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Abstract: Aqueous surfactant suspensions of single walled carbon nanotubes (SWNTS) are very sensitive
to environmental conditions. For example, the photoluminescence of semiconducting SWNTs varies
significantly with concentration, pH, or salinity. In most cases, these factors restrict the range of applicability

of SWNT suspensions. Here, we report a simple s

trategy to obtain stable and highly luminescent

individualized SWNTs at pH values ranging from 1 to 11, as well as in highly saline buffers. This strategy
relies on combining SWNTs previously suspended in sodium dodecylbenzene sulfonate (SDBS) with

biocompatible poly(vinyl pyrrolidone) (PVP), which can

be polymerized in situ to entrap the SWNT-SDBS

micelles. We present a model that accounts for the photoluminescence stability of these suspensions based
on PVP morphological changes at different pH values. Moreover, we demonstrate the effectiveness of

these highly stable suspensions by imaging individual
embryonic kidney cells (HEK cells).

luminescent SWNTSs on the surface of live human

Introduction

of their fluorescence, and shifting of their spectra. These

Single walled carbon nanotubes (SWNTS) are one of the most Manifestations can be used to monitor electron transfer, proto-
interesting classes of nano-objects due to their unique thermal,nation, and charge-transfer reactidris and even individual

physical, optical, and electronic propertie€. SWNTs can

molecular reaction¥® However, the pronounced sensitivity of

exhibit metallic-, semimetallic-, or semiconductor-type behavior SWNT optical and electronic properties to their environment
depending on their chirality, conceptualized by the twist angle iS not always desirable because it might restrict or prevent
of a graphene sheet rolled to form a tube. A striking example altogether their use in some of the most promising applications,
of SWNT chirality-dependent properties is the near-infrared especially in biological systems including drug delivery, bio-

(near-IR) luminescence of semiconducting species. The spe
troscopic signatures of SWNTs depend on their environfiént.
For example, changes in the surroundings, such as acidificatio
can induce bleaching of their UWis absorption, quenching

T Department of Chemical and Biomolecular Engineering, Rice Univer-
sity.

c-sensors, biomedical devices, and cell biolégy*Viable cells
and tissues require specific environmental conditions such as
n,temperature, salt concentration, and pH; these variables influence
to various degrees the spectral properties of SWNT suspen-
sions1%1518None of the SWNT wrapping strategies proposed
to date provides highly luminescent tubes across these condi-

*The Smalley Institute for Nanoscale Science and Technology, Rice tions.

University.
§ Department of Chemistry, Rice University.
I"UniversiteBordeaux 1 and CNRS.
U Department of Physics and Astronomy, Rice University.
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toluminescence properti€s? Anionic surfactants are the most 800
widely employed, and SDBS is generally preferred because itd <

m

b

gives the most blue-shifted resonances and high luminescent §)7oo 700

yields from the suspended SWNTs. Although surfactant wrapped 2

SWNTSs are stable in aqueous suspensions, slight changes it g0 600

the pH of the solution affects the photoluminescence of the %

SWNTs (especially decreases toward acidity) and can even -%500 500
destabilize the suspension and cause flocculdfiéh!® The ‘§-<‘, 900 1050 1200 1350 900 1050
bleaching of the fluorescence of sodium dodecyl sulfate (SDS) wi Emission Wavelength (nm)

or sodium dodecylbenzene sulfonate (SDBS) suspended nano 25 . . ; 164 T .
tubes in acidic media was attributed to the selective protonation ¢ 1 PHT 1 d

of pre-adsorbed oxygen at the SWNT sidewalls; the protonation —~ 204 pH2 1 —~ 08+ T
could be reversed by readjusting the solution pH from acidic 3 | | ;; 0.0

to alkaline. Interestingly, a partial restoration of the absorption > > 1600 2400 3200
and fluorescence spectrum was observed after the addition of 2 2 T
poly(vinyl pyrrolidone) (PVP); this was attributed to a strong 2 g 061 ]
interaction between the interface of the SDS micelles and PVP ~ 0.3+ T
molecules that had been documented previotfsy.22 The 0.0 . : : 0.0 .
luminescence properties of nanotube suspensions are alsc 900 1080 1200 1350 150 225 300
strongly dependent on surfactant concentratfoBelow the Wavelength (nm) Raman Shift (cm")

