio.

Fig. 1 illustrates the fluorescence response of the pristine
SWCNTs@SC and D-SWCNTs@SC suspensions with the two
distinct defect levels upon exposure to OP. In the case of pris-
tine SWCNTs@SC (Fig. 1A), OP addition led to a decrease of
55.1 + 3.9% in E;; emission intensity. By contrast, the
D-SWCNTs@SC prepared with 5 minute UV exposure, where
the E;; peak remained dominant (E;; > E:), exhibited a more
substantial fluorescence decrease of 69.1 + 1.0% (Fig. 1B). This
enhanced response reflects the favorable optical modulation
enabled by moderate oxygen defects introduction. However, in
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Fig. 1 Fluorescence response of pristine SWCNTs@SC and D-SWCNTs@SC suspensions to OPs. (A) Fluorescence spectrum of pristine SWCNTs@SC
before (black) and after (red) the addition of OP. (B) Fluorescence spectrum of D-SWCNTs@SC, prepared with 5 minute UV exposure, before (blue)
and after (red) OP addition. (C) Fluorescence spectrum of D-SWCNTs@SC, prepared with 15 minute UV exposure, before (cyan) and after (red) OP

addition.

the sample generated with 15 minute UV exposure, where the
E peak approaches or exceeds Ei; (E, 2 E11), the fluorescence
response was attenuated, with only a 57 + 1.2% decrease in
intensity (Fig. 1C and Fig. S3). This trend suggests that exces-
sive defect formation may weaken signal transduction
efficiency. = Nevertheless, the overall response of
D-SWCNTs@SC for both UV exposure conditions was larger
than the fluorescence response of the pristine SWCNTs@SC
suspension. These results indicate that the extent of oxygen
defect incorporation can be tuned to maximize the fluo-
rescence response to OP. Notably, a preliminary selectivity test
for D-SWCNTs@SC was performed using several representative
inorganic phosphates and glucose phosphate, showing no
measurable fluorescence response under the same conditions
(Fig. S4).

The enhanced sensitivity toward OPs observed in the
D-SWCNTs@SC following 5 minute UV exposure in the pres-
ence of NaClO (Fig. 1B) can likely be attributed to the critical
role of defects in modifying the SWCNT fluorescence response
properties.’>’® Specifically, oxygen defects introduce localized
electronic states and alter the band structure of SWCNTSs, poss-
ibly creating new, more reactive adsorption sites for analytes
like OPs, leading to a more pronounced fluorescence modu-
lation.> This highlights that introducing defects is a powerful
strategy for tuning and optimizing SWCNTs@SC fluorescence
response to various analytes.

Real-time fluorescence tracking of the D-SWCNTs@SC sus-
pension with 5 minute UV exposure, Ey; > E_ , was performed
under continuous acquisition with 4 second exposure inter-
vals, with either OP or water as a control, added after approxi-
mately 40 seconds of baseline monitoring. Following OP
addition, a rapid and stable decrease in the E;; fluorescence
intensity was observed, stabilizing within roughly 5 minutes
(Fig. 2A). In contrast, a control experiment with water resulted
in a stable fluorescence signal with minimal fluctuations, as
expected, confirming that the observed decrease upon OP
exposure was indeed induced by the analyte. The full fluo-
rescence spectra at the different time points under these con-

Nanoscale

tinuous real-time measurement conditions are presented in
Fig. S5. Raman Spectroscopy was also performed on the
D-SWCNTs@SC, showing that the Raman spectrum remains
largely unchanged following OP addition (Fig. S2B).

To calibrate the fluorescence response, we measured the
normalized fluorescence response of D-SWCNTs@SC, calcu-
lated as (I, — I)/I,, where I, and I are the initial and final fluo-
rescence intensity, respectively, as a function of OP concen-
tration. Indeed, D-SWCNTs@SC showed a concentration-
dependent response with a typical sigmoidal trend (Fig. 2B).
The data were fitted using the Hill equation,”® g - (L),

Ky + x
where Ky is the dissociation constant, n is the Hill coefficient,
p is the amplitude of the response, and x is the analyte concen-
tration. The fit parameters were K4 = 0.81 + 0.11 mM, n = 2.3
0.6, and = 0.75 £ 0.04, where the limit of detection (LOD) was
calculated to be 0.070 + 0.010 mM. These results demonstrate
that oxygen defects give rise to a sensitive, rapid, and stable
fluorescence response of SWCNTs to OP.

