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ABSTRACT: Copper is an essential trace metal in living ale S619E6 Ordered DNA
organisms, but excessive copper intake poses significant risks
to plants, animals, and human health throughout the food chain. o R
Developing a sensitive, nondestructive, and real-time technique S 3 v Exceptional Sensitivity
to assess copper uptake in plants is highly desirable, yet it c
remains a challenging task. Here, we demonstrate that purified N v High Selectivity
single-chirality carbon nanotubes (scCNTs) wrapped with a
periodically ordered DNA structure provide an unparalleled
platform for copper detection. By screening five distinct purified
DNA-scCNT species, we identified C;GC4GC,-(7,5) as the most
promising candidate. It demonstrated ultrasensitive and highly
selective detection of Cu?* ions, with a limit of detection of 1.20
PM, and showed no interference from 13 competing ions. This
system functions by efficiently adsorbing Cu®* ions onto the surface of the (7,5) nanotubes through an ordered DNA wrapping
structure. The electron transfer from (7,5) to Cu*" significantly quenches the nanotube fluorescence. Femtosecond transient
absorption (fs-TA) measurements revealed that the electron transfer occurs on a femtosecond time scale. C;GC4GC,-(7,5) was
successfully applied as a nanosensor for real-time, rapid, and quantitative detection of Cu®>" uptake in living plants. Our
findings highlight the superiority of purified DNA-scCNT sensors, establishing a paradigm for next-generation nanosensors.

v Explicit Mechanism

v Real-time Detection

KEYWORDS: single-chirality carbon nanotubes, ordered DNA structures, electron transfer, ion detection, photoluminescence

INTRODUCTION involves field sampling, followed by the digestion and
extraction of plant tissues.® ' This process demands
substantial labor for sample pretreatment and expensive
instrumentation. Moreover, it does not enable real-time
monitoring of copper contamination in the field. Therefore,
it is highly desirable but challenging to develop a facile and
sensitive technique that can assess copper uptake in plants in
real time and determine the concentration of copper in
agricultural soil.

Single-walled carbon nanotubes (CNTs) have found
extensive applications in biological sensing and imaging
technologies due to their fluorescence in the near-infrared

Copper is one of the essential trace metallic elements necessary
for the normal functioning of the central nervous system and
immune system, as well as for the growth and development of
internal organs and the activity of various enzymes.' However,
with the rapid development of industry and the widespread use
of copper-containing pesticides, the problem of copper
pollution in the environment is becoming increasingly severe.”
This excessive copper pollution has exceeded the tolerance
range of the ecosystem, posing threats not only to plants,
animals, and soil microorganisms but also having a deleterious
impact on human health through the food chain.”* Excessive
long-term intake of copper will damage the kidneys and liver,

cause abnormalities in the blood—brain barrier function, and Received:  May 20, 2025
potentially lead to Alzheimer’s disease.”® Revised:  July 21, 2025
It has been reported that approximately 40—45% of the Accepted:  July 22, 2025

Published: August 1, 2025

dietary copper intake comes from vegetables and plant-based
sources.” The conventional method for determining copper
levels in plants and soil, which relies on mass spectrometry,
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(NIR) region."' ™" Unless otherwise stated, CN'Ts in this work
refer to sinigle—walled carbon nanotubes. The wrapping of DNA
on CNTs,”® known as DNA-CNTs, not only confers water
solubility and biocompatibility to the nanotubes'® but also
expands their utility in diverse fields ranging from disease
diagnosis to agricultural biotechnology.””~** DNA-CNTs have
garnered tremendous attention as a promising sensing platform
due to several key factors: (i) their sensitive fluorescence
response to changes in the local environment,”>® (ii) the
versatility enabled by the unlimited combination of DNA
sequences and CNT chirality types,” " and (iii) their ease of
preparation and high stability.”> ™7 Despite significant
advancements in DNA-CNT sensors, the widely utilized
variety remains unpurified CNTs with a mix of chiralities
(Figure la). Their sensing performance is severely compro-

,- Unpurified mixed-chirality CNT sensors -,
a (Previous works)

,--- Purified single-chirality CNT sensors ---_
(This work)

X Congested spectrum

X Disordered & ill-defined DNA structure

+ Unimodal spectrum
« Ordered & well-defined DNA structure
X Passivated sensitivity and selectivity « Exceptional sensitivity and selectivity

« Explicit sensing mechanism

X Unexplicit sensing mechanism

Figure 1. Comparison of unpurified and purified DNA-CNT
sensors. Structural and sensing properties of (a) unpurified mixed-
chirality CNTs with an ill-defined DNA structure and (b) purified
scCNTs with a well-defined DNA structure.

mised by the presence of metallic CNTs, which could
potentially quench the fluorescence of sensors,'** as well as
various semiconducting tubes that cause spectral conges-
tion.””*’ Furthermore, the compositional heterogeneities and
ill-defined DNA structures present in the unpurified sensors
have signiﬁcantlj impeded our understanding of the sensing
mechanisms.*' ="