critical micelle concentration (cmc), substantial red-shifts, Figure 1~I Endsem_gl_e Spegtr_OSCODiC m%azurements OfI PVPf-SﬂDBS-SWNT
fliorescence reducion, and eventual floccation are observe, 90l 4 2o conions & and ) Contoy ps o g cence
in the suspensioH. An additional drawback concerning the Use 147 (a) and 2 (b). Identical intensity scales are used in panels a and b. (c)
of surfactants alone is that they are not biocompatible. To Fluorescence spectra obtained from excitation at 660 nm from PVP-SDBS-
overcome this limitation, biocompatible SWNT suspensions SWNT at pH 7 (black) and 2 (red). (d and e) Liquid-phase Raman
were recently obtained and thought to result from the non- ;‘)E;e,\j"(gcsg’gctﬁr;%tz)i(ﬁggt;npﬁ %Qﬂ)(?ﬁﬁ tze)(‘% d';"uorescence (d) and
specific replacement of a Pluronics polymer wrapping by i .
unidentified proteins in biological sera. This strategy is, however, Results and Discussion
not universal and produces weakly luminescent SWHTSs. The PVP-SDBS-SWNT suspensions studied here were pre-
Here, we report a new strategy to obtain suspensions of highly pared in two steps. First, raw HiPco SWNTs were dispersed in
luminescent SWNTSs using a combination of surfactant (SDBS) SDBS (1 wt %) through a standard decanting procedure (see
and a biocompatible polymer (PVP) or by polymerizing in situ  Experimental Procedures). Second, a fraction of the suspension
its monomer vinyl pyrrolidone (ISPVP). This results in nanotube was mixed wih a 1 wt %solution of PVP (55 kDa, unless
suspensions with the optimal luminescent properties of SDBS- otherwise stated) to obtain a surfactant-polymer complex. The
SWNT suspensions at any pH value between 1 and 11. WeVvariations of the luminescent properties of PVP-SDBS-SWNT
combine literature evidence of the strong PVP-SDBS micelle suspensions with pH are presented in Figure 1. Figure la,b
surface interaction together with SWNT spectroscopic signaturesshows the 2-D contour plots of the fluorescence intensity versus
and different types of single molecule images to propose a modelthe excitation and emission wavelength before (Figure 1a) and
explaining the behavior of PVP-SDBS-SWNT at neutral and after (Figure 1b) the addition of HCI (1 N) to reach a final pH
low pH values. The suspensions remain stable (for weeks) atof 2. Strikingly, the addition of acid enhanced the luminescence
all pH values as well as in saline buffers. Importantly, they are intensity at every wavelength. For a simpler quantitative
also stable after extended dialysis (below the cmc of SDBS) analysis, the emission spectra of the semiconducting SWNT
and retain fluorescence after lyophilization and resuspensionobtained from excitation at 660 nm are displayed (Figure 1c).
in deionized water (DI). This should open many applications The spectra were normalized to the maximum intensity peak at
in biology because the nanotubes can be suspended in al120 nm of the initial suspension, which can be assigned to
biocompatible environment. Using individual SWNT near-IR the (7,6) tub&® Upon acidification, the fluorescence intensity
photoluminescence microscopy, we show that ISPVP-SDBS- was enhanced approximately by a factor of 2. Interestingly, this
SWNT suspensions are stable and strongly luminescent in living €nhancement was accompanied by a narrowing and blue-shift
cell cultures, where they interact efficiently on cell membranes (~25 nm) of every peak. To complement these observations,
and do not display any sign of aggregation. the liquidphase Raman spectra of the suspensions were also
measured. Using 785 nm excitation, which selectively excites
(17) Bachilo, S. M.; Strano, M. S.; Kittrell, C.; Hauge, R. H.; Smalley, R. E.; Semiconducting nanotubes with diameters near 1'hme

Weisman, R. BScience2002 298 23612366. i i 1 1)26
(18) Wang. D': Chen. LNano Leit 2007 7. 14801484, studied the radial breathmg modes (RBM, ml 0 cnt?)
(19) Atkin, R.; Bradley, M.; Vincent, BSoft Matter2005 1, 160-165. as well as fluorescence in the 1628200 cnt?! range. The
(0 i g g H Chen, W. . Hu, €. B Zheng, Colloids Surf, fluorescence obtained by liquid-phase Raman (Figure 1d)
(21) Brackman, J. C.; Engberts,Ghem. Soc. Re 1993 22, 85-92. confirmed the previous observations (Figure 1c). The degree
(22) Zanette, D.; Froehner, S. J.; Minatt, E.; Ruzza, ALAngmuirlo97 13 of bundling could be monitored by comparing the area under
(23) McDonald, T. J.; Engtrakul, C.; Jones, M.; Rumbles, G.; Heben, Nl J.