Fluorescence response of D-SWCNTs@PEG to OPs

Following the successful application of oxygen defects to
enhance the fluorescence response of SWCNTs@SC towards
OP, we set out to broaden the scope of this approach to an
alternative dispersion involving a biologically compatible
SWCNT corona of lipid-PEG, namely, 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[carboxy( polyethylene glycol)-2000]
DSPE-PEG. To form the suspension, the SC corona of
SWCNTs@SC was replaced with DSPE-PEG via dialysis. UV-vis-
NIR absorption spectroscopy confirmed successful exchange,
as evidenced by the characteristic red-shift in the E;; absorp-
tion peak from 989 nm to 995 nm (Fig. S6). The concentration
of the resulting SWCNTs@PEG was then adjusted to match
that of the SC-based system, ensuring a consistent comparison
across conditions.

Next, oxygen defects were introduced to the SWCNTs@PEG
sample using the same protocol with NaClO and UV exposure

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Time-dependent fluorescence response and calibration of D-SWCNTs@SC. (A) Real-time fluorescence of D-SWCNTs@SC (Ey; > E;) upon
water addition (control, blue) and OP addition (red). Shaded areas represent the standard deviation from three independent measurements. (B)
Calibration curve of normalized fluorescence response (Io — 1)/l versus OP concentration, fitted using a Hill model. Here, /o represents the Ej; fluor-
escence peak intensity prior to OP addition, while | corresponds to the Ej; intensity following OP addition. These results demonstrate concen-
tration-dependent sensing of OP using the Ey; peak under low defect density.

stable in the absence of OP, the fluorescence of D-SWCNTs@PEG
gradually decreased over time, even without OP exposure. As
shown in Fig. 3A, this decrease did not stabilize within
10 minutes of continuous measurement, indicating slower equili-
bration of the PEG corona dispersion compared to the SC system.
Additionally, upon adding OP, the fluorescence intensity of
D-SWCNTs@PEG exhibited a sharp decrease, followed by a
slower, gradual increase, which also did not stabilize within the
short measurement time window. Raman spectra of the

for 5 minutes. Raman spectroscopy confirmed defect for-
mation, as evidenced by a notable increase in the D-band
intensity for the D-SWCNTs@PEG samples (Fig. S7A). These
results are consistent with our earlier observations for SC-dis-
persed SWCNTs (Fig. S2A).

Following the fluorescence modulation experiments with
D-SWCNTs@SC, investigated the behavior  of
D-SWCNTs@PEG similar conditions. Unlike the
D-SWCNTs@SC system, where the fluorescence signal remained

we
under
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Fig. 3 Time-dependent fluorescence response of D-SWCNTs@PEG. (A) Short-term continuous real-time measurement with 4 second exposure
intervals; OP (red) or water (purple) was added approximately 40 seconds after the start of acquisition. (B) Long-term fluorescence monitoring using
a sequential multi-well scanning protocol with measurements taken every 15 minutes. For this measurement, the first data point was acquired
approximately 5 minutes after the addition of OP (red) or water (purple) to the wells. In both short- and long-term measurements, the addition of
OP (red) is compared with the control (purple), illustrating the fluorescence response behavior of D-SWCNTs@PEG under different temporal
measurement regimes.

