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Chapter 4

Temperature and pH-Responsive “Smart” Carbon Nanotube 
Dispersions

Dan Wang and Liwei Chen

Abstract

Carbon nanotubes (CNTs) are a family of all-carbon quasi one-dimensional nanomaterials that are highly 
hydrophobic and typically aggregated in bundles. Recent accomplishments in dispersing CNTs in aqueous 
solutions open possibilities for their new applications in biomedicine. In many occasions, biological and 
biomedical applications demand an actuation mechanism; thus, it is highly desirable to control the disper-
sion and aggregation of CNTs in aqueous solutions with external stimuli. Here, we report two “smart” 
single-walled CNT (SWNT) aqueous dispersions that respond to temperature and pH changes through 
environment-responsive polymers, poly (N-isopropylacrylamide) (PNIPAAm) and Poly-l-lysine (PLL).
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The unique all carbon quasi one-dimensional structure of SWNTs 
has intrigued much fundamental research on their mechanical, 
thermal, and electrical properties as well as potential applications 
in nanocomposites, field emission displays, and molecular elec-
tronics (1–5). Recent introduction of individually dispersed 
SWNTs to aqueous and biology compatible media has opened 
new frontiers of carbon nanotubes in biology and nanomedicine 
(6–8). Generally speaking, the surface of as-produced SWNTs is 
highly hydrophobic; and thus SWNTs exist in aggregated bun-
dles. SWNT dispersions in organic or aqueous solvents can be 
obtained by either covalent functionalization or non-covalent 
solublization, with the latter being more favored for the preserva-
tion of nanotube structure and properties. Since non-covalent 
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interactions with SWNT sidewalls (p–p stacking, van-der-Waals 
interactions, and hydrophobic interactions) do not require 
specificity and directionality, a surprisingly large variety of small 
molecule surfactants and water-soluble amphiphilic polymers are 
suitable for this purpose (9–17). Multi-functional polymer surfac-
tants are also exploited for the separation (14, 16–18), alignment 
(19, 20), and hierarchical assembly of SWNTs (21), as well as for 
attaching fluorescent chromophore and biologically active cargos 
to SWNTs (22, 23).

Many biomedical applications involve active processes, for 
example, drug and/or gene delivery involves active release of load 
at target locations; photothermal and photodynamic therapies 
involve light-induced actuation: heating and photochemistry, 
respectively. Utilization of amphiphilic polymer surfactants in 
SWNT dispersion enables potential actuation mechanisms via 
selected multi-functional polymers (24). Here, we discuss two 
“smart” SWNT dispersions that respond to temperature and pH 
changes using poly (N-isopropylacrylamide) (PNIPAAm) and 
poly-l-lysine (PLL). The action in response to temperature or pH 
stimuli is the aggregation of SWNTs in the dispersion. Controlled 
aggregation of SWNT may help clogging local blood vessel, 
“deliver” SWNT along with attached load by precipitating from 
circulation, or enhance photothermal effects. Therefore, the two 
environmentally responsive SWNT dispersions presented here are 
pioneering examples of SWNT actuation in biocompatible envi-
ronments, and they may lead to more sophisticated biotechnolo-
gies in the future.

PNIPAAm has long been known as a temperature responsive 
polymer (25). The structure of PNIPAAm contains balanced 
hydrophilicity from amide bonds and hydrophobicity from hydro-
carbon main chain and isopropyl groups on side chains. At tem-
peratures lower than the lower critical solution temperature 
(LCST, ~33°C for PNIPAAm), PNIPAAm assumes an extended 
chain conformation in which N and O atoms in amid bonds form 
H-bonding with surrounding water molecules. When the 
temperature is higher than the LCST, water molecules are released 
to maximize entropy while amid groups form intra-chain 
H-bonding among themselves; thus, the polymer chain takes a 
coiled and compact conformation (26–28). The extended con-
formation of PNIPAAm at low temperature allows the amphiphilic 
polymer chain to cover a large area of SWNT surface in dispersion. 
Raising temperature causes the chain conformation to shrink and 
thus exposes hydrophobic SWNT surface to water. This provides 
a driving force for SWNTs, which are dispersed at low temperatures, 
to aggregate into small bundles.

PLL is an amphiphilic polyelectrolyte that contains both 
hydrophobic hydrocarbon moieties and partially protonated  
primary amine groups. SWNTs interact with PLL in aqueous 
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environment because of two interactions: one is hydrophobic 
interaction between PLL hydrocarbon linker moieties (–C4H8–) 
and SWNT sidewalls; the other is cation-p interaction between 
protonated amine groups and the p-electron system of SWNTs 
(26). The cation-p interaction is completely turned off at pH 
value equal to or higher than the isoelectric point of lysine (9.7) 
due to the deprotonation of –NH3

+ groups. The hydrophobic 
interaction between –C4H8– linker and SWNT is also affected by 
pH via changes in the secondary structure of PLL. PLL chain 
adopts the a-helix conformation at high pH but changes to 
uncoiled conformations in acidic or neutral pH due to the elec-
trostatic repulsion among side chain cations (29, 30). Since both 
interaction mechanisms between PLL and SWNT respond to the 
pH change of the solution, the PLL–SWNT dispersion is expected 
and indeed observed to be pH sensitive.