Phys. Chem. BR006 110, 25339-25346. (25) Weisman, R. B.; Bachilo, S. M.; Tsyboulski, Bppl. Phys. A: Mater.
(24) Cherukuri, P.; Gannon, C. J.; Leeuw, T. K.; Schmidt, H. K.; Smalley, R. Sci. Process2004 78, 1111-1116.

E.; Curley, S. A.; Weisman, BProc. Natl. Acad. Sci. U.S.2006 103 (26) Heller, D. A.; Barone, P. W.; Swanson, J. P.; Mayrhofer, R. M.; Strano,

18882-18886. M. S.J. Phys. Chem. R004 108 6905-6909.
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fluorescence peaks decrease in intensity, red-shift, and bréaden.

f_\ 10 pH7 ,bT 1o PH2 Thus, the addition of PVP at pH 7 strongly affects the
3 3 luminescence properties of SDBS-SWNTs. When acidified to
\“: 054 i i‘; 0.54 i pH 2, SDBS-SWNT solutions bleach patrtially, in analogy with
= = previously reported data for SOSto an extent that is dependent
S 5 on the tube diameter (Figure 2b). As discussed previously, the
IS 00 < 00 5X PVP-SDBS-SWNT suspension displayed the opposite trend
800 1150 1400 ~ 900 1150 1400 when acidified down to pH 2 because the fluorescence was
enhanced to about 80% of the level of SDBS-SWNTSs at neutral
3.0 V_Yivslingtf: (_|nT) V\(a\l/elerllgth (an1) conditions (pH 7). It is important to note that if PVP is added
C ] 1 d 1.0- 0o%00 ] to a SDBS-SWNT suspension that was previously acidified, only
- 77 s ] = Emg a partial luminescence recovery was observed.(0%) in
3 2.0 J ] fé "ug accordance with previous repotsTherefore, PVP must be
= 1.5 1 = 054 - present in the SDBS-SWNT solution before the addition of acid
’é 1.04 o o *é "smnnm to obtain a suspension that is highly fluorescent at low pH
9 051 ] @ °® values.
< 0o . AN £ 0.0+ ...? ] Figure 2c shows the kinetic time course of the (7,6) fluor-
10° 10" 10" 10° 10° 0 3 6 9 12 escence peak intensity for the three different SWNT suspensions
Time (s) pH following the addition of acid. The fluorescence intensities were