This journal is © The Royal Society of Chemistry 2026 Nanoscale
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D-SWCNTs@PEG suspension remained largely unchanged before
and after OP addition (Fig. S7B), as in the D-SWCNTs@SC case.
Given this time-dependent behavior, we conducted
extended time-course measurements, recording fluorescence
every 15 minutes for a total of 9 h (Fig. 3B). The consistency
between the short- and long-term measurement protocols is
evident when comparing the trends of fluorescence intensity.
Specifically, the increasing and decreasing trends of the OP-
treated sample intensity and the control intensity, respectively,
at the 5 minute mark of the near-continuous single-well moni-
toring (Fig. 3A) align with the corresponding trends recorded
at the start of the sequential multi-well scanning (Fig. 3B).
Given that the multi-well protocol includes a ~5 minute prepa-
ration delay before the first acquisition, the long-term experi-
ment effectively captures the subsequent evolution of the same
kinetic processes observed at short times. Under these con-
ditions, both the control and OP-containing samples contin-
ued to follow their respective decreasing and increasing trends
observed in the short-term measurements, eventually reaching
stable values after approximately 90-100 min (see Fig. S8 for
the full spectral evolution over time). These observations
reflect the dynamic nature of the corona phase, which under-
goes structural reorganization following the UV/NaClO oxi-
dative treatment. While the SC surfactant corona achieves
rapid stabilization post-treatment, the DSPE-PEG interface
exhibits a significantly slower equilibration process. This
extended baseline evolution in the PEG system highlights the
different time scales of corona reorganization, which we
account for by using time-matched controls to isolate the OP-
dependent response from the intrinsic stabilization of the dis-
persion. Crucially, after the stabilization of the fluorescence
signal, the intensity from the OP-containing samples was sig-
nificantly higher than that of the control, a different behavior
compared to the D-SWCNTs@SC system in which OPs resulted
in an intensity decrease. This behavior highlights the different
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fluorescence stability and interaction dynamics of defect-
engineered SWCNTs in PEG compared to SC dispersions.

To highlight the effect of oxygen defects in SWCNTs@PEG
on the fluorescence response toward OP, we compared the be-
havior of D-SWCNTs@PEG with that of their pristine
SWCNTs@PEG counterparts. As shown in Fig. 4A,
D-SWCNTs@PEG exhibited a clear and significant increase in
fluorescence intensity 90 minutes after the addition of OP
compared to the control, consistent with the time-dependent
measurements (Fig. 3B). In sharp contrast, pristine
SWCNTs@PEG subjected to the same conditions showed only
a minimal change in fluorescence intensity upon OP addition
compared to the control (Fig. 4B). These findings clearly
demonstrate that oxygen defects are essential for
SWCNTs@PEG to exhibit a measurable fluorescence response
to OP, underscoring the essential role of defects in enabling
the modulation of SWCNT fluorescence.

To further assess the applicability of the oxygen defect
incorporation approach under realistic conditions, we evalu-
ated the fluorescence response of D-SWCNTs@PEG in sea-
water, representing a complex matrix relevant to environ-
mental monitoring. In this experimental workflow, the
D-SWCNTs@PEG suspension was first prepared and allowed
to equilibrate after defect incorporation for 2.5 hours. Seawater
and OP (with seawater alone as a control) were then added,
and the fluorescence response was monitored. This setup
mimics practical deployment conditions in which the nano-
materials are preconditioned before use, and analyte exposure
occurs only upon sample introduction.

When seawater and OP were introduced
D-SWCNTs@PEG dispersion, a clear fluorescence enhance-
ment was observed, with the emission intensity more than
doubling relative to the control (Fig. 5). Although the observed
fluorescence response to OP in seawater was reduced in magni-
tude compared to that observed under clean laboratory con-
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Fig. 4 Fluorescence response of pristine SWCNTs@PEG and D-SWCNTs@PEG toward OP. (A) Fluorescence intensity of D-SWCNTs@PEG 90 min
after adding water (control, purple) or OP (red). (B) Fluorescence intensity of pristine SWCNTs@PEG 90 min after adding water (control, green) or OP
(red). All spectra are normalized to the fluorescence intensity of the respective control sample at the 90 minute time point.
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Fig. 5 Fluorescence response of equilibrated D-SWCNTs@PEG. The
D-SWCNTs@PEG suspension was pre-equilibrated for 2.5 hours in
water, followed by the addition of OP with seawater (red) or seawater as
a control (purple).

ditions (Fig. 4A), these results demonstrate the feasibility of
using D-SWCNTs@PEG as optically-responsive nanomaterials
to OP in real-world samples such as seawater, serving as a
promising first step toward environmental applications.

It is important to note that prior studies from our labora-
tory have demonstrated that oxygen defect sites in (6,5)
SWCNTs suspended within a given corona environment can
exhibit distinct fluorescence responses toward different neuro-
transmitters.’® In those systems, the variation in response
arises primarily from differences in the chemical identity of
the analytes interacting with the same defect motif within an
identical interfacial environment. In contrast, the present
study examines how identical oxygen defect sites respond to
the same analyte when the nanotubes are stabilized with
different coronas. By keeping the analyte and defect chemistry
constant while varying the surrounding corona phase, the
current work isolates the role of the interfacial environment in
regulating defect-analyte interactions. The results demonstrate
that the same defect sites can produce markedly different fluo-
rescence responses depending on the corona that surrounds
the nanotube, highlighting how corona-mediated interfacial
chemistry can modulate the accessibility and reactivity of
defect sites toward a given analyte. This provides insight into
how corona engineering can be used to tune the sensing be-
havior of defect-functionalized SWCNT platforms.

