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  1.     Introduction 

 Single walled carbon nanotubes (SWCNT) are nanomaterials 

with extraordinary mechanical and electrical properties that 

have applications to the fi elds of electronics, [ 1 ]  materials, [ 2 ]  

and sensors. [ 3,4 ]  In particular, optical nanosensors have ena-

bled the detection of analytes with high spatio-temporal 

 Advances in the separation and functionalization of single walled carbon nanotubes 
(SWCNT) by their electronic type have enabled the development of ratiometric 
fl uorescent SWCNT sensors for the fi rst time. Herein, single chirality SWCNT are 
independently functionalized to recognize either nitric oxide (NO), hydrogen peroxide 
(H 2 O 2 ), or no analyte (remaining invariant) to create optical sensor responses from 
the ratio of distinct emission peaks. This ratiometric approach provides a measure of 
analyte concentration, invariant to the absolute intensity emitted from the sensors and 
hence, more stable to external noise and detection geometry. Two distinct ratiometric 
sensors are demonstrated: one version for H 2 O 2 , the other for NO, each using 7,6 
emission, and each containing an invariant 6,5 emission wavelength. To functionalize 
these sensors from SWCNT isolated from the gel separation technique, a method 
for rapid and effi cient coating exchange of single chirality sodium dodecyl sulfate-
SWCNT is introduced. As a proof of concept, spatial and temporal patterns of the 
ratio sensor response to H 2 O 2  and, separately, NO, are monitored in leaves of living 
plants in real time. This ratiometric optical sensing platform can enable the detection 
of trace analytes in complex environments such as strongly scattering media and 
biological tissues. 

Sensors

resolution. [ 5,6 ]  Semiconducting SWCNT are excellent signal 

transducers for nanosensors due to their fl uorescence sta-

bility, lifetime, and emission in the near-infrared (NIR). [ 7 ]

Consequently, there has been much interest in developing 

nanosensors by noncovalent complexation of various wrap-

pings with SWCNT, such that the SWCNT corona can recog-

nize an analyte. [ 8 ]  However, one challenge in using chemically 

responsive fl uorescent probes is obtaining an absolute signal 

such that probe intensity can be used to calculate local pres-

ence of an analyte. In analytical chemistry, such probes are 

often employed as ratiometric sensors in which one of two 

distinct fl uorophores report an analyte-independent refer-

ence signal to which the sensing signal is scaled. [ 9 ]  To date, 

it has not been possible to generate a ratiometric sensor 

using carbon nanotubes because of diffi culty in separating 

the nanotubes as distinct chiral species with characteristic 

emission wavelengths. In this work, we capitalize on recent DOI: 10.1002/smll.201403276
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progress from our group and others in the separating and 

sorting of SWCNT [ 10–15 ]  to generate the fi rst SWCNT ratio-

metric fl uorescent sensors. 

 In previous work, the signal observed from optical 

nanosensors was largely limited to the fl uorescence response 

of a multichirality SWCNT sample with multiple peaks 

of NIR emission. [ 8,16–19 ]  Other studies have also produced 

multimodal sensors, in which the same SWCNT wrapping 

generates distinct optical signals from different molecular 

interactions. [ 20 ]  However, there are numerous advantages 

in developing SWCNT ratiometric sensors, particularly for 

analyte quantifi cation in living systems, [ 17 ]  where interfering 

biomolecules are abundant. Though a sensor may respond 

clearly to an analyte in vitro, it is often very diffi cult to limit 

the sensor response to the analyte of interest when the sensor 

is immersed into a complex and dynamic biological sample. 

One approach to optimizing sensor development relies on 

extensive screening of the sensor in the presence of possible 

interfering molecules. [ 8,18 ]  This approach is time intensive 

and is therefore a signifi cant limitation in the development 

of optical sensors. The signal from a nonresponsive reference 

chirality within a ratiometric sensor increases the certainty 

with which we attribute the observed response to the ana-

lyte presence, and can greatly facilitate and expedite future 

development of selective optical sensors. Additionally, single 

chirality SWCNT are brighter than multichirality SWCNT 

mixtures, reaching six times higher fl uorescence on a per-

mass basis. [ 21 ]  

 Despite the strong interest in the development of ratio-

metric optical sensors, several limitations have restricted 

their successful production from chirality-separated SWCNT. 

A main problem has been the relative diffi culty in obtaining 

preparative-scale quantities of single-chirality SWCNT. [ 13 ]  

A common method for the production of single chirality 

SWCNT suspended in sodium dodecyl sulfate (SDS) 

relies on—preparative-scale separation through columns 

of Sephacryl [ 13,14 ]  followed by coating exchange of SDS 

with other species by dialysis, [ 21 ]  a time and labor-intensive 

process. Manual separation of large volumes of single chi-

rality SWCNT in Sephacryl columns can take several days. 

Similarly, corona exchange by dialysis is slow and requires 

numerous changes of water baths over 24 to 32 h. [ 8,21 ]  These 

methods may also have a low percent recovery of single 

chirality SWCNT, and are therefore not optimal for high-

throughput screening of SWCNT coatings for sensor applica-

tions. However, recent developments in SWCNT separation 

have produced automated and scalable chromatographic 

SWCNT separation protocols, which have allowed routine 

suspensions of high purity single chirality SWCNT in SDS. [ 22 ]  

Here, we applied automatic separation protocols using a 

quantitative theory of adsorptive separation for electronic 

sorting of SWCNT of 6,5 and 7,6 chiralities. [ 14 ]  

 Another limitation for the production of ratiometric sen-

sors is the inherent diffi culty in exchanging SWCNT coronas. 