	 1.	HiPCO SWNT powders, purified grade (Carbon Nano
technologies, Inc., Houston, TX).

	 2.	Poly (N-isopropylacrylamide), molecular weight 20,000–
25,000 (Aldrich).

	 3.	0.1 % (w/v) Poly-l-lysine solution in H2O (Sigma).
	 4.	Sonicator VCX 130 (Sonix, Newtown, CT).
	 5.	Atomic force microscopy (AFM) microscope MFP3D 

(Asylum Research, Santa Barbara, CA).
	 6.	AFM probes NSC15/AlBS (MikroMasch USA, Wilsonville, 

OR) with resonance frequency around 325 KHz.
	 7.	Fluorescence NS1 NanoSpectralyzer (Applied NanoFluo

rescence, LLC, Houston, TX).
	 8.	Spectropolarimeter Jasco-715 (Jasco Inc., Easton, MD).

	 1.	10 mg/ml of PNIPAAm solution is prepared by dissolving 
30 mg PNIPAAm in 2.4 ml water and then adding 0.6 ml of 
0.1 M NaOH solution (see Note 1).

	 2.	Add ~1 mg of HiPCO SWNT powder to 3 ml of 10 mg/ml 
PNIPAAm solution. This mixture is sonicated for 90 min in 
an ice-water bath at a power level of 130 W (Fig. 1).

2. �Materials

3. Methods

3.1. SWNT Dispersion 
in PNIPAAm

3.1.1. Preparation  
of PNIPAAm–SWNT 
Dispersion
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	 3.	The solution is centrifuged for 5 min at 800 × g and 3 min at 
2,300 × g to yield a PNIPAAm–SWNT dispersion in the 
supernatant (see Note 2).

The absorption spectrum (Fig. 2) showed resolved peaks in spectral 
ranges for the first interband transitions for metallic SWNTs 
(M11), the first (S11) and second (S22) interband transitions for 
semiconducting SWNTs (31, 32). The Raman spectrum (Fig. 3) 
showed features of SWNTs including the radial breathing mode 
(RBM), the tangential G-band, the disorder induced D-band, 

3.1.2. Spectroscopic 
Characterization  
of PNIPAAm–SWNT 
Dispersion

Fig. 1. Experimental setup for SWNT sonication: (1) sonication probe; (2) polymer and 
SWNTs; (3) ice-water bath

Fig.  2. Absorption spectrum of PNIPAAm–SWNT dispersion. Inset: the structure of 
PNIPAAm
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and its second-order harmonic, the G¢-band (33). The van Hove 
peaks in absorption spectrum and the low intensity of D-band in 
Raman spectrum indicate that PNIPAAm molecules are non-
covalently physisorbed on the sidewall of SWNTs (26).

To test the temperature response of the SWNT dispersion in 
PNIPAAm, we use atomic force microscopy to characterize the 
morphology of individual PNIPAAm–SWNT complexes and fluo-
rescence spectra to characterize the response at the ensemble level. 
The PNIPAAm–SWNT complexes were first measured at room 
temperature, then heated in a 40°C water bath for 2 min and mea-
sured after cooling to room temperature, finally re-dispersed by 
2  min sonication at 0°C and measured at room temperature. 
Photographs (Fig.  4) showed the solution becomes turbid after 
heating due to the aggregation of free PNIPAAm. When the solu-
tion is cooled down to room temperature, it became clear again.

	 1.	AFM sample preparation: 10 µl of 0.1% w/v PLL solution 
was spin-coated onto a freshly cleaved mica and then 10 µl of 
the PNIPAAm–SWNT dispersion was spin coated on this 
substrate. The samples were then rinsed with deionized water 
and dried with argon gas. All AFM images were taken at room 
temperature and ambient conditions in AC mode. The images 
show that SWNTs aggregate into larger bundles (4–20 nm 
diameter) after heating (Fig. 5) (see Note 3). However, after 
2 min sonication in 0°C ice-water bath, SWNTs are re-dis-
persed individually or in small bundles similar to those from 
the original dispersion (<5 nm) (Fig. 5).

	 2.	Fluorescence spectra are taken at room temperature using an 
excitation wavelength of 785 nm. At this excitation energy, 
semiconducting SWNTs with different diameters fluoresce 
at their respective S11 band transition energies and form a 

3.1.3. Temperature 
Response of PNIPAAm–
SWNT Complexes

Fig. 3. Raman spectrum of PNIPAAm–SWNT dispersion
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spectrum with multiple peaks. Aggregation of SWNTs results 
in quenching of the fluorescence. Partial quenching of nanotube 
fluorescence after heating suggests bundling of SWNTs in the 
dispersion and the bundling effect is uniform across SWNTs 
with all different diameters (Fig. 6). The fluorescence intensity 
recovers to the level of the original dispersion after re-dispersion 
(Fig.  6), which indicates that the temperature stimulated 
switching is reversible (see Note 4).