normalized to the initial condition at pH 7. For the first 200 s,
SWNT fluorescence ensemble properties. (a and b) Comparative quores—the lummesce.nce intensity of the. SD.BS_SWNT suspension did
cence spectra recorded at pH 7 (a) and 2 (b) from SDBS-SWNT (black "0t @volve noticeably (black dots in Figure 2c). It then decreases
curves) and PVP-SDBS-SWNT (red curves). All spectra were normalized substantially (with faster rates for the small band gap tubes,
to absorbance at 763 nm. (c) Kinetic time course of the (7,6) fluorescence i.e., large diameters, not shown) before we eventually observed
T o . SOt sk VP i oy thl the nanotubes flock out of the Soluton. We tentatvel
and PVP-SDBS-SWNT in red. The triangle indicates occurrence of attribute this behavior to a slight destabilization of the SDBS
flocculation of the SDBS-SWNT suspension. (d) Steady state fluorescence micelle in acidic conditions, which creates openings through
intensity of the (7,6) peak of SDBS-SWNT (black) and PVP-SDBS-SWNT  which acid can contact SWNTs and consequently quench
(Sr\e/\%@sa? gﬁc?tl.on of pH. All steady state values were normalized to SDBS- fluorescencé®3° the result at low pH values is the complete
destabilization of the micelles and flocculation of the SWNTSs.
the RBM of individual semiconducting SWNTs (15@50 The flocculation onset time (depicted by the triangle in Figure
cm~1) with that of SWNTSs that are brought into resonance with 2c) can vary from minutes to hours depending on the amount
the laser due to the presence of SWNT bundles 25D of acid and concentration of surfactant (not shown). Notably,
cm1).26-29 The RBM area of the individual SWNTs increased the fluorescence of a neat PVP-SWNT suspension (no SDBS)
after acidification (Figure 1e), suggesting that a subtle change is considerably weaker than that of SDBS suspended tubes (only
in the SWNT immediate environment had occurred. The degree ~3% of that of SDBS-SWNTs at equal concentratiotis).
of bundling, however, was unchanged because the bundling peak\evertheless, the same acidification procedure can be performed
remained constant. Moreover, the location and amplitude of the and indicates that PVP-SWNT luminescence is barely affected
G-peak (not shown) remained constant after acidification, by acidification: the luminescence drops only by 5% over 24
indicating that the SWNTSs were not protonat€d variety of h (blue dots in Figure 2c). In clear contrast to the two preceding
acids besides HCI (phosphoric, nitric, and sulfuric acid) was suspensions, PVP-SDBS-SWNTs exhibit a very different kinetic
surveyed, and similar fluorescence enhancements and spectradpehavior upon acidification. The fluorescence peak intensity
shifts were observed with each. Analogous effects were obtainedincreased rapidly until it stabilized at about twice the initial
using SDS instead of SDBS. Altogether, these observations fluorescence level (red dots in Figure 2c). This rapid increase
support the notion that at low pH values, PVP-SDBS-SWNTs suggests an entirely different mechanism than for SDBS-SWNT
remain individual and that a change must occur in the close suspensions.
environment of the SWNTSs. The steady fluorescence intensity levels of the (7,6) peak are
To elucidate further the mechanism of PVP-SDBS-SWNT presented for SDBS-SWNT (in black) and PVP-SDBS-SWNT
luminescence enhancement upon acidification, we compared the(in red) as a function of pH (Figure 2d). Both curves were
behavior of SDBS-SWNT, PVP-SWNT, and PVP-SDBS- normalized to SDBS-SWNTs at neutral pH values. In both
SWNT suspensions. Figure 2a,b displays the fluorescencenanotube suspensions, the fluorescence remained constant
spectra of SDBS-SWNT (black curve) and PVP-SDBS-SWNT between pH 11 and 7. In acidic conditions, the relative intensity
(red curve) recorded at pH 7 (a) and 2 (b) after normalization of SDBS-SWNT suspensions decreased gradually as the pH was
to the (7,6) SWNT for SDBS at pH 7. The spectra in Figure 2a lowered to pH 1 with subsequent flocculation, whereas that of
indicate that when PVP is added to SDBS-SWNTs, the PVP-SDBS-SWNT increased continuously to reach 80% of the

Figure 2. Comparison of SDBS-SWNT, PVP-SWNT, and PVP-SDBS-

(27) Doorn, S. K.; Heller, D. A.; Barone, P. W.; Usrey, M. L.; Strano, M. S.
Applied Physics A: Mater. Sci. ProcesX)04 78, 1147-1155.

(28) Dyke, C. A.; Stewart, M. P.; Tour, J. M. Am. Chem. SoQ005 127,
4497-45009.

(29) The RBM of the bundles or “bundling peak” is the excitation of metallic

(11,0) and semiconducting (10,2) tubes with the 785 nm laser that are red-
shifted into resonance due to the presence of bundles in the bulk solution.

2628 J. AM. CHEM. SOC. = VOL. 130, NO. 8, 2008

(30) Dukovic, G.; White, B. E.; Zhou, Z. Y.; Wang, F.; Jockusch, S.; Steigerwald,
M. L.; Heinz, T. F.; Friesner, R. A.; Turro, N. J.; Brus, L. E.Am. Chem.
So0c.2004 126, 15269-15276.

(31) Obtaining a stable and highly luminescence suspension of SWNTs in PVP
alone is very difficult to accomplish without the aid of previously suspended
tubes in surfactants such as SDS or SDBS. The fluorescence yield of PVP
wrapped tubes is only 3% of that of SDBS.
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Figure 3. AFM and near-IR study of individual PVP-SDBS-SWNT. (a and b) Representative AFM images of PVP-SDBS-SWNT at pH 7 (a) and 2 (b) after
surface cleaning. (c and d) Distributions of the SWNT heights measured on several similar clean AFM images at pH 7 (c) and 2 (d). (e and f) Same as in
panels a and b but without surface cleaning. (g and h) Near-IR luminescence images of individual PVP-SDBS-SWNT at pH 7 (g) and 2 (h). Scale bars are
1 um. (i) Cumulative distribution of the luminescence signal amplitudes of the peaks detected in 400 similar images as panels g and h, at pH 7 (black) and
2 (red).