To produce a ratiometric sensor, one must selectively wrap 

one SWCNT chirality with a corona that is responsive to the 

analyte, and another SWCNT chirality with a corona that 

is either nonresponsive or responds opposite to the ana-

lyte signal. The diffi culty lies in exchanging one SWCNT 

corona, SDS in this case, for a corona that will enable a selec-

tive response to the target analyte with high exchange effi -

ciency. As such, large-volume coating exchange processes 

for SDS-SWCNT remains a bottleneck for high throughput 

development of single chirality SWCNT sensors. The ability 

to separate SWCNT in scalable quantities combined with 

a novel and effi cient, Rapid Corona Exchange for SWCNT 

(RACES), enables the production of ratiometric sensors 

to detect separate analytes using a single optical sensing 

platform. 

 In this work, we capitalize on these recent advances to 

create two distinct examples of ratiometric sensors, one for 

hydrogen peroxide (H 2 O 2 ) and the other for nitric oxide 

(NO). Reactive oxygen and nitrogen species have been tradi-

tionally diffi cult to detect due to their rapid diffusivities and 

short lifetimes. [ 23,24 ]  Therefore, there is signifi cant interest in 

detecting these species with optical sensors. Furthermore, NO 

is a signaling molecule in plants [ 25 ]  whereas H 2 O 2  is an indi-

cator of oxidative stress that can damage the plant's photo-

synthetic machinery. [ 26 ]  For each species, we identify unique 

corona phases that are selective to each analyte, and pair 

them with a corona phase that is largely invariant to that ana-

lyte by using RACES. The result, for each case, is a pair of 

SWCNT fl uorescence emitters, where only one is modulated 

in response to an analyte and the other signal acts as a ref-

erence, allowing absolute calibration independent of overall 

intensity, a clear advance from a multichirality approach. 

Finally, we demonstrate the utility of our ratiometric sensor 

approach in vivo by detecting H 2 O 2  and NO in optically 

dense and biologically complex living plant tissues.  

  2.     Results and Discussion 

  2.1.     Suspension and Characterization of Poly-Coated Single 
Chirality SWCNT 

 Using single chirality SWCNT requires separation in SDS 

through columns of Sephacryl [ 13,14 ]  followed by coating 

exchange of SDS with other species by dialysis. [ 21 ]  Coating 

exchange by dialysis is slow, requiring numerous water bath 

changes, [ 8,21 ]  sometimes resulting in low recovery of single 

chirality SWCNT. Therefore, dialysis is not optimal for pre-

parative scale SWCNT suspensions. A novel technique for 

coating exchange of SDS single chirality SWCNT, RACES, 

allows rapid, and effi cient suspension of single chirality 

SWCNT with a variety of molecules. After SWCNT sepa-

ration by chirality in 5% SDS, the wrapping is added to the 

suspension of carbon nanotubes at a 10:1 mass ratio. During 

bath sonication, the methanol (MeOH) content of the mix-

ture is increased via dropwise addition to more than 60% 

v/v. Increasing the MeOH concentration beyond the critical 

micelle concentration for SDS likely solubilizes SDS as a sur-

factant monomer, thereby enabling the wrapping species to 

encapsulate the SWCNT ( Figure    1  a). The result is a gradual 

SDS desorption with simultaneous adsorption of the new 

wrapping to the carbon nanotube surface. The protocol can be 

performed in a few hours with yields up to ≈71% depending 

on the chemical structure of the new wrapping (Figure  1 b–c).  
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 We predicted that the effi ciency of the RACES SWCNT 

coating exchange would be dependent on the binding 

affi nity of the exchanged molecule to the SWCNT surface. 

Wrappings high in functional groups that are likely to bind 

to the SWCNT surface via π-stacking, such as phenyl rings, 

should result in high-yield coating exchanges. We tested the 

exchange effi ciency of RACES for a variety of different 

molecules as depicted in  Figure    2  . The exchange effi ciency 

was determined by the percent recovery of SWCNT, as 

calculated by comparing initial and fi nal concentrations 

of SWCNT based on the E11 peak of absorbance for 6,5 

SWCNT. As expected, we found the highest exchange effi -

ciency in RNA (71%), folate-polyethylene glycol (FOL-

PEG) (65%), and DNA (61%) coatings, which are rich in 

aromatic groups (Figure  1 b,c). In contrast, RACES has 

very low SWCNT recovery when SDS is exchanged with 

lipids such as 1,2-dimyristoryl-sn-glycero-3-phosphocholine 

(DMPC) (15%) and 1,2-dimyristoryl-sn-glycero-3-phosphoe-

thanolamine- n -methoxy PEG (DMPE-PEG) (6%), due to 

the low binding affi nity of these polymers or surfactants to 

the SWCNT.  

 The high percentage of recovery of DNA, RNA and 

FOL-PEG is caused by cooperative effects, including the 

strong attraction between the aromatic rings and the SWCNT 

sidewalls, and the stabilization of the hydrogen bonding net-

work between adjacent molecules. In addition, DNA or RNA 

may helically wrap SWCNT via π-interactions. [ 27 ]  Polyvinyl 

alcohol (PVA) showed moderate percentage of recovery pos-

sibly due to the lack of aromatic groups and relatively neutral 

charge. However, PVA has a unique property of irreversible 

adsorption to hydrophobic surfaces, which is explained by 

polymer crystallization occurring concurrently with adsorp-

tion. [ 28 ]  The hydrogen bonding network of PVA can addi-

tionally tighten the affi nity between PVA and SWCNT. 