	 1.	Add ~1 mg of purified HiPCO SWNT powders to 2 ml of 
0.1% w/v Poly-l-lysine solution and sonicate for an hour in 
ice-water bath at a power level of 130 W.

	 2.	Centrifuge the mixture for 10 min at 9,400 × g to yield the 
PLL–SWNT complexes in the supernatant. The pH of as-
prepared PLL–SWNT complexes solution is about 7.0.

3.2. SWNT Dispersion 
in PLL

3.2.1. Preparation  
and Spectroscopic 
Characterization  
of PLL–SWNT Dispersion

Fig. 4. Photographs of PNIPAAm–SWNT dispersions, from left to right: PNIPAAm–SWNT dispersions at 0°C, 40°C, cooled 
to room temperature, and redispersed by 2 min sonication at 0°C

Fig. 5. AFM images of PNIPAAm–SWNT complexes, from left to right: original dispersion, heated at 40°C for 2 min, redis-
persed by sonicating at 0°C for 2 min
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	 3.	Take absorption (Fig.  7) and Raman spectra (Fig.  8) of  
PLL–SWNT dispersion.

Atomic force microscopy and fluorescence spectra are used to 
characterize the pH response of the SWNT dispersion in PLL 
solution. Circular dichroism (CD) spectroscopy is used to verify 
secondary structure changes of PLL at different pH values.

	 1.	The pH of the PLL–SWNT solution was adjusted from 7.0 to 
4.1, then increased to 9.7, decreased back to 8.3, and finally 

3.2.2. pH Response  
of PLL–SWNT Complexes

Fig.  6. Fluorescence spectra of PNIPAAm–SWNT dispersions before (solid trace) and 
after (dash trace) heating in 40°C, and after redispersion 2  min sonication at 0°C  
(dot trace) (Excited at 785 nm)

Fig. 7. Absorption spectrum of PLL–SWNT dispersion. Inset: the structure of PLL
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decreased to 5.1 by adding 1.5 M HCl or NaOH solutions. 
Each change of pH is followed by 10 min sonication in ice-water 
bath. The photographs (Fig. 9) show that the solution becomes 
cloudy at pH 9.7 due to the aggregation of SWNTs.

	 2.	AFM samples were prepared by spin coating 10 µl of the 
PLL–SWNT dispersion onto a fleshly cleaved mica substrate 
followed by rinsing with dionized water and drying with 
argon gas. Imaging conditions are the same as that in 
PNIPAAm–SWNT measurements. AFM images (Fig.  10) 
show SWNTs are individually dispersed or in small bundle 
(<5  nm) in acidic and neutral environments but aggregate 
into large bundles at pH 8.3. At pH 9.7, SWNTs coalesce 
into big bundles, precipitate out of the solution, and could 
not be imaged with AFM.

Fig. 8. Raman spectrum of PLL–SWNT dispersion

Fig. 9. Photographs of PLL–SWNT dispersions at different pH values
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	 3.	Fluorescence spectra of PLL–SWNT dispersions at different 
pH values were taken and excited at 785 nm. Figure 11 shows 
that SWNT emission is partially quenched due to aggregation 
at pH 9.7 but remains largely unchanged in acidic and neutral 
environments.

	 4.	Circular dichroism (CD) spectra of PLL–SWNT complexes 
were recorded at different pH values. The CD spectra of 
PLL–SWNT complexes in an acidic or neutral pH (Fig. 12) 
show a single negative peak around 200 nm, which is charac-
teristic of uncoiled conformation. At pH 9.7, the spectrum 
displays two negative bands in the 200–230  nm range, 
characteristic of the a-helix conformation (29, 34).

	 1.	All solutions are prepared in deionized water (18.2 MW cm, 
Millipore).

	 2.	The PNIPAAm–SWNT dispersion is stable at room tempera-
ture for weeks with little or no precipitation, but it can not 
withstand high speed centrifugation.

	 3.	Sonicating the dispersion while it is heated at 40°C does not 
prevent the complexes from aggregating.

4. �Notes

Fig. 10. AFM images of PLL–SWNT complexes at different pH values
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	 4.	Spectrum at 40°C could not be obtained because of the strong 
scattering of aggregated free PNIPAAm and PNIPAAm–
SWNT complexes. We measure the fluorescence spectra when 
the solution cools down to room temperature.
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Fig. 11. Fluorescence spectra of PLL–SWNT dispersions at different pH values excited  
at 785 nm

Fig. 12. Circular dichroism spectra of PLL–SWNT complexes at different pH values
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