Herein, we report an ultrasensitive platform for real-time
detection of copper using purified single-chirality CNTs
(scCNTs), which are wrapped by DNA with a periodically
ordered structure (Figure 1b). By screening five distinct
purified DNA-scCNT species, we identified the C;GC4GC4
(7,5) species as the most promising candidate, exhibiting
exceptional sensitivity, selectivity, and stability in detecting
Cu’" ions. This can be attributed to both the chirality type of
(7,5) and the ordered DNA wrapping structures. Additionally,
the purified C;GC4GC,-(7,5) exhibited superior Cu®* sensing
capabilities compared to its unpurified (7,5) counterpart or
purified (7,5) coated with disordered DNA. The purified
DNA-scCNT sensors enabled us to explicitly elucidate the
sensing mechanism, which is challenging to achieve using
mixed-chirality sensors. We confirmed that the complexation
with DNA brings Cu*" ions into close proximity to the surface
of CNTs, and the electron transfer from (7,5) to Cu** resulted
in the fluorescence quenching of nanotubes. Femtosecond

transient absorption (fs-TA) experiments suggested that the
electron transfer took place on a femtosecond time scale and
accelerated the relaxation of photogenerated electrons in the
excited state. Benefiting from the exceptional sensing
capabilities of C3;GC4GC4(7,5), they were utilized as an
NIR fluorescent nanosensor for Cu** detection in living plants.
The ultrasensitive response to Cu®* in vivo has enabled rapid,
real-time, and nondestructive NIR fluorescent imaging of Cu*
uptake from plant roots.

RESULTS AND DISCUSSION

Screening of Purified DNA-scCNTs. To obtain purified
sensors, we utilized the aqueous two-phase (ATP) technique
to separate five distinct types of scCNTs by using their
respective resolving DNA sequences. Each resolving sequence
forms unique ordered wrapping structures on its target
scCNTs while creating disordered structures on nontarget
CNTs.*' The ordered DNA conformation, stabilized by
hydrogen bonding networks,*' minimizes structural variation
and conformational entropy, distinguishing it from disordered
DNA-CNT structures and facilitating nanotube separation in
the ATP system.”> The protocol for ATP separation is
delineated in the Supporting Information. The purified DNA-
scCNT species include (GCC),(CCG),-(6,4), C;(CCG),-
(9,1), T,C;3T;C4-(8,3), TTA(TAT),ATT-(6,5), and
C3GC¢GC4(7,5), whose chirality and purity were confirmed
by UV—vis—NIR absorption and photoluminescence (PL)
spectra (Figure S1). The main E,; emission peaks of the five
scCNTs are centered at 890, 928, 968, 993, and 1038 nm,
respectively. In addition to the main PL peaks, the presence of
minor peaks at 1050 nm for (6,4), 1092 nm for (9,1), 1134 nm
for (8,3), and 1206 nm for (7,5) can be attributed to the
charged excitons (i.e., trions).”* These peaks fall within the
NIR fluorescence emission spectrum, which is considered as
the ideal spectral window for biomedical imaging due to its
ability to penetrate dee? into tissue without significant
absorption or scattering.'’ We have recently reported that
resolving sequences construct periodically helical structures on
their target scCNTs with distinct pitches, and the resulting
DNA-scCNTs exhibited pitch-dependent sensing performance
in neurotransmitter detection.”’ We hypothesize that these
purified DNA-scCNT sensors may display diverse sensing
capabilities for ion detection, as the interactions between ions
and DNA molecules are largely influenced bZ the specific DNA
sequences and their hierarchical structures.*>*®

The optical response of purified DNA-scCNT sensors to
Cu® ions was initially examined by exposing them to a
solution of 10™® M Cu®*. The response is highly dependent on
the chirality type of the nanotube. Figure 2ab shows the
typical PL spectra of C;GC4GC4(7,5) and TTA(TAT),ATT-
(6,5) before and after the introduction of Cu** ions. Hereafter,
we denote C;GC¢GC,-(7,5) as (7,5) for simplicity, a notation
that is also applicable to other DNA-scCNTs. The spectral
responses for the other three DNA-scCNTSs can be found in
Figure S2. It is evident that (9,1), (8,3), and (7,5)
demonstrated an obvious decrease in PL intensity upon
exposure to Cu®* ions, whereas (6,4) and (6,5) exhibited a
negligible optical response. The sensitivity (S) of the optical
response can be quantified using the expression S = (I — I)/I,,
where I and I represent the PL intensity before and after the
addition of Cu®* ions, respectively. The most pronounced PL
change was observed for (7,5) with an S value of —0.5 (Figure
2¢), followed by (8,3) and (9,1), which exhibited S values of
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Figure 2. Sensing performance of purified DNA-scCNTs toward Cu** ions. (a, b) PL spectra of C;GC¢GC,-(7,5) and TTA(TAT),ATT-(6,5)
before and after the addition of 10™® M Cu®'. (c) Sensitivity of five distinct types of purified DNA-scCNTs and unpurified (7,5) in the

detection of Cu?®

*. All types of DNA-CNTs were prepared to an identical concentration (optical density, OD =

0.2) for sensitivity

measurement. (d) PL and (e) absorption spectra of (7,5) upon the addition of varying concentrations of Cu®*. (f) Response curve of (7,5)
toward Cu?*, with the data points fitted by the Hill equation. (g) Response of (7,5) toward Cu®" at low concentrations, with the data points
fitted by a linear equation. (h) Response of (7,5) toward various metal ions. (i) Response of (7,5) toward Cu>* (107® M) in the copresence of
other metal jons (107° M). The data are represented as the mean + standard deviation derived from 3 independent experiments.