Chitosan is a weak base with a pKa value of  d -glucosamine 

of about 6.2–7 and therefore is insoluble at neutral and alka-

line pH values. To dissolve chitosan in water, we added acetic 

acid. In acidic conditions, the amine groups are protonated 
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 Figure 1.    Method for rapid and effi cient coating exchange of single chirality SWCNT by sonication. a) The free wrapping in solution adsorbs to 
SWCNT surface during bath sonication as MeOH is added dropwise. Addition of MeOH up to 60% v/v increases the critical micelle concentration 
of SDS from 8.27 to 10.9 × 10 −3   M  such that SDS falls into solution as a surfactant monomer. b) Absorption spectra of single chirality 6,5 SWCNT 
showing that coating exchange effi ciency depends on the type of molecule. c) Percent recovery of 6,5 SWCNT after exchange of SDS with other 
coatings.
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resulting in a soluble form of chitosan. Chitosan in solution 

exists in the form of a quasi-globular conformation stabilized 

by extensive intra- and intermolecular hydrogen bonding, 

which might provide weak attraction between chitosan and 

SWCNT. [ 29 ]  The DMPC is a cationic surfactant that strongly 

interacts with anionic surfactants, such as SDS, thus affecting 

DMPC micelle formation around SWCNT. [ 30 ]  Amphiphilic 

molecules containing long alkyl chains and PEG, like DMPE-

PEG, can interact with SDS. The structure of DMPE-PEG 

is preserved up to an SDS concentration that coincides 

with its critical micelle concentration. [ 31 ]  Therefore, our sur-

factant exchange method leads to low recovery percentage of 

SWCNT with DMPE-PEG. Dextran is a complex, branched 

glucan composed of chains of varying lengths. The binding 

between SWCNT and dextran is limited solely to its hydro-

phobic interaction with the central part of the dextran chain. 

Dextran-SWCNT complexes have been previously made by 

the traditional method of adding solid SWCNT to aqueous 

dextran as we mentioned above. [ 32 ]  However, our method 

requires the addition of methanol that causes dextran pre-

cipitation and thereby no recovery of Dextran-SWCNT.  

  2.2.     SWCNT Ratiometric Detection of Free Radicals In Vitro 

 We selected two different analytical systems to address using 

our ratiometric detection approach. In system 1 (H 2 O 2  detec-

tion platform), we used ss(GT) 15  DNA wrapped 7,6 SWCNT 

(Emission = 1131 nm) that quenches in the presence of H 2 O 2,  

combined with 6,5 ss(AT) 15  DNA SWCNT (Emission = 

984 nm) that is largely invariant to H 2 O 2 . The result is a pair 

of emission wavelengths that can determine changes in H 2 O 2  

small 2015, 11, No. 32, 3973–3984
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 Figure 2.    Chemical structures of molecules used for single chirality SWCNT coating exchange. Exchange recovery depends on the chemical structure 
of the molecules, with aromatic groups in DNA, RNA, and FOL-PEG enabling more effi cient SWCNT coating exchange.
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independent of absolute intensity. As expected, the NIR 

fl uorescence of 6,5 SWCNT coated with ss(AT) 15  was not 

affected by the presence of 100 × 10 −6   m  H 2 O 2  ( Figure    3  a). 

In contrast, 7,6 ss(GT) 15  SWCNT fl uorescence was quenched 

by ≈20% within 10 min of addition of H 2 O 2  (Figure  3 a and 

 Figure    4  a). Previously, our group demonstrated that SWCNT 

coated in DNA act as selective, real time sensors of H 2 O 2 , 

along with calibration curves of NIR signal versus H 2 O 2  con-

centration. [ 20,33 ]  The changes in NIR fl uorescence were similar 

when the single chirality SWCNT 6,5 and 7,6 were tested in 

separate suspensions in the presence of H 2 O 2 , and combined 

in one solution as a ratiometric sensor (Figure  3 a). In system 

2 (NO detection platform), we used 6,5 PVA SWCNT (Emis-

sion = 1004 nm) as the chirality invariant to NO mixed with 

ss(GT) 15  DNA wrapped 7,6 (Emission = 1135 nm) SWCNT 

for NO sensing via a quenching response (Figure  3 b). 

This free radical has been previously shown to dramatically 

and reversibly decrease the NIR fl uorescence of a mix of 

DNA wrapped SWCNT (Unydim) and at the single-molecule 

scale in vitro [ 34 ]  and more recently in leaves of living plants in 

vivo. [ 19 ]  Conversely, PVA is among one of very few polymers 

able to prevent the interaction of NO with the carbon nano-

tube surface. [ 34 ]  A calibration curve for the DNA SWCNT 

fl uorescence in response to different concentrations of NO 

in solution has also being reported previously. [ 34 ]  Combined 

in a ratiometric sensor, the NIR fl uorescence of 6,5 PVA 

SWCNT did not signifi cantly change as expected in the pres-

ence of 500 × 10 −6   m  NO while 7,6 ss(GT) 15  SWCNT exhib-

ited a strong decrease in NIR fl uorescence (Figure  3 b). The 

largest NIR response of 7,6 ss(GT) 15  SWCNT occurred a 

few minutes after the addition of NO (Figure  4 b). The slight 

variations in NIR fl uorescence in the reference 6,5 SWCNT 

and analyte sensing 7,6 SWCNT are likely due to noise in the 

experimental system. These fl uorescence variations may high-

light the limits of detection of the ratiometric sensor under in 

vitro conditions.   

 Together, our results demonstrate that ratiometric detec-

tion of free radicals using SWCNT is possible. By coating 

single chirality SWCNT with specifi c wrappings, we built a 

ratiometric platform that can report on the presence of target 

analytes while monitoring signal interfering factors in vivo 

such as dilution effects, local nanoparticle concentration, 

signal depth, and other biomolecules. This platform could lead 

to more selective SWCNT-based sensors, as each chirality 

coated with a different wrapping has the potential to create a 

unique spectral signature in response to an analyte. We envi-

sion expanding this platform to the use of multiple SWCNT 

chiralities, where each chirality will be functionalized with a 
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 Figure 3.    Ratiometric sensor response to hydrogen peroxide and nitric oxide in vitro. a) Changes in the near-infrared fl uorescence of 6,5 ss(AT) 15 , 
7,6 ss(GT) 15  SWCNT, and combined spectrum in the presence of hydrogen peroxide (100 × 10 −6   M ) (system 1). b) Response of 6,5 PVA, 7,6 ss(GT) 15  
SWCNT, and combined near-infrared spectrum to nitric oxide (500 × 10 −6   M ) (system 2). SWCNT suspensions were excited with a 785 nm laser.
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unique moiety. This multiplexing approach may dramatically 

improve the selectivity of SWCNT sensing platforms, particu-

larly in nonhomogenous and chemically complex living tis-

sues. With a method analogous to that used for visible dye 

based ratiometric systems, [ 35 ]  we calculate the change of ratio 

of intensity ( R ) over time for H 2 O 2  and NO (Figure  4 ). We 

defi ne  R  as the normalized signal difference between the 6,5 

chirality and the 7,6 chirality as

    