luminescence level of the benchmark SDBS-SWNT suspension2a). PVP contains both hydrophobic and hydrophilic moieties;
at pH 7. The luminescence of PVP-SDBS-SWNT remained thus, it adopts a coiled conformation in neutral and basic
stable for weeks over the entire pH range studied. solutions3* The strong interaction of PVP with the outer surface
Finally, we tested the influence of the charge of the surfactant. (due to the charge transfer between the sulfate molecule from
When PVP is added to SWNTs initially suspended in cationic SDBS and the nitrogen group from P&Pof the SDBS micelles
or neutral surfactants (CTAB and Pluronics), no spectral changessurrounding the SWNTSs is therefore likely to destabilize slightly
are observed, in stark contrast to anionic surfactants. This canthe micelle structures and subsequently disturb the SWNT
be related to previous reports that showed no interactions luminescent properties. Upon acidification, PVP is known to
between PVP and cationic micelles, while strong interactions protonate and swelf This conformational change (Figure 2c)
between PVP and anionic micelles were obserfda addition, allows SDBS to reform its ideal micelle structure around the
when various types of acids were added to SWNTs suspendedSWNT, rewrapping it completely. This seems to occur before
in cationic surfactants, efficient fluorescence bleaching was the incoming acid could destabilize the micelle and quench the
observed, comparable with previous observafibnsgardless SWNT luminescence because this would occur at a longer time
of the presence of PVP. Altogether, our data suggest that inscale (Figure 2c). In this model, the stabilizing layer (PVP)
PVP-SDBS-SWNT suspensions, SDBS remains around theprevents any disruption of the micelles, and the luminescence
SWNTs after the addition of PVP and is not replaced by PVP. that is obtained in acidic environments is comparable to that of
Instead, a surfactant-polymer complex is formed that wraps the SDBS-SWNTs at basic conditions.
SWNTs and apparently provides an efficient and stable barrier The model presented previously was deduced from spectro-
between the SWNTs and their local environment. This amounts scopic measurements of bulk suspensions. To test it, we used
to a bilayer assembly of complementary polymers, reminiscent several imaging techniques that can probe the environmental
of the chemistry underlying fuzzy nanoassemtfesd nano- and photophysical properties of individual nanotubes. Figure
tube/polyelectrolyte compositésand suggests a perhaps general 3a,b shows AFM images of nanotubes prepared under basic and
approach for engineering a variety of specialized SWNT acidic conditions. To allow a statistical analysis of a large
bioplatforms. number of tubes, AFM images were primarily acquired on
We believe that the conformation of PVP together with its samples that were cleaned to remove the excess of PVP and
strong affinity for SDBS is at the origin of the red-shift and SDBS (see Experimental Procedures). It should be noted that
partial quenching of luminescence that follows the addition of it was more difficult to obtain clean surfaces at neutral conditions
PVP to SDBS-SWNTSs at neutral and basic pH values (Figure at which the excess of surfactant could not be fully removed,
as compared to acidic conditions (Figure 3a,b). Close examina-

(32) Decher, GSciencel997, 277, 1232-1237.
(33) Mamedov, A. A; Kotov, N. A.; Prato, M.; Guldi, D. M.; Wicksted, J. P; (34) Khanal, A.; Li, Y.; Takisawa, N.; Kawasaki, N.; Oishi, Y.; Nakashima, K.
Hirsch, A.Nat. Mater.2002 1, 190-194. Langmuir2004 20, 4809-4812.
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Figure 4. Fluorescence properties and AFM images of VP-SDBS-SWNT. (a) Ratio of the integrated areas of the fluorescence of PVP at different molecular
weights to SDBS at 660 nm excitation and pH 7. (b) Fluorescence of VP-SDBS-SWNT at neutral (in black) and acidic (in red) conditions. (c) AFM images
of covered SWNT with VP after surface cleaning. (d) Effect of pH to the relative intensity of the (7,6) peak of VP-SDBS-SWNT suspensions (red triangles
open symbols are previously shown data in Figure 2d).