—0.3 and —0.15, respectively. The underlying mechanism of
chirality-dependent sensitivity will be discussed in a later
section.

To make a direct comparison between purified and
nonpurified CNTs, we subsequently investigated the optical
response of unpurified DNA-CNT dispersions to Cu®"
The dispersions were prepared by using commercial SG65i
CNTs, which were dispersed by various DNA sequences.
Figure S3a shows a typical PL spectral variation of the
C;GC(GC,—CNT dispersion before and after the addition of
107® M Cu*" ions. As anticipated, an optical response was
observed across multiple wavelengths concurrently. These
unpurified DNA-CNT's exhibited a featureless decrease in their
PL intensity when exposed to Cu®', regardless of the DNA
sequences (Figure S3b—d). Due to the overlapping of spectral
peaks, it was difficult to quantify the sensitivity of each
chirality. We deconvoluted the response of (7,5) in the
unpurified DNA-CNT dispersion and calculated an S value of
—0.1 (Figure 2c). Both purified and unpurified (7,5) were
wrapped with the same C;GC4GC,; however, purified (7,5)
exhibited a significantly higher sensitivity (S = —0.5) to Cu**
compared to the unpurified one (S = —0.1). This discrepancy
can be attributed to the spectral congestion and the presence

ions.
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of metallic tubes in the unpurified dispersion, as previously
discussed. We reiterate that these issues substantially
compromise the detection capabilities of DNA-CNT sensors,
thereby reinforcing the significance of developing purified
scCNT sensors.

Sensing Performance of Purified C3;GC4;GC,4-(7,5)
toward Cu?* lons. Due to the high sensitivity of the purified
(7,5) toward Cu** ions, it was chosen as the standard sensor
for comprehensive investigation. Figure 2d shows the PL
spectra of (7,5) in response to varying concentrations of Cu®
ions, spanning from 107'* to 107" M. The PL intensity
dramatically decreased with increasing Cu®" concentration,
with the emission of (7,5) being reduced by 90% at 10~ M or
higher. The optical response of (7,5) to Cu®* was investigated
in the presence of various anions, including NO;~, SO,*", and
CI7, indicating that its sensitivity is anion-independent (Figure
S4). Furthermore, (7,5) exhibited stable emission spectra
under various conditions, including incubation at temperatures
up to 60 °C for 1 h, at ambient temperature for 15 days
(Figure SS), or across a pH range of 4 to 10 (Figure S6).
Notably, the (7,5) sensors retained a sensitive fluorescence
response to Cu’* ions throughout the pH range of 5 to 9
(Figure S7), which corresponds to the typical pH values found
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Figure 3. Sensing mechanism of C;GC4GC,-(7,5) toward Cu* ions. (a) PL response of (7,5) toward 10~ M Cu?' in the presence of different
concentrations of additional free DNA. (b) PL spectra of (7,5) upon the alternating addition of Cu®* (10~ M) and EDTA (107 M). (c)
High-resolution AFM height image of (7,5) wrapped with ordered C;GC4GC, and the corresponding height profile measurement along the
nanotube. The average helical pitch of DNA can be obtained from direct measurement. (d) PL response of (7,5) coated with nonresolving
DNA sequences toward Cu*. The response of C;GC4GC,-(7,5) is illustrated by the dashed line for comparative purposes. (e) High-
resolution AFM height image of (7,5) coated with a nonresolving sequence (C,GC4GC;) and the corresponding height profile measurement
along the nanotube. (f) Magnified regions of the G peaks in the Raman spectra of (7,5) upon the addition of varying Cu*" concentrations.
(g) C 1s XPS spectra of (7,5) before and after the addition of Cu**. (h) Cu 2p XPS spectra of Cu(NOj;), before and after chelating with
(7,5). (i) Schematic diagram illustrating the interaction between Cu®* ions and the (7,5) wrapped with ordered DNA, highlighting the

mechanism of Cu®* detection by DNA-CNTs.

in most biological tissues. This signifies that (7,5) sensors are
suitable for in vivo Cu?* detection applications, vide infra. It is
worth noting that despite a significant decrease in the PL
intensity of (7,5) upon Cu’** addition, the corresponding
absorption remains stable (Figure 2e). This implies that the
reduction in PL intensity is not due to nanotube aggregation
but instead a result of nanotube fluorescence quenching by
Cu** ions.