( )
( )

( )

6,5
norm

7,6
norm

R t
I t

I t
=

  

(1)

   

 where

    
( )

( )

(0)6,5
norm 6,5

6,5
I t

I t
I

=
  

(2)
   

 and,

    
( )

( )

(0)7,6
norm 7,6

7,6
I t

I t
I

=
  

(3)
   

 Figure  4 a shows the dependence of the intensity ratios 

of absorbance for ( )6,5
normI t  at 984 nm to that of ( )7,6

normI t  at 

1131 nm as a function of time for a response to H 2 O 2 . The 

 R ( t ) values increase monotonically from  t  = 0 to  t  = 600 s. 

The linear behavior of the H 2 O 2  ratiometric sensor beyond 

 t  = 20 s can be attributed to the fact that the binding sites of 

SWCNT are still unsaturated at the relatively low peroxide 

concentrations utilized, which implies that the H 2 O 2  binding 

probabilities are unchanging. The intensity ratios of ( )6,5
normI t  

at 1004 nm to that of ( )7,6
normI t at 1135 nm as a function of 

time for a response to NO are similarly shown in Figure  4 b. 

The  R ( t ) values increased with time from  t  = 0 to  t  = 600 s. 

The transient response in Figure  4  is diffusion limited, as 

the measurements were conducted in unstirred wells of a 96 

well-plate. The slow transient refl ects the diffusion of NO and 

H 2 O 2  into the total volume of the well. The observed non-

monoatomic nature of  R  for NO at short times ( t  < 120 s) 

could be due to variability in ligand binding or noise in the 

experimental system. These results indicate that  R ( t ) change 

can be used to monitor the binding of H 2 O 2  or NO on 6,5 

and 7,6 SWCNT.  
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 Figure 4.    Temporal changes in 6,5 and 7,6 SWCNT peak intensity and ratio of intensity ( R ) after addition of H 2 O 2  and NO. a) In the presence of 
100 × 10 −6   M  H 2 O 2 , the NIR fl uorescence of 6,5 ss(AT) 15  SWCNT remains relatively constant while 7,6 ss(GT) 15  SWCNT fl uorescence quenches 
steadily. b) The addition of 500 ×10 −6   M  of NO does not affect 6,5 PVA SWCNT fl uorescence but strongly reduces 7,6 ss(GT) 15  SWCNT intensity. 
Temporal patterns of  R (t) in response to H 2 O 2  and NO represent the normalized intensity peak changes of 6,5 and 7,6 SWCNT, calculated according 
to Equation  ( 1)  . SWCNT suspensions were excited with a 785 nm laser.



www.MaterialsViews.com

3979© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com

  2.3.     Spatial and Temporal Patterns of Ratiometric Sensor 
Fluorescence in Living Tissues 

 Dyes with fl uorescence in visible wavelengths have been 

commonly used as sensors for H 2 O 2  
[ 36,37 ]  and NO. [ 24,37–39 ]  

Although these fl uorophores enable imaging with cellular 

resolution, in real time, they present a set of complex prob-

lems for in vivo applications. [ 40,41 ]  Amplex red is widely used 

for imaging low concentrations of H 2 O 2  but has rarely been 

shown to work in living tissues due to its quick photodegrad-

ation. [ 42 ]  The cell permeable 2′,7′-dichlorodihydrofl uorescein 

diacetate (H 2 DCF-DA) dye has been demonstrated to detect 

H 2 O 2  in living organisms despite its relatively nonselectivity 

to reactive oxygen species (ROS) [ 23 ]  and susceptibility to 

photo-oxidation and photobleaching. [ 40 ]  Imaging of NO in 

living systems has been performed with diamionofl uoresceins 

with the disadvantage that their fl uorescein chromophore 

is responsive to changes in pH [ 43 ]  and reacts with dehy-

droascorbic and ascorbic acid. [ 41 ]  

 Plants are optically dense living organisms due to 

thick tissues and photosynthetic pigments, making it dif-

fi cult to detect analytes in vivo. H 2 O 2  can be generated 

in plants by the leaf photosynthetic pigments [ 44 ]  while 

NO can be produced by multiple metabolic pathways. [ 25 ]  

SWCNT are well suited for in vivo detection of trace 

levels of analytes with short lifetimes such as H 2 O 2  and 

NO in plants. Furthermore, SWCNT fl uorescence in the 

NIR in which living tissues are relatively transparent, do 

not photobleach, and allow detection at the single particle 

level. [ 19,34 ]  We tested the response of two distinct SWCNT 

ratiometric sensors, H 2 O 2  and NO, in real time, inside 

sections of leaves of living plants. We monitored the NIR 

response of the 6,5 ss(AT) 15  and 7,6 ss(GT) 15  SWCNT ratio 

sensor for H 2 O 2  and the NIR response of 6,5 PVA and 

7,6 ss(GT) 15  SWCNT ratio sensor for NO. Each SWCNT 

ratio sensor was delivered inside cross sections of leaves 

mounted on a microfl uidic perfusion platform ( Figure    5  ). 