tion of these images indicates that the vast majority of the tubeswere identical and broad. This dispersion in signal amplitudes
is individual. This conclusion was also confirmed by Cryo-TEM s likely due to the heterogeneity in the length and electronic
(see Supporting Information Figure S1). The quantifications of structure of the SWNTs present in the sample. The distribution
the apparent nanotube height at pH 7 (2.9.1 nm,+ standard of the acidic suspension (shown in red in Figure 3i) is, however,
error of the mean (SEMj = 102) and at pH 2 (1.3: 0.04 shifted toward higher luminescence signals as compared to the
nm,n = 102) indicate that nanotubes are surrounded by a bulkier neutral condition (shown in black in Figure 3i). This indicates
structure at pH 7 than at pH 2 (Figure 3c,d). To rule out the that the luminescence of each individual PVP-SDBS-SWNT is
effect of the cleaning procedure, and to obtain a more preciseenhanced in acidic conditions. More precisely, the ratio of the
picture of the PVP-SDBS structure around the nanotubes, wemedian value of the two distributions is equal to 1.9, in good
obtained AFM images using samples that had not been pre-agreement with the fluorescence enhancement observed in bulk
cleaned. Examples of tubes isolated from the excess of theusing the same excitation at 660 nm wavelength (Figure 1c).
surfactant-polymer mixture are presented in Figure 3e,f. The To examine the hypothesis that coiled PVP disrupts the SDBS
different conformations of PVP-SDBS presented in our model micelle conformation at pH 7, causing the SWNT luminescence
are now evident: at pH 7, large agglomerated@ nm) are peaks to red-shift, broaden, and decrease in intensity as
present on the SWNTs, whereas at pH 2, a more uniform andcompared to SDBS tubes alone, we examined the influence of
thinner coverage is observed (6 nm). the PVP molecular weight (MW). Figure 4a shows the ratio of
The photoluminescence of the SWNT suspensions wasthe integrated area of PVP-SDBS-SWNT to SDBS-SWNT
investigated further by direct visualization in a near-IR micro- fluorescence (excited at 660 nm) measured at pH 7 as a function
scope® Figure 3g,h shows snapshots obtained from dilute PVP- of the PVP MW (from the monomer VP to 1 MDa). This ratio
SDBS-SWNT suspensions in neutral and acidic conditions. The decreased with the MW in the range of the monomer to
majority of the luminescence spots is likely to originate from polymers of about 55 kDa. This spectroscopic dependence on
individual SWNTs%3 and is diffraction limited (2 pixels MW indicates that the size, and certainly the conformation, of
correspond to 670 nm in Figure 3g,h), which indicates that most PVP has a significant effect on the optical properties of the
of the spots have a length shorter than 670 nm. In these imagesSWNTs. Moreover, we found that the arrangement of PVP on
the luminescence spots appear to be brighter in the acidthe SDBS-SWNT complex could be controlled by polymerizing
suspension than in the neutral suspension. This observation ishe monomer VP directly on the micelle. VP is known to
quantified by computing and comparing the cumulative distribu- undergo cationic polymerizatioi;this process is slow at pH 7
tions of the individual fluorescent spot signal amplitudes but progresses rapidly at low pH values (see Supporting
obtained in the two conditions (Figure 3 The signals were Information). Therefore, we made in situ polymerized PVP
obtained from the statistical fit of each spot’s spatial distribution (ISPVP) by introducing VP at pH 7, allowing sufficient time
by a 2-D Gaussian functiofi. The widths of the distributions  for the diffusion of VP to the micelles, and subsequently

(35) Tsyboulski, D. A.; Bachilo, S. M.; Weisman, R. Blano Lett.2005 5, (37) Schmidt, T.; Schutz, G. J.; Baumgartner, W.; Gruber, H. J.; Schindler, H.
975-979. Proc. Natl. Acad. Sci. U.S.A996 93, 2926-2929.

(36) Schmidt, T.; Schutz, G. J.; Baumgartner, W.; Gruber, H. J.; Schindler, H. (38) Stevens, M. PPolymer Chemistry: An Introductiordrd ed.; Oxford
J. Phys. Cheml1995 99, 17662-17668. University Press: New York, 1999.
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case. First, the fluorescence intensity of the VP-SDBS-SWNT
suspensions is almost constant (red triangles in Figure 4d) from
alkaline (pH 11) to acidic (pH 1) conditions. This is in contrast
to the behavior of SDBS-SWNTs (black circles) and PVP-
SDBS-SWNTs (red squares) as previously discussed in Figure
2d. Second, VP-SDBS-SWNTSs display essentially the optimal
luminescence properties of SDBS-SWNT suspensions (narrow
and almost identical peak positions) but in the whole pH range
investigated (Figure 4b). The residual small red-shift$@ nm)
together with the absence of the effect of pH suggest that ISPVP
' ' interacts strongly with the SDBS micelles but without disrupting
Before | the SDBS micelle conformation (see more details about ISPVP
After in the Supporting Information). AFM images support this picture
1 since individual IPSPVP