The responses of (7,5) against different concentrations of

Cu’" ions could be well fitted by the Hill equation Y = %,
+X
where Y is the normalized response, X is the analyte
concentration, n is the Hill coefficient, and K is the dissociation
constant. The analysis yielded a K value of 9.1 X 107 M and
an n value of 0.575 (Figure 2f). For comparison, the response
of unpurified (7,5) sensors in dispersion was also fitted by the
Hill equation (Figure S8), giving a K value of 2.1 X 1077 M
and an 7 value of 1.06. The unpurified (7,5) exhibited a much
bigger K value than the purified one, indicating a weaker
binding affinity toward Cu®* ions.”” This may be attributed to
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the competitive binding from various chiralities of DNA-CNTs
within the unpurified system, which necessitates a higher
concentration of Cu®" to achieve half occupation of the
binding sites on DNA-CNTs. The difference in K values also
explains the lower sensitivity of unpurified (7,5) compared to
the purified counterparts (Figure 2c). The limit of detection
(LOD) of the purified (7,5) was determined to be as low as
1.20 pM (Figures 2g and S9), demonstrating its ultrasensitive
ability to detect Cu®** ions—over 3 orders of magnitude more
sensitive than existing methods.”*™>°

We next investigated the selectivity of the (7,5) sensors
toward Cu®* by examining their optical response to a range of
metal ions commonly found in biological systems, including
Zn*, Ni**, Cd**, Ca®*, Co*, Ba**, Mg**, Mn**, K*, Li*, Na’,
Pb?*, and Fe®'. In contrast to Cu®*, these metal ions exerted a
minor effect on the PL intensity of (7,5) at the tested
concentration, ranging from 107'° to 107> M (Figures 2h and
S10). Anti-interference ability is an important criterion for
evaluating the specificity of optical sensors in practical
applications. To assess this attribute, we detected Cu®" in the
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Figure 4. Femtosecond transient absorption spectroscopy of (7,5) in the absence and presence of Cu®* ions. (a) 2D fs-TA map and (d) early
time (0 fs to 50 ps) fs-TA spectra for (7,5). (b) 2D fs-TA map and (e) early time (0 fs to 50 ps) fs-TA spectra for (7,5)/107 M Cu*". (c) 2D
fs-TA map and (f) early time (0 fs to 50 ps) fs-TA spectra for (7,5)/1077 M Cu®*. (g) Fitted GSB decay kinetics for (7,5) and (7,5)/Cu*". (h)
Lifetimes of three excited decay pathways for (7,5) and (7,5)/Cu?". (i) Schematic diagram illustrating the excited-state relaxation dynamics
of (7,5) and electron transfer with Cu**. All fs-TA measurements were excited by a 900 nm pump pulse.

copresence of other metal ions (107° M) and observed that
these metal ions did not interfere with the detection of Cu®* by
(7,5), demonstrating an exceptional anti-interference ability
(Figure 2i).

Sensing Mechanism of C;GC4GC,-(7,5) toward Cu®*
lons. The above results underscore that C;GC¢GC,-(7,5) is an
ultrasensitive, selective, and robust sensor for the detection of
Cu’* ions. To elucidate the sensing mechanism, we
investigated the interaction between C;GC¢GC,-(7,5) and
Cu®" ions. It has been reported that Cu** ions can bind to
DNA with high affinity.*> We assessed the interaction between
Cu® and free C;GC(GC, DNA using Fourier Transform
Infrared (FTIR) spectroscopy. As shown in Figure S11b,c, the
bands at 1517 cm™!, 1555 cm™}, and 1566 cm™!,
corresponding to the complexation of cytosine (N-3 position)
and guanine (N-7 position) with Cu®*, gradually appeared as
the Cu®" concentrations increased. Additionally, the bands
associated with the nucleic acid bases at 1503 cm™ and 1580
cm™ shifted to 1507 cm™ and 1583 cm™', respectively.
Concurrently, stretching vibrations at 1648 cm™ (C,=O of
cytosine) and 1680 cm™' (C¢=O of guanine) gradually
increased, while the bands corresponding to the phosphate
backbone remained unchanged (Figure S11a). This suggests
that Cu?* ions primarily bind to the N-7 position and Cc=0
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of guanine as well as the N-3 position and C,=O of cytosine
within the C;GC¢GC, molecules."”"'

To explore the DNA—Cu®" interaction further within a
sensing framework, we incorporated additional C;GC,GC,
into the C;GC(¢GC,-(7,5) sensing system and evaluated its
Cu® detection ability (Figures 3a and S13). A significant
reduction in sensitivity was detected as the concentration of
free DNA increased. Based on these observations, we propose
that upon the introduction of Cu** ions into C;GC¢GC,-(7,5),
they are bound by DNA wrapping around the (7,5), thereby
bringing them into proximity to the surface of the nanotube.
The interplay between Cu** ions and (7,5) nanotubes led to
the suppression of fluorescence emission. To further validate
the hypothesis, ethylenediaminetetraacetic acid (EDTA), a
potent chelating agent for Cu', was introduced into the
C3GC¢GC4(7,5) sensing system, which already contained
107 M Cu?". The quenched fluorescence was promptly and
fully recovered (Figure 3b). Since EDTA has a much stronger
affinity for Cu®* ions than DNA, the chelation of Cu®" ions
with EDTA prevents their interaction with (7,5) nanotubes,
leading to the recovery of fluorescence. Notably, the processes
of fluorescence quenching and recovery can be repeated for
multiple cycles without adversely affecting the sensing
performance (Figure S14).
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Figure 3c presents a high-resolution atomic force micros-
copy (AFM) image of C;GC4GC,-(7,5), which was measured
using a protocol we recently developed.* C;GC4GC, creates
an ordered wrapping structure around the (7,5) nanotube,
consistent with our earlier findings on other purified DNA-
scCNTs. The reversible sensing behaviors imply that Cu** ions
do not disrupt the ordered wrapping structure of C;GC4GC,.
The helical pitch of C;GC4GC, was measured to be ~ 2.2 nm,
which is larger than that observed for other purified DNA-
scCNTs, whose pitches were reported in our previous work.*'
A larger pitch provides more open space to accommodate Cu**
ions, which partly accounts for the superior sensitivity of (7,5)
compared to other purified nanotubes (an additional
interpretation will be discussed in the following paragraph).
Notably, the purified (7,5) nanotubes coated with non-
resolving sequences via DNA—DNA exchange’” exhibited
significantly reduced sensing capability (Figure 3d). This is
because the nonresolving sequences form disordered and
thicker coating structures on (7,5) (Figure 3e). Additional
AFM images and discussions of the ordered and disordered
structures of DNA can be found in Figure S15. As illustrated in
Figure la, the disordered structures prevent Cu®' ions from
approaching the surface of the (7,5) nanotubes, thereby
reducing the efficacy of fluorescence quenching. These findings
emphasize that the ordered DNA conformation is crucial for
ensuring the excellent sensing capabilities of C;GC4GC,-(7,5).