As we have previously shown, SWCNT can localize in intra-

cellular and extracellular compartments in leaf tissues. [ 19 ]  

Leaf sections were washed with phosphate buffered saline 

(PBS) to remove free SWCNT not-incorporated into the 

leaf sections. Upon exposure to H 2 O 2 , the 6,5 ss(AT) 15  

SWCNT NIR fl uorescence slightly increased by ≈11% while 

the 7,6 ss(GT) 15  SWCNT quenched ( Figure    6  a). The changes 

in NIR fl uorescence of the 6,5 and 7,6 SWCNT occurred 

rapidly, in less than 50 s, upon exposing the leaf sections 

to the ROS. Similarly, NO in solution induced no response 

in 6,5 PVA-SWCNT but led to a decrease in NIR fl uores-

cence of the 7,6 ss(GT) 15  SWCNT of 50% ( Figure    7  a). The 

changes in SWCNT fl uorescence of 7,6 ss(GT) 15  SWCNT 

were recorded after less than 50 s after exposure to NO.    

 The NIR fl uorescence response of our SWCNT ratio sen-

sors to H 2 O 2  and NO in leaf sections showed similar trends 

relative to experiments carried out in vitro. However, the 

NIR quenching signal inside leaves for the 7,6 chiralities in 

both ratio sensors was not as steep as under in vitro condi-

tions. This is most likely due to the passivation of SWCNT 

surfaces with other biomolecules found in plant tissues 

during the infi ltration through the leaf cross sections. This 

can be corrected by calibration of the sensor after exposure 

to tissue components. As a negative control, the perfusion of 

water on the leaf surface caused no noticeable changes in the 

small 2015, 11, No. 32, 3973–3984

 Figure 5.    Imaging of SWCNT ratiometric response to free radicals in vivo was performed in  Arabidopsis thaliana  leaf sections (≈2 × 2 mm) mounted 
on a Ibidi µ-Slide (Ibidi, VI 0.4). a) A glass coverslip (No. 1, Fisher Scientifi c) placed at the bottom of the Ibidi µ-Slide created six individual 
fl ow channels with one leaf section per channel, and adhered to the Ibidi slide such that the leaf sections remained immobilized between the 
microfl uidic slide surface and coverslip. b) Schematic of one of the six microfl uidic slides. 50 µL of PBS buffer was added to each channel into 
the inlet ( J  in ). The buffer ensured the leaf section was properly immobilized. 50 µL of ratiometric SWCNT sensor made by mixing approximately 
equal concentrations of each the 6,5 and 7,6 chirality of polymer-SWCNT in PBS buffer was added to the fl ow inlet ( J  in ), and an equal volume was 
removed from the fl ow outlet ( J  out ). The suspension was allowed to incubate with leaf sections for 3 h to enable SWCNT assembly into the leaf tissue. 
Subsequently, 50 µL of PBS buffer was perfused through each channel through the inlet ( J  in ) followed by removal of this volume from the outlet 
( J  out ) to extract SWCNT not permeated into leaf tissue. Finally, 50 µL of a dissolved NO or H 2 O 2  solution was infused into the microfl uidic channel 
though the inlet ( J  in ), exposing the leaf section with SWCNT sensors to the free radicals in solution.
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NIR fl uorescence of 6,5 PVA-SWCNT, 6,5 ss(AT) 15 -SWCNT, 

and 7,6 ss(GT) 15 -SWCNT (Figure S1a,b, Supporting Infor-

mation). Together, these results indicate that the observed 

changes in SWCNT fl uorescence are a result of the reaction 

of H 2 O 2  and NO with the carbon nanotube surface. 

 We independently monitored a spatio-

temporal response of each SWCNT chi-

rality, 7,6 and 6,5, from within the tissues 

of infi ltrated leaves. SWCNT-infi ltrated 

leaf sections were immobilized within a 

microfl uidic chamber, and the entire leaf 

tissue was exposed to solubilized NO or 

H 2 O 2. We calculated our in vivo ratio-

metric response as represented by Equa-

tion  ( 1)   as the time-dependent change in 

the ratio of intensities between the initial 

6,5 chirality intensity, which remains rela-

tively invariant, and the quenching 7,6 chi-

rality, which is responsive to our analytes 

(Figure  6  and  7 ). For our in vivo imaging, 

we included a correction factor,  ρ , to nor-

malize the initial difference in the inten-

sity between the two chiralities

    

R t
I

I t
( )

(0)

( )
7,6

6,5

7,6

ρ=
  

(4)
   

 Additionally, we calculated the 

internal reference variable I t( )6,5
norm  as the 

time-dependent response of our reference 

chirality, the 6,5 SWCNT, in the presence 

of our analytes by including in Equation 

 ( 2)   the correction factor  ρ :

    
( )

( )

(0)6,5
norm 6,5

6,5
I t

I t
I

ρ=
  

(5)

   

 In the presence of H 2 O 2 , we observe a 

gradual increase of  R  7,6 ( t ) for 7,6 ss(GT) 15  

SWCNT (Figure  6 b), as expected from 

our in vitro experiments. There is rela-

tively little change in ( )6,5
normI t  in the 

leaf tissues after exposure to H 2 O 2,  

which is consistent with the in vitro char-

acterization of our H 2 O 2  ratiometric 

sensor. Likewise, when our leaf sec-

tions were in the presence of NO, we 

observed a gradual increase of  R  7,6 ( t ) 

for 7,6 ss(GT) 15  SWCNT (Figure  7 b), 

as expected from our in vitro experi-

ments. Our internal reference for the 

NO ratio sensor, 6,5
normI , remains invar-

iant in the presence of NO throughout 

the course of the experiment. Although 

imaging was performed at different loca-

tions of the leaf tissue for each chirality, 

the exposure to NO and H 2 O 2  with our 

microfl uidic chamber ensured homog-

enous perfusion of these free radical 

solutions throughout the entire leaf section. Therefore, we 

can presume that the individual SWCNT chiralities are 

responding to the same free radical conditions upon perfu-

sion. Analysis of over 60 SWCNT sensors in plant tissues 

show that, for NO, the reference 6,5 chirality remains largely 
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 Figure 6.    Ratiometric sensor response to hydrogen peroxide in vivo inside leaves. Leaf 
sections infi ltrated with a 6,5 ss(AT) 15  and 7,6 ss(GT) 15  ratio sensor for H 2 O 2 , where each 
chirality is independently imaged with a 785 nm excitation source. a) From top to bottom, 
images of ratiometric sensor-infi ltrated leaves in bright-fi eld, in the NIR prior to addition of 
H 2 O 2 , in the NIR upon addition of 20 µL of 10 × 10 −3   M  H 2 O 2 . b) Maps of internal standard, 
I6,5