Mechanistic insights into the interaction of OP with defect-
induced SWCNTs stabilized by different coronas

To gain mechanistic insight into the interaction of OP with
D-SWCNTs@SC and D-SWCNTs@PEG compared to their pris-
tine counterparts, we performed FTIR measurements
(Fig. S9A). Upon addition of OP to D-SWCNTs@SC, the charac-
teristic band at 1516 cm™" shifted to 1552 em™" (Fig. S9B). The
1516 cm™' peak is generally associated with symmetric C=C
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skeletal stretching in SWCNTs or aromatic ring vibrations.*’
Its shift to 1552 cm™, suggests either n-x interactions between
the conjugated SWCNT framework and the methacrylate
moiety of OP or modification of the local electronic environ-
ment upon binding.®" This observation points toward a direct
and stronger interaction between the OP molecule and the
SWCNT surface in the presence of defects. Additionally, new
peaks emerged at 1035 and 1053 cm ™" in the D-SWCNTs@SC
added with OP (Fig. S9B). These spectral features, typically
attributed to P-O-C symmetric stretching, C-O stretching, or
P-O-P bridging,®* were not observed in OP alone (Fig. S9B) or
in pristine SWCNTs@SC before and after OP addition
(Fig. S10). Further control experiments were conducted in
which the FTIR spectra of SC (the corona) were acquired
before and after treatment with OP. Notably, the aforemen-
tioned peaks were not observed in the FTIR spectra of SC
either before or after exposure to OP (Fig. S11). Instead, the
FTIR spectrum of SC after treatment was characterized by the
additive spectral features of SC and OP. These observations
suggested that the FTIR signatures detected in the presence of
D-SWCNTs@SC and OP were specific to the interaction
between OP and the defect sites. To rule out the possibility of
SC oxidation during treatment with UV and NaClO, FTIR
spectra of SC were recorded before and after exposure to these
conditions. Notably, the spectral features remained unchanged
(Fig. S12), indicating that the SC corona remained stable and
did not undergo detectable oxidative modification upon treat-
ment with UV and NaClO. Their exclusive appearance in the
defect-containing sample suggests either conformational
rearrangements of OP upon adsorption or the formation of
new vibrational modes through specific interactions, such as
coordination between phosphorous and defect sites on
SWCNTs. Taken together, these FTIR signatures highlight that
defect sites are indispensable for driving the observed inter-
actions between D-SWCNTs@SC and OP.

In contrast, when OP was introduced to D-SWCNTs@PEG,
the spectra predominantly displayed the characteristic peaks
of OP, with no discernible changes in either SWCNTs@PEG or
D-SWCNTs@PEG (Fig. S13). The FTIR spectra of DSPE-PEG
before and after treatment with OP were also acquired. Similar
to the case of SC treated with OP, only the additive spectral fea-
tures of DSPE-PEG and OP were observed (Fig. S14), suggesting
that no significant chemical interaction occurred between the
DSPE-PEG corona and OP. FTIR spectra of DSPE-PEG were also
recorded before and after treatment with NaClO and UV.
Similar to the observations for SC, the spectral features of
DSPE-PEG remained unchanged following treatment
(Fig. S15), indicating that the corona remained chemically
stable and resistant to oxidative conditions. Had OP under-
gone a direct reaction in this system, corresponding alterations
in its spectral features would have been expected. These
results suggest that OP interacts directly with defect sites in
D-SWCNTs@SC but does not engage in a similar reaction with
defects in D-SWCNTs@PEG. If the interactions were analo-
gous, one would expect comparable fluorescence responses.
Instead, D-SWCNTs@SC exhibited fluorescence intensity
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decrease, whereas D-SWCNTs@PEG showed fluorescence
enhancement. A plausible explanation is that in

D-SWCNTs@PEG, the introduction of defects perturbs the
corona structure, thereby exposing the SWCNT surface to exter-
nally added molecules. This facilitates direct passivation of the
SWCNT surface by OP, consistent with our earlier observations
in the case of dopamine,®® and is in line with previous reports
where fluorescence enhancement in various nanoscale par-
ticles has been attributed to surface passivation.”>””” Such pas-
sivation effectively removes trap states, leading to enhanced
fluorescence. In contrast, for defect-free SWCNTs@PEG, the
tightly packed corona prevents OP from accessing the surface,
accounting for the absence of any fluorescence modulation.
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To further substantiate our hypothesis, we carried out high-
resolution X-ray photoelectron spectroscopic (XPS) analyses of
the C 1s, O 1s, and P 2p core levels for the relevant samples.
For defect-free SWCNTs@SC, the C 1s spectrum exhibited
characteristic peaks corresponding to sp*-hybridized carbon
(C=C), C-0, and C=0 species (Fig. S16A).** The O 1s spec-
trum revealed a dominant contribution from C-O-C function-
alities (Fig. S16B).** Upon addition of OP, while the C 1s spec-
tral features remained unchanged (Fig. S16C), new peaks
emerged in the O 1s region corresponding to P=—=O and P-O
bonds (Fig. S16D).** The accompanying P 2p spectrum con-
firmed the presence of phosphorus solely in the form of P-O
derived from OP (Fig. S16E),** indicating surface adsorption
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Fig. 6 High-resolution XPS spectra of D-SWCNTs@SC (A) of C 1s and (B) O 1s, before the addition of OP. High-resolution XPS spectra of
D-SWCNTs@SC (C) of C 1s and (D) O 1s, after the addition of OP. (E) High-resolution XPS spectra of P 2p of D-SWCNTs@SC after the addition of OP.
The colored areas represent individual deconvoluted peaks, the black line shows the cumulative fit for multiple peaks, and the purple dots corres-

pond to the experimental data.
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without any covalent interaction with the SWCNT backbone.
In contrast, D-SWCNTs@SC displayed significant spectral evol-
ution upon OP addition. In the C 1s region, we observed the
characteristic peaks assigned to sp> carbon, C-O, and C=0 for
D-SWCNTs@SC (Fig. 6A),°* and the O 1s spectrum of
untreated D-SWCNTs@SC featured a peak due to C-O-C
(Fig. 6B).* However, the OP-treated D-SWCNTs@SC revealed
additional peaks attributable to sp* carbon in the C 1s spec-
trum, suggesting perturbation of the conjugated m-network
and partial transformation of sp® to sp® carbon atoms
(Fig. 6C),** and in the O 1s spectrum, new peaks attributed to
C-0-P,** C-0H,*® and H-O-H species,®® clearly evidenced the
formation of new O-P linkages (Fig. 6D). High-resolution P 2p
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analysis of OP-treated D-SWCNTs@SC further resolved two dis-
tinct P-O environments:®” one arising from the intrinsic P-O
bonds of OP, and another corresponding to newly formed P-O
bonds involving oxygen defect sites on the nanotubes
(Fig. 6E). These results collectively confirm the covalent bond
formation between OP and oxygen defects on D-SWCNTs@SC,
rationalizing the observed quenching of fluorescence in this
sample upon OP addition.

For defect-free SWCNTs@PEG, the XPS spectra remained
largely unaltered after OP addition. The C 1s and O 1s spectra
preserved their original features, with the sole new peaks
corresponding to P-O and P=0 from OP adsorption, as con-
firmed by the P 2p spectrum (Fig. $17).®* This indicates the
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Fig. 7 High-resolution XPS spectra of D-SWCNTs@PEG (A) of C 1s and (B) O 1s, before the addition of OP. High-resolution XPS spectra of
D-SWCNTs@PEG (C) of C 1s and (D) O 1s, after the addition of OP. (E) High-resolution XPS spectra of P 2p of D-SWCNTs@PEG after the addition of
OP. The colored areas represent individual deconvoluted peaks, the black line shows the cumulative fit for multiple peaks, and the purple dots

correspond to the experimental data.

This journal is © The Royal Society of Chemistry 2026

Nanoscale


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr05162b

Open Access Article. Published on 17 April 2026. Downloaded on 4/18/2026 12:16:48 AM.

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

(cc)

Paper

absence of any direct chemical bonding between OP and
SWCNTs@PEG. However, D-SWCNTs@PEG exhibited an
additional C 1s peak assignable to C—=O-OH and a corres-
ponding O 1s peak due to adsorbed molecular oxygen, both
indicative of oxygenated defect states (Fig. 7A and B).**
Interestingly, these peaks disappeared after OP addition,
implying defect passivation (Fig. 7C and D). This surface passi-
vation effect, well known to eliminate nonradiative trap
states,”® accounts for the fluorescence enhancement observed
in D-SWCNTs@PEG. Unlike in the D-SWCNTs@SC-OP system,
no new P-O bonding features were detected in the P 2p spec-
trum (Fig. 7E), reinforcing that fluorescence enhancement in
D-SWCNTs@PEG stems from defect-state passivation rather
than direct chemical interaction.

Collectively, these XPS results corroborate the FTIR find-
ings: the fluorescence quenching in D-SWCNTs@SC arises
from direct OP-defect bonding, whereas fluorescence enhance-
ment in D-SWCNTs@PEG originates from defect passivation
without covalent bond formation. Taken together, the FTIR
and XPS results point to two distinct interaction pathways gov-
erned by the corona environment. In the case of
D-SWCNTs@SC, the appearance of new P-O-related vibrational
features and additional sp® carbon contributions in the XPS
spectra indicates covalent interaction between OP and the
oxygen defect sites in the SWCNTSs. Such covalent modification
perturbs the local electronic structure of the nanotube, intro-
ducing additional nonradiative pathways that manifest as fluo-
rescence quenching. In contrast, for D-SWCNTs@PEG, the
absence of new P-O bonding signatures combined with the
disappearance of defect-associated oxygenated features
suggests passivation of defect states rather than direct covalent
reaction. This passivation reduces defect-related trap states
and is consistent with the observed fluorescence enhance-
ment. These observations highlight how the corona phase can
regulate the chemical reactivity of identical defect sites, ulti-
mately dictating the direction of fluorescence modulation.

Conclusions

This study demonstrates a strategy for tuning the fluorescence
response and kinetics of SWCNTs dispersed in SC and
DSPE-PEG toward the model analyte, OP, by introducing
oxygen defects via controlled UV/NaClO treatment. In SC-dis-
persed systems, D-SWCNTs@SC exhibited a rapid fluorescence
intensity decrease upon OP addition, stabilizing within
minutes. This decrease in intensity was significantly enhanced
compared to their pristine SWCNTs@SC counterparts, demon-
strating the role of defect incorporation in amplifying analyte-
induced optical modulation. Furthermore, we demonstrated
that the extent of fluorescence modulation can be tuned by
varying the UV exposure time. D-SWCNTs@SC treated with
5 minute UV irradiation showed a more pronounced response,
while a longer 15 minute exposure reduced the overall signal
transduction efficiency, yet still produced a larger response
than the pristine SWCNTs@SC suspension. These findings

Nanoscale

View Article Online

Nanoscale

highlight the tunable nature of oxygen defects and the impor-
tance of optimizing the defect incorporation protocol to
achieve maximal fluorescence sensitivity.

Conversely, in the PEG-dispersed systems, D-SWCNTs@PEG
showed slower equilibration, but ultimately provided a stronger
fluorescence response with an opposite trend, namely, an
increase in fluorescence upon OP exposure. Notably, pristine
SWCNTs@PEG exhibited negligible fluorescence change under
identical conditions, underscoring the necessity of defect intro-
duction to enable the observed response. These contrasting
trends in the SC and PEG systems highlight the influence of the
corona phase composition on the fluorescence modulation trend
and kinetics, where the distinct behavior likely arises from differ-
ences in corona structure.®** Importantly, we validated the plat-
form’s robustness in complex aqueous environments by demon-
strating a measurable fluorescence increase of D-SWCNTs@PEG
in seawater following OP addition.

FTIR and XPS analyses revealed that OPs interact directly with
defect sites in D-SWCNTs@SC, forming O-P and C-O-P bonds,
while in D-SWCNTs@PEG, OP-induced passivation perturbs the
corona, resulting in fluorescence enhancement without new
bond formation. The slower kinetics observed in PEG dispersions
are consistent with diffusion-limited surface passivation, whereas
SC dispersions undergo rapid, defect-mediated chemical inter-
actions. These findings demonstrate that identical defect sites,
when incorporated into SWCNTs suspended with different
coronas, can elicit distinct responses to the same analyte.

While this work focused on OP as a model analyte, the
mechanistic insights gained here, along with the modularity of
defect introduction,”® support broader application to other reac-
tive target species and complex environments. Together, this
approach provides a basis for developing defect-engineered
SWCNT-based platforms with tunable interfacial chemistry for
fluorescence modulation across chemically diverse environments.

Experimental section
SWCNT suspension with SC

10 mL of (6,5)-enriched CoMoCAT SWCNTs stock solution
(2 mg mL™" in 0.1 M NaCl) was mixed with 10 mL of 4%
sodium cholate (Sigma Aldrich). The mixture was first bath
sonicated for 10 minutes at 100% amplitude and at 80 Hz fre-
quency. Subsequently, tip sonication was performed using a
6 mm probe at 12 W, in two 30 minute cycles to achieve a
SWCNTs dispersion. Ultracentrifugation was carried out at
41 300 rpm for 4 hours to isolate well-dispersed SWCNTs from
aggregates. Absorption spectra were recorded over the range of
200-1400 nm using a UV-vis-NIR spectrophotometer
(Shimadzu UV-3600 Plus). Based on the absorbance at 632 nm
and an extinction coefficient of 0.036 L mg™" cm™',>* the
SC-SWCNT concentration was calculated to be 189.7 mg L™".

Introducing oxygen defects in SC-SWCNTs

To induce oxygen defects in SC-SWCNTs, 20 pL of the stock
suspension (189.7 mg L) was diluted with 480 pL of ultra-
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pure water. Then, 500 pL of 0.11% NaClO solution was added
to the diluted sample, yielding a total volume of 1 mL. The
mixture was transferred into a quartz cuvette and placed under
a 254 nm UV lamp. The sample was irradiated for 5 minutes to
initiate controlled oxidation, under continuous stirring at
room temperature.

SWCNT suspension with DSPE-PEG

To exchange SC on the surface of SWCNTs with DSPE-PEG,1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-{carboxy( poly-
ethylene glycol)-2000}, a dialysis was performed. First, a
DSPE-PEG aqueous solution at a concentration of 5 mg mL ™
was prepared and sonicated thoroughly to ensure complete
dissolution. Then, SC-SWCNTs were added to this solution at
a concentration of 40 mg L™", resulting in a final DSPE-PEG
concentration of 2 mg L™'. The mixture was dialyzed against
water for six days in a 1 kDa molecular weight cutoff (MWCO)
dialysis tube, with the water being replaced daily. This process
aimed to fully remove SC from the nanotube surfaces, thereby
allowing DSPE-PEG to adsorb effectively onto the SWCNTSs.

Oxygen defects in DSPE-PEG SWCNTs

Following dialysis, UV-vis-NIR absorption measurements
revealed a DSPE-PEG SWCNTs concentration of 31.12 mg L.
To ensure consistency with the SC-SWCNTs protocol, the
volume of the DSPE-PEG SWCNTs dispersion was adjusted to
120 pL and diluted with 360 pL of ultrapure water, maintaining
the same final SWCNT concentration, prior to defect introduc-
tion. All other treatment parameters, including oxidant con-
centration and irradiation conditions, were kept identical to
those used in the SC-SWCNTs oxidation procedure.

Near-infrared fluorescence

Fluorescence emission spectra were measured from samples
placed in a 96-well plate, positioned on the stage of an inverted
microscope (Olympus IX73). A 560 nm super-continuum
white-light laser (NKT-photonics, Super-K Extreme) served as
the excitation source. The emitted fluorescence was spectrally
separated using a Spectra Pro HRS-300 spectrograph
(Princeton Instruments), configured with a 500 pm slit-width
and a grating of density 150 ¢ mm ™. Detection was performed
with a 1D InGaAs array (PylonIR, Teledyne Princeton
Instruments) operating with a 4 second exposure. To generate
excitation-emission maps, excitation wavelengths were sequen-
tially tuned from 450 to 800 nm in 2 nm increments, using the
same laser.

Fluorescence response of D-SWCNTs to OP

A total of 147 uL of freshly prepared D-SWCNTs was combined
with 3 pL of OP, bis[2-(methacryloyloxy)ethyl] phosphate
(Sigma-Aldrich 496758) dissolved in water in a 96-well plate,
yielding a final OP concentration of 8 mM. Fluorescence
spectra were collected for each mixture, with background sub-
traction performed using water blanks. Each peak was fitted to
a Lorentzian function, and the maximum of the fitted curve
was taken as the fluorescence intensity maximum. To account
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for differences in absolute fluorescence intensity, the values
were normalized to the initial intensity. During the measure-
ments, laser power ranged between 15 mW and 17 mW.

Calibration measurements were performed in the same
manner, using 11 different OP concentrations ranging from
0.015625 mM to 16 mM.

To assess selectivity, measurements were conducted with
different analytes while keeping the total analyte concentration
in the solution constant at 8 mM.

Time-dependent measurements

Fluorescence kinetics were evaluated using two distinct
methods to capture both immediate and long-term dynamics.
Short-term monitoring was conducted on individual samples,
one at a time, within a single well of a 96-well plate to achieve
near-continuous acquisition. A baseline was established for 40
seconds, after which OP or water (control) was added manually
without interrupting the 4 second exposure intervals, captur-
ing the immediate kinetic response. All fluorescence time-
trace measurements were repeated in triplicate. In contrast,
long-term monitoring was conducted for several samples
across multiple conditions prepared in different wells of a
96-well plate. Due to the time required for analyte addition to
multiple wells and for the initialization of the sequential scan-
ning sequence, the first data point for each well was acquired
approximately 5 minutes after analyte addition, whereas sub-
sequent measurements were recorded every 15 minutes for
9 hours.

Fluorescence measurements with seawater

Samples of seawater were collected from the shore of the
Mediterranean Sea in sterile 50 mL test tubes. The
D-SWCNTs@PEG was first equilibrated in water for approxi-
mately 2.5 hours. Then, 10 pL of seawater at room temperature,
along with OP (dissolved in water) at a final concentration of
8 mM, were added to the nanotube suspension. In the control
experiment, only seawater was added to maintain the same
total volume of the samples. Fluorescence spectra were
acquired after an additional 15 minutes, with excitation at
560 nm.

Raman spectroscopy

Raman spectra were measured using a LabRAM Soleil (Horiba,
France) set-up. The spectrometer was first calibrated using a
silicon standard at 520 cm™'. Liquid samples were then
measured using the MACRO liquid attachment with a 10 x
10 mm? cell holder. A 532 nm laser source with a laser power
of 109 mW was used during measurements. The Spectra were
acquired in the 1000 cm™" to 2000 em™" range with a 1800 gr
per mm grating and a confocal hole of 150 pm. Measurements
were repeated 3 times for each sample.

Fourier transform infrared spectroscopy (FTIR)

Fourier-transform infrared (FTIR) spectra were acquired in
Attenuated Total Reflectance (ATR) mode using a PerkinElmer
Spectrum Two spectrometer. Samples were prepared by drop-
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casting onto glass slides and drying overnight prior to
analysis.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out using an automated ultra-
high vacuum (UHV) XPS system (PHI 5000 VersaProbe II, FEI
Inc.). The spectra were calibrated using the C 1s peak at 284.8
eV as the reference binding energy. High-resolution scans were
acquired with an energy step size of 0.125 eV. The measure-
ments were conducted after fluorescence stabilization, 30 min
for SC suspension and 2 h for DSPE-PEG suspension. For ana-
lysis, the samples were drop-cast onto clean glass substrates
and dried overnight under ambient conditions prior to
measurement.

Statistical analysis

All fluorescence experiments were conducted in triplicate, and
the spectra shown represents the average of three independent
measurements. Each sample’s fluorescence spectra were nor-
malized to its initial fluorescence intensity. The fluorescence
responses, illustrated in bar diagrams, represent averages of
three independent measurements, with accompanying error
bars denoting the standard deviation. In the case of
D-SWCNTs, triplicate measurements correspond to indepen-
dent aliquots drawn from the same defect-functionalized
SWCNT dispersion and measured in separate wells. When
larger volumes were required, multiple defect-functionali-
zation batches were prepared under identical conditions and
pooled prior to measurement to ensure representative ensem-
ble behavior. Data visualization and analysis were performed
using MATLAB.
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