To explore the molecular mechanism underlying the
fluorescence quenching of (7,5) by Cu?*, we conducted a
series of experiments. First, Raman spectroscopy was utilized
to investigate the electronic state changes of the nanotubes
(Figure S16a). Both the G band and the G’ band experienced a
shift to a higher frequency as the Cu®" concentration increased
(Figures 3f and S16a—d). This upshift indicates the transfer of
electrons out of the nanotubes.>>™® In contrast, the G bands
remained unaffected when (7,5) was exposed to other divalent
metal ions, such as Mg®*, Zn*, and Cd*" (Figure S16e,f). This
is consistent with the observation that (7,5) was insensitive to
these ions, as presented in Figure 2h. Second, high-resolution
X-ray photoelectron spectroscopy (XPS) was performed to
analyze the surface chemical state of (7,5) sensors. Figure 3g
shows the C 1s XPS spectra for (7,5) before and after the
introduction of Cu®". The peak located at ~283.4 eV is
assigned to graphitic carbons on the pristine nanotubes. Upon
the addition of Cu?*, the binding energy of these carbons
increases to around 283.9 eV, signifying electron loss from the
nanotubes.’”*’ Meanwhile, the appearance of additional peaks
corresponding to Cu® in the XPS spectra of (7,5)/Cu®*
indicates electron gain by Cu®** (Figures 3h and §17).5462
These findings reveal that fluorescence quenching is a result of
nanotube oxidation, with electrons being transferred from
nanotubes to Cu®" (Figure 3i). Since the reduction potentials
of nanotubes are inversely proportional to their diameters, the
(7,5) nanotube, with the biggest diameter among the five ?rpes
of nanotubes studied, is the most susceptible to oxidation.”*~*
This further explains its higher sensitivity to Cu®" compared
with other types of purified DNA-scCNTs.

Exciton Dynamics in Electron Transfer from (7,5) to
Cu®**lons. To gain further insight into the sensing mechanism,
femtosecond transient absorption (fs-TA) spectroscopy was
used to study the excited-state relaxation dynamics of (7,5)
and electron transfer to Cu®". As shown in Figure 4a,d, the fs-
TA spectra of (7,5) exhibited a pronounced negative peak at
1035 nm and a positive peak (900—1020 nm) in the change of

absorbance (AA) upon excitation with a pump pulse of 900
nm. These two peaks were assigned to ground-state bleach
(GSB) and excited-state absorption (ESA), respectively.“’67
The GSB peak of (7,5) mainly reflects the excited-state
relaxation, which involves the generation and subsequent
relaxation of photogenerated electrons. Upon excitation, the
GSB peak quickly reaches a maximum at 700 fs, indicating the
generation and filling of electrons in the conduction band.®”%*
Subsequently, the intensity of the GSB peak decreases rapidly
within 50 ps (Figure 4d) and then decays more slowly on an
extended time scale. Upon the addition of Cu®*, the GSB signal
reaches a maximum more quickly, manifested as the GSB peak
achieving its maximum within 600 and 500 fs in the presence
of 107® M and 1077 M Cu?", respectively (Figure 4b,c,e,f). The
accelerated electron filling observed upon the addition of Cu**
suggests that the electron transfer from (7,5) to Cu** occurs on
a femtosecond time scale during the electron filling process.
Meanwhile, the ESA signal of (7,5)/Cu®" was suppressed in
comparison with (7,5), further validating the decrease of
excited electrons due to the transfer (Figure S19).