norm , and H 2 O 2  detection determined by the NIR intensity change in the leaf section that 
is the difference in intensity pre and post H 2 O 2  addition. Traces of internal standard and 
ratiometric response,  R  7,6 , are shown as a function of time.
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invariant (( I − I o)/ I o = −0.010 ± 0.008; mean ± SE), whereas 

the NO-responsive 7,6 chirality quenches upon NO perfu-

sion (( I – I o)/ I o = −0.362 ± 0.042; mean ± SE). Likewise, for 

H 2 O 2 , the reference 6,5 chirality remains largely invariant 

(( I – I o)/ I o = −0.013 ± 0.009; mean ± SE), 

whereas the H 2 O 2 -responsive 7,6 chirality 

quenches upon H 2 O 2  perfusion (( I – I o)/ I o 

= −0.246 ± 0.024; mean ± SE). 

 The observed ratiometric signal within 

leaves saturate around 50 s instead of 

the more than 600 s observed in vitro. 

These timescale differences in the sensor 

response inside the leaves relative to the 

experiments in vitro are related to the 

volume of the chamber around the sensor 

and the transport rates of the free radi-

cals (see the Experimental Section). The 

rapid fl ow velocities of the leaf microfl u-

idic chamber contribute greatly to the 

fast response of the sensors. Unlike the 

in vitro experiment where there is no 

mixing, only diffusion in the well, in the 

leaf microfl uidic chamber we deliver the 

free radicals in solution into the sensor 

location very quickly by convective fl ow. It 

is also important to note that the intensity 

quenching saturation of the leaf is only a 

small fraction of the in vitro experiment. 

The quenching time in vitro at an equiva-

lent 15% quenching occurs in ≈50 s, sim-

ilar to the in vivo response, and likely due 

to the degradation of the reactive species 

as it travels through the leaf tissue.The 

results of our ratiometric sensing experi-

ments in leaf sections highlight the impor-

tance of having a dual-SWCNT signal 

for in vivo sensing. It can be diffi cult to 

attribute sensor specifi city to an analyte 

in complex living tissues where changes 

in sensor distribution, scattering media, 

and presence of other biomolecules can 

modify the optical response. In particular, 

small reactive molecules such as reactive 

oxygen and nitrogen species are notori-

ously diffi cult to monitor in vivo due to 

their short lifetimes and fast diffusivi-

ties. Our dual-chirality ratiometric sensor 

provides a reference 6,5 SWCNT signal 

that remains invariant in vivo despite the 

presence of factors not associated with 

the intended analyte. Meanwhile, the 

quenching response of the 7,6 SWCNT 

chirality monitors the analyte's presence. 

Therefore, this ratiometric sensing plat-

form is a powerful tool for improving 

the detection of analytes in dynamic and 

chemically diverse environments. 

 Other nanosensors for detecting free 

radicals such as NO have been reported 

previously, [ 19,45,46 ]  but only SWCNT-based sensors have been 

demonstrated to respond in living plants. SWCNT show a 

remarkable ability to penetrate through the walls of plant 

cells [ 19,47 ]  having pores of less than a few nanometers wide. [ 48 ]  
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 Figure 7.    Ratiometric sensor response to nitric oxide in vivo inside leaves. Leaf sections 
infi ltrated with a 6,5 PVA and 7,6 ss(GT) 15  ratio sensor for NO, where each chirality is imaged 
independently with a 785 nm laser excitation. a) From top to bottom, images of ratiometric 
sensor-infi ltrated leaves in bright-fi eld, in the NIR prior to addition of NO, in the NIR upon 
addition of 20 µL of 50 × 10 −3   M  NO. b) Maps of internal standard, I6,5

norm , and NO detection 
determined by the NIR intensity change in the leaf section that is the difference in intensity pre 
and post NO addition. Traces of internal standard and ratiometric response,  R  7,6 , are shown 
as a function of time.
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Therefore the applicability of many nanosensors is limited 

based on their size. Furthermore, SWCNT near-infrared fl uo-

rescence allows deeper imaging into living tissues than other 

sensing platforms that are based on visible fl uorescence or 

Raman. SWCNT-based sensors also offer advantages for in 

vivo sensing applications such as high photostability and fl uo-

rescence quantum effi ciency. [ 17 ]  SWCNT ratiometric sensors 

have the potential to enhance sensitivity to the single particle 

level and enable multiplexing with different SWCNT chirali-

ties. Using the fabrication mechanisms outlined in this study, 

a variety of SWCNT ratiometric sensors could be built for 

detecting biomolecules in complex environments, including 

dopamine, [ 18 ]  glucose, [ 49 ]  insulin, [ 50 ]  and singlet oxygen, [ 20 ]  

among others. 

 Our development and application of ratiometric sensors 

can create plants that act as detectors of both NO and H 2 O 2,  

which are key regulators of plant metabolism, and in the case 

of NO a pollutant of the environment. The reversibility of this 

sensor, [ 34 ]  combined with the year-long timescales for which it 

can detect reactive species [ 17 ]  could enable multiple applica-

tions. We envision that our nanosensor-interfaced plants with 

single chirality SWCNT ratiometric sensors will make a more 

robust platform for biochemical monitoring under changing 

fi eld conditions. For instance, multiplexing the NIR signal 

from nanosensor-interfaced plants could enable detection of 

SWCNT fl uorescence remotely with stand-off devices such as 

NIR cameras, even to the midst of complex environmental, 

chemical, and optical conditions. Future stand-off detection 

of analytes could rely on SWCNT chiralities able to report 

variations in NIR signal due to excitation intensity, angle of 

emission, and transmittance in the environment. We have 

recently shown that plants interfaced with SWCNT can be 

augmented to function as optical sensors. [ 19 ]  Plants can offer a 

unique capability of self-powered accumulators of chemicals 

from the environment that are diffi cult to detect. Our nano-

bionic approach of providing plants with novel or augmented 

functions using nanomaterials will lead to plants that act as 

inconspicuous photonic sensors reporting the plant metabolic 

status or a variety of biochemicals in the environment.   

  3.     Conclusion 

 The development of SWCNT ratiometric sensors was facili-

tated by a rapid and effi cient coating exchange, RACES, 

for single chirality SWCNT. This technique enabled high 

throughput production of 6,5 and 7,6 SWCNT sensors 

coated in corona phases individually functionalized to pro-

duce unique optical signals in the presence of free radicals. 

We were successful in building two double chirality SWCNT 

ratiometric sensors: one for H 2 O 2  and another for NO. 

We show the utility of our ratiometric sensing platform by 

detecting each of these analytes in living plant tissues. The 

response of our ratiometric sensors in leaves was similar to 

in vitro tests, demonstrating the robustness of our SWCNT-

based sensor approach for biological research applications. 

We propose that expanding SWCNT ratiometric platforms 

to multiple chiralities coated in diverse wrappings will create 

nanosensors with exquisite selectivity and sensitivity. This 

fl uorescence response has the potential to create a unique 

and multiplexed SWCNT spectral signature for each ana-

lyte while incorporating a nonresponsive reference signal, 

enhancing sensor quantifi cation in living tissues.  

  4.     Experimental Section 

  Carbon Nanotube Suspension and Characterization : The 
6,5 SDS SWCNT were separated as previously reported by our 
group. [ 13 ]  The 7,6 SDS-SWCNT suspension protocol was developed 
using a quantitative theory of adsorption separation of SWCNT. [ 14 ]  
In brief, SWeNT® SG76 SWCNT (100 mg, Southwest nanotechnolo-
gies) were suspended in 2% SDS (100 mL) by ½″ tip sonication 
at 10 W for 13.5 h. The suspension was ultracentrifuged for 4 h 
at 32000 RCF and 90% of the supernatant was collected. Then 
the SWCNT solution (70 mL) was fi ltered through Sephacryl col-
umns (14 mL) previously equilibrated in SDS 2% (Columns 1–10), 
1.5% (Columns 10–15) and 1% (Columns 15–20) at a fl ow rate 
of 3 mL min −1  (Figure S2, Supporting Information). After passing 
the suspension through each column, the SWCNT adsorbed to 
the Sephacryl were eluted in 5% SDS by maintaining the fl ow 
at 5 mL min −1 . Fluorescence spectra for 6,5 and 7,6 SDS SWCNT 
varied slightly after each separation due to differences in SWCNT 
suspension purity. 

  Rapid Corona Exchange for SWCNT (RACES) : Single-chirality 
SDS-SWCNT (2.5 mL) were bath sonicated for 60 min, followed 
by 1 h of centrifugation at 16 000 g to remove remaining SWCNT 
bundles. The SDS-SWCNT supernatant from the centrifugation pro-
cess was transferred to a 5 mL glass vial and 10x mass excess of 
wrapping relative to SWCNT was added. The SDS-SWCNT mixture 
was mixed via Pasteur pipetting then bath sonicated for 30 min. 
Subsequently, methanol (3.5 mL) was added dropwise, during 
which the mixture was removed from the bath sonicator, capped, 
and mixed by inversion after the addition of every 0.5 mL of meth-
anol to ensure mixture of lower-density methanol with the higher-
density SWCNT solution. This process allows SDS to solubilize, 
and enables the accompanying wrapping to suspend the SWCNT. 
The stability of the suspension was verifi ed by centrifugation at 
16 000 g for 10 min. The preparation was washed in 5–10 cycles 
of 1 min each using a 100 K Amicon centrifuge fi lter (Millipore) at 
500–1000 rpm, depending on the wrapping. The fi nal suspension 
was re-suspended by mixing with a Pasteur pipette to its original 
volume of 2.5 mL in deionized water. 

  SWCNT Ratiometric Sensor Response to Nitric Oxide and 
Hydrogen Peroxide In Vitro : The NIR fl uorescence of the SWCNT 
ratio sensor was monitored from 950 to 1250 nm under excitation 
of a 785 nm Invictus photodiode laser (Kaiser) with a modifi ed 
Axiovision Zeiss microscope (×20 objective) attached to an OMV 
InGaAs linear array spectrometer (Princeton Instruments). Single 
chirality SWCNT 6,5 and 7,6 were mixed in a 300 µL well (BD falcon 
96 well-plate) to reach approximately similar peaks of intensity at 
980–1005 and 1130–1135 nm, respectively. The sharp NIR peak 
around 980 nm for both chiralities 6,5 and 7,6 corresponds to the 
characteristic 2D SWCNT Raman signal (2600–2700 cm −1 ) from 
the excitation at 785 nm. Changes in NIR fl uorescence intensity 
were recorded every 20 s for 10 min after adding H 2 O 2  and NO 
at 1:100 volume ratio. Final concentration of H 2 O 2  and NO were 
100 × 10 −6   M  and 500 × 10 −6   M , respectively. As negative controls, 
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we show that the addition of water instead of free radicals causes 
minor changes in the NIR fl uorescence of 6,5 PVA, 6,5 ss(AT) 15 , 
and 7,6 ss(GT) 15  SWCNT in vitro (Figure S3a–c, Supporting Infor-
mation). We chose a higher working concentration of NO and H 2 O 2  
to compensate for the instability of these molecules, thus avoiding 
their complete degradation prior to reaching our sensor for in vivo 
experiments in leaf tissues. 