To quantitatively elucidate the kinetics in the excited state,
we fit the GSB decay curves of (7,5) and (7,5)/Cu** as shown
in Figure 4g by the following triple exponential function:*®

7 T, T3

t t t
y=xyt Alexp(——] + Azexp(——] + A3exp[——]

where A, (x = 1, 2, 3) is the percentage of charge carriers
involved in each process, and 7, (x = 1, 2, 3) represents the
corresponding lifetimes of the charge carriers. The average
lifetime (7,,.) can be calculated using the following equation:é8

Al><1'12+A2><1'22+A3><1'32
AXT+A X1+ A; X175

Tave

The fitting results revealed that three lifetimes of (7,5) were
2.6, 182, and 393.7 ps, respectively. The 7, value was
calculated to be 335 ps. These three lifetimes correspond to
three distinct decay pathways that govern the relaxation of
photogenerated electrons in the excited state. According to
previous studies, we suggest that the short lifetimes, 7, and 7,,
are attributed to intraband exciton relaxation®””? and elastic
defect scattering of charge carriers into the dark exciton state,”"
respectively. The long lifetime, 73, is ascribed to the radiative
recombination of electrons and holes.®” Upon the addition of
Cu?, the three lifetimes were shortened and exhibited an
inverse relationship with the Cu® concentration (Figure 4gh).
At concentrations of 10™® and 1077 M Cu?*, the lifetimes
decreased to 7, = 1.6 ps, 7, = 10.7 ps, 73 = 273.5 ps, and 7, =
1.4 ps, 7, = 8.8 ps, and 73 = 207.5 ps, with 7, values of 230.8
and 164.5 ps (Table S2), respectively. These results indicate
that electron transfer may occur throughout the entire de-
excitation process, thereby reducing the population of
electrons that would otherwise be released via intraband
exciton relaxation (7,), charge carrier scattering into the dark
exciton state (7,), and exciton recombination (z;) (Figure 4i).
Increasing the concentration of Cu** enhances the chance of
(7,5) nanotubes interacting with Cu**, thereby accelerating the
electron transfer rate and reducing the excited electron lifetime
in the nanotubes. This aligns with observations in other
donor—acceptor systems with similar charge transfer mecha-
nisms,”>”* where the excited electron lifetime is inversely
proportional to the acceptor concentration.
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Figure 5. Detection of Cu*" in living plants. (a) Schematic representation of the (7,5) sensor for real-time detection of Cu®* in plants using
an NIR camera and a 750 nm laser. (b) Bright-field image of a bean seedling treated with (7,5). (c) False-colored images illustrating the
time-dependent fluorescence changes in the roots of a bean seedling cultured in a 10 uM Cu** solution. (d) Fluorescence intensity changes
in the roots of bean seedlings cultured in water and various concentrations of Cu®" solution. (e) False-colored images illustrating the time-
dependent fluorescence changes in the stem of a bean seedling cultured in a 10 uM Cu®" solution. (f) Fluorescence intensity changes in the

stem of a bean seedling cultured in water and 10 gM Cu** solution.

Real-Time Imaging and Detection of Cu?* Uptake in
Living Plants. The highly sensitive and selective sensing
capabilities of (7,5) toward Cu®* render it a promising nano-
optical sensor for real-time detection of Cu** in plants. This
can be achieved by detecting the fluorescence change of
embedded (7,5) in response to the uptake of Cu®* ions from
the plant’s roots (Figure Sa). The experiment was facilitated by
an integrated NIR imaging system, which incorporates a 750
nm laser and an InGaAs detector (Figure S21). Due to their
nanosized and biocompatible nature, DNA-CNTSs are expected
to be readily absorbed by plants without adversely affecting
their growth.”*”> We first demonstrate the absorption of our
nanosensors in live plants by culturing bean seedlings in a
dilute solution of (7,5) and monitoring the real-time
fluorescence of the plants (Figure S22). The fluorescence
intensity gradually increased over time, indicating that the
nanotubes were transported into the plants. The nanotubes
began to be absorbed by the root of bean seedlings within 10
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min and reached saturation after 100 min (Figure S23). The
NIR fluorescence of absorbed nanotubes exhibited high
photostability, showing no signs of photobleaching and
remaining unaffected by chlorophyll autofluorescence. These
characteristics further enhance the advantages of DNA-scCNT
sensors for sensing applications in plants.

To effectively monitor the distribution and concentration
changes of Cu’" ions within plants in real time, (7,5) sensors
were integrated into different parts of the plants, including the
roots, stems, and leaves. First, to investigate the capabilities of
absorbed (7,5) to detect Cu®* within the roots, we selected
bean seedlings with a simple root and stem system as our
model plants. The seedlings were initially cultured in a diluted
(7,5) solution for 2 h to obtain a clear NIR signal (Figure Sb),
followed by transferring them into a solution of Cu®** ions
(Figure S24). The Cu®" concentration used in the plant
imaging study is in the micromolar range, which is typical for
hydroponic nutrient solutions for vegetables.”® Over time, the
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Figure 6. Real-time detection of Cu®* in spinach leaves. (a) False-colored fluorescence images and (b) time-dependent fluorescence intensity
changes (orange line) of the spinach leaf upon the addition of a 10 gM Cu** solution into the root environment. The green line represents
the linear fit of the Cu®* accumulation in the leaves, as measured by ICP. (c) Linear fit of the fluorescence change and the accumulated Cu*
levels in the leaves, as measured by ICP. (d) Bright-field image and photograph of a spinach leaf infiltrated with both purified (7,5) and
unpurified CNTs. (e) False-colored fluorescence images and (f) time-dependent fluorescence intensity changes of the spinach leaf upon the

addition of a 10 uM Cu®* solution to the root environment.

fluorescence intensity of bean seedlings progressively de-
creased as Cu®* was absorbed and transported from the roots
into the vascular bundle (Figure Sc). Within 45 min of
exposure to a 10 uM Cu** solution, the fluorescence intensity
decreased by approximately 53%. The reduction in fluo-
rescence intensity was proportional to the concentration of
Cu’" ions in the culture medium during the first hour of
exposure, until the Cu®* ions reached a superaccumulated level
in the roots (Figure Sd). As a control, no reduction in
fluorescence was detected when the plant was nourished in
deionized water for 180 min (Figures S25 and S26). These
observations indicate that (7,5) maintains its capabilities in
detecting and tracing Cu®* within biological systems.

Next, we focused on monitoring the transport of Cu** within
the stem. To this end, we injected (7,5) into the stem of the
bean seedling, which was subsequently cultured in a 10 yuM
Cu®" solution. As shown in Figure Sef, the fluorescence
intensity at the bottom of the stem diminished noticeably
within the initial 15 min, as a consequence of the plant’s
transpiration process. In contrast, the fluorescence at the top of
the stem, farther from the roots, remained relatively stable.
With the transportation of Cu®', the fluorescence changes at
the top of the stem became noticeable. After S5 min, the
fluorescence quenching was uniformly observed across the
entire stem, with a total decrease of approximately 55%. As a
control, no reduction in fluorescence was observed when
nurturing in dejonized water (Figure S27). These observations
further validate that the (7,5) sensor is an effective and reliable
tool for detecting and tracking the transport and distribution of
Cu ions within diverse plant tissues, thereby providing
valuable insights into the dynamics of metal jon transport in
plants.
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Spinach (Spinacia oleracea), a commonly consumed leafy
vegetable in daily diets, is particularly rich in copper due to its
high capacity to absorb Cu®" ions. We selected spinach as a
model plant to examine the uptake and distribution of Cu**
within the leaves. The (7,5) sensors were introduced into the
spinach leaves via a nondestructive vacuum injection. NIR
imaging of (7,5) distributed within the leaves exhibited an
intense fluorescence signal (Figure $S28). This signal remained
stable with minimal fluctuation for a period of 5 h when the
spinach was grown in water, manifesting the high stability of
nanosensors within the plant’s complex matrix. Subsequently, a
dilute Cu®* solution was supplied to the roots of spinach
plants. As transpiration took place, the Cu®" ions were
absorbed by the roots and eventually interacted with the
nanosensors embedded in the leaves, leading to fluorescence
quenching over time. Specifically, after 5 h, there was a
significant decrease of ~60% in the average fluorescence
intensity (Figures 6a and S28c). The quenching of the
fluorescence intensity showed an inverse linear correlation with
the Cu’* uptake time (Figure 6b, orange line). As a
comparison, we conducted real-time imaging of spinach leaves
cultivated in a mixed solution containing 13 ions for 4 h, with a
concentration of each ion at 10 yM. The fluorescence intensity
remained relatively stable throughout the measurement period
(Figure S29), in contrast to the fluorescence quenching
observed when the plants were exposed to a Cu®* solution.
These findings further support the selective detection of Cu**
in in living plants.

To quantify the accumulation of Cu®* in the leaves,
inductively coupled plasma mass spectrometry (ICP-MS)
was employed to create a calibration curve. This curve enables
the conversion of changes in sensor intensity into a
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quantitative measurement of Cu®* concentration variations.
Before conducting this analysis, it was essential to eliminate the
interference caused by naturally occurring Cu®* present in
spinach. By using the Cu®" content in untreated spinach as a
baseline, we can quantitatively assess the Cu®" levels in the
treated spinach samples. For example, fluorescence decreases
of 7.2% and 60% corresponded to 0.02 and 0.33 ppm of Cu**
levels, respectively, after treating the leaves with a 10 uM Cu?*
solution for 1 and S h. We fitted the Cu®* levels in spinach
measured by ICP with the uptake time, yielding a linear
correlation, as shown in Figure 6b (green line). Combining this
with the orange fitting line, we can establish a linear
relationship between the fluorescence change and the
accumulated Cu*" levels in the leaves (Figure 6c), which is
described by the following equation:

[Cu®*, ppm] = —0.59AF — 0.011

Here, the AF represents the (I—I,)/I, ratio from the (7,5)
sensors embedded in the leaves. The quantitative correlation
demonstrates our method’s reliability and accessibility as a
viable alternative to complex ICP-MS procedures, which
require field sampling, digestion, and extraction.

Finally, to showcase the superior performance of our
nanosensors over nonpurified counterparts in real-time
imaging applications, we injected (7,5) and unpurified CNT
sensors into two separate regions of a spinach leaf lamina. This
allowed for a direct comparison of their sensing capabilities
(Figure 6d). During the initial 60 min, the fluorescence
intensity in both regions remained stable, as the Cu** ions had
not yet interacted with the sensors (Figure 6e,f). After this
interval, the fluorescence intensity in the region treated with
(7,5) sensors diminished considerably, indicating a high
sensitivity to even low concentrations of absorbed Cu’*. In
contrast, only a slight change in fluorescence was observed in
the region treated with the CNT dispersion until 240 min,
reflecting the low sensitivity of unpurified sensors. Beyond 240
min, the fluorescence from both sensors was rapidly quenched
due to the accumulation of Cu®’. Nevertheless, the (7,5)
sensors maintained a higher level of sensitivity compared with
the CNT dispersion (Figure 6f). These findings highlight the
ultrasensitive nature of our nanosensors, a critical attribute for
advancing the development of sensors that utilize optical and
wireless signals to monitor plant health status in real time.

CONCLUSIONS

In summary, we have successfully developed a high-perform-
ance framework for the real-time and quantitative detection of
Cu** ions in plants using purified DNA-scCNT sensors. This
framework operates by monitoring the fluorescence reduction
of scCNTs induced by the Cu®* ions. We confirmed that the
fluorescence quenching mechanism is attributed to electron
transfer from the scCNTs to Cu®" ions. Unlike the prior
unpurified counterparts, the purified sensors are distinguished
by their monochirality CNTs, which are wrapped with
periodically helical DNA. The uniformity in chirality type
and the well-defined DNA wrapping structures confer
significant advantages to the purified DNA-scCNT sensors,
including exceptional sensitivity, selectivity, stability, and
clearly elucidated sensing mechanisms. Our assay is anticipated
to be a starting point for the development of next-generation
nanosensors based on purified DNA-scCNTs. The diverse
combination of distinct chiralities of CNTs with controlled

DNA helical structures will facilitate a promising platform
capable of detecting ions, small molecules, and biomacromo-
lecules with both sensitivity and specificity. This holds
significant potential for a wide range of applications, ranging
from precision agriculture to healthcare and disease diagnosis.

METHODS

Fluorescence Detection of Cu?* in Aqueous Solution.
The fluorescence assay for Cu®* detection was conducted as
follows: a solution of C;GC4GC,-(7,5) was prepared to a final
concentration of 0.2 optical density (OD). Small volumes of
concentrated Cu** solutions were gradually added into the
(7,5) solution to make the final concentration of Cu** ranging
from 107> M to 10™* M. The PL spectra of the (7,5) solution
were then recorded at these varying Cu®* concentrations. The
same procedure was applied to detect Cu’* using other types
of scCNTs. The Cu®" ions used in this study were derived
from Cu(NO;),, unless otherwise stated.

In the selective assay, Cu®* was replaced with other metal
ions, and the PL spectra were measured under the same
conditions. To assess the anti-interference capability of (7,5),
Cu?" detection was performed in the presence of various ions.
A solution of (7,5) (OD = 0.2) was prepared, and then
solutions of salts containing different metal ions (each at 107¢
M) were added, followed by the addition of an equal
concentration of Cu**. The PL spectra of (7,5) were then
recorded.

C5GC¢GC,-(7,5)-Based Sensing Platform for Cu?*
Detection in Plants. Bean seedlings were obtained by
incubating the seeds in deionized water for up to 6 days. One-
month-old spinach plants with intact root systems were
purchased from a local agricultural market. To monitor the
uptake of (7,5) in plant roots, bean seedlings were incubated in
a (7,5) solution (OD = 0.5) and placed in an NIR imaging
system equipped with an InGaAs camera. The plants were then
subjected to real-time imaging for 2 h using excitation from a
750 nm laser (Figure S21). A 1000-nm long-band-pass filter
was placed in front of the camera lens to eliminate the
interference of chlorophyll, autofluorescence, and the reflected
excitation beam. To observe real-time changes in Cu®"
concentration in plant roots, the (7,5) sensors were first
introduced into the roots of bean seedlings. The root surfaces
were then washed with deionized water to remove residual
(7,5). Subsequently, the treated plants were incubated in a 10
UM Cu** solution, and the concentration variation of Cu** was
monitored in real time.

To observe the transmission and distribution of Cu®* in
plants, the stems of bean seedlings were infiltrated with (7,5)
using a fine needle syringe. The treated plants were then
incubated in a 10 uM Cu®* solution and monitored by an
imaging system. Similarly, (7,5) sensors were infiltrated into
the leaves of spinach via nondestructive vacuum injection. The
leaves were then carefully washed with deionized water to
remove any residual (7,5) from the surface. Afterward, the
treated plants were cultured in deionized water for 1 h to
stabilize the sensor in the leaves and then transferred to a 10
UM Cu** solution for imaging collection.

Fluorescence images in false color were obtained using
Image] software, and the fluorescence intensity data for (7,5)
were extracted with the same software. Specifically, the sensor
response was determined from the NIR images by normalizing
the (7,5) fluorescence to the corresponding baseline value
before the introduction of Cu®*. The changes in fluorescence
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intensity were quantified by summing the total fluorescence
within predefined regions of the plants. Specifically, the
fluorescence intensities of the entire root in Figure Sc and
the whole leaf in Figure 6a were measured. For the stem of a
bean seedling in Figure Se, the fluorescence intensity in the
regions marked by the dashed boxes was calculated to quantify
the fluorescence of both the top and bottom stems.
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