  SWCNT Leaf Infi ltration : Arabidopsis thaliana leaf sections 
were taken by excising ≈2 × 2 mm sections of leaf tissue with a 
razor blade. Six leaf sections were mounted along an Ibidi µ-Slide 
(Ibidi, VI 0.4). A glass coverslip (No. 1, Fisher Scientifi c) was placed 
on top to create six individual fl ow channels with one leaf section 
per channel. A solution of 50 µL of PBS buffer was added to each 
channel. A ratiometric SWCNT sensor was made by mixing approxi-
mately equal concentrations of each the 6,5 and 7,6 chirality of 
wrapped SWCNT. A suspension of ratiometric sensor (50 µL) was 
added to each channel and allowed to incubate with leaf sec-
tions for 3 h to enable SWCNT diffusion into the leaf tissue. Then 
PBS buffer (50 µL) was perfused through each channel to remove 
SWCNT that had not permeated into leaf tissue. 

  Imaging SWCNT Ratio Sensor In Vivo Inside Leaves in Real 
Time : Ratiometric sensing videos were recorded in an Axio Vision 
inverted microscope (Zeiss) and imaged with an InGaAs OMA V 
2D array detector (Princeton Instruments). The autofl uorescence 
of chloroplast pigments in leaf sections was avoided by using a 
785 nm Invictus photodiode laser (Kaiser) excitation source that is 
off-resonance with these pigments. Imaging of 6,5 chirality SWCNT 
was accomplished by using a 935/170 nm BrightLine single-band 
bandpass fi lter (Semrock, FF01--935/170--25) to capture only the 
emission of the 6,5 chirality SWCNT. Imaging of the 7,6 SWCNT was 
performed by using a 1100 nm long pass emission fi lter (Chroma) 
to capture the peak of emission of this SWCNT chirality. There was 
no emission overlap between these two fi lter sets. Leaf sections 
were infi ltrated as explained above with 6,5 and 7,6 ratio sensors, 
mounted within an Ibidi VI 0.4 slide (Figure  5 ), and fl uorescence 
recorded at 0.5 s exposure per frame. We imaged each chirality 
within a leaf section independent of the other chirality, and moni-
tored the change in the SWCNT intensity as a function of time upon 
addition of analyte. For the 7,6 chirality, we monitored its time-
dependent response,  R  7,6 , against an invariant intensity from the 
reference 6,5 chirality at the initial experimental timepoint. For the 
6,5 chirality, we monitored its time-dependent response, I6,5

norm

, against the initial intensity from the 6,5 chirality, to ensure that 
the 6,5 chirality was indeed invariant upon addition of the analyte. 

 A relationship between the volume of the chamber around the 
sensor, the transport rates, and the change in fl uorescence inten-
sity can be provided by

 dI dt V V dC dt J J/ * * / | |in out− ∝ − = −      

 where  dI / dt  represents the change in sensor intensity,  C  is the 
concentration near the sensor, and  V  is the volume around the 
sensor. The parameter  J  in  and  J  out  are assumed constant transport 
rate of analyte, into and out of the chamber housing the sensor (an 
approximation)

 t V C J J* /| |0 in out= −      

 In the fi rst case of a 96 well-plate, the system is 
closed so  J  out  = 0. The timescale for the response is set by 

 t  in vitro  =  V  ×  C  0 / J  in . Within the 96 well-plate, the approximate 
volume around the sensor is 250 µL and the concentration for NO 
500 × 10 −6   M . Thus,  t  in vitro  = 1.25 × 10 5 / J  in . In the second case of 
the leaf microfl uidic chamber (Ibidi VI 0.4 slide), the dynamics 
of the response is infl uenced by both the infl ux and effl ux rates 
or  t  leaf  =  V  ×  C  0  / | J  in  –  J  out |. In this case, the volume of solution in 
the leaf chamber is approximately 50 µL whereas the applied NO 
concentration is 5000 × 10 −6   M . Thus,  t  leaf  = 2.5 × 10 5  / | J  in  –  J  out |. 

 The  J  in  applied with the micropipette to the wells of the 96 
well-plate and the leaf chamber are similar in magnitude. The  J  out  
in the microfl uidic channel of the leaf chamber can be calculated 
using Bernoulli's principle which states that the change in fl ow 
velocity between two compartments is proportional to the ratio of 
their cross sectional areas as  J  out / J  in  =  A  in / A  out  or  J  out  =  J  in  ×  A  in / A  out . 
The area of the reservoir in the leaf chamber,  A  in , is ×(3.8 mm) 2  
whereas the area for the microchannel  A  out  is 3.8 × 0.4 mm. There-
fore,  J  out  = 29.8 ×  J  in  and  t  leaf  = 8.38 × 10 3 / J  in . From the above 
equations it follows that the time scale for the leaf,  t  leaf , should be 
≈15 times smaller than in vitro,  t  in vitro . Together these results are 
consistent with the order of magnitude faster transients that we 
observe in the leaves compared to the in vitro experiments. 

  Nitric Oxide Solution : A saturated NO solution was prepared 
as previously described by Zhang et al. [ 34 ]  Briefl y, H 2 O (5 mL) 
was added to two separate 10 mL round-bottom fl asks (a control 
and an NO sample), which were then sealed with a septum. Two 
needles, a gas inlet needle terminated in the liquid and an outlet 
needle terminated in the dead space above the liquid, were placed 
in the fl ask. Argon gas (Airgas) was bubbled into the H 2 O for 1 h at 
an outlet pressure of 2 psi to remove dissolved oxygen. The con-
trol sample was removed from the system and the needles were 
removed. NO gas (99.99%, Electronicfl uorocarbons) was then bub-
bled into the NO sample for 45 min, again at an outlet pressure of 
2 psi. The fi nal NO concentration of the sample was determined 
using the horseradish peroxidase assay. [ 51,52 ]   

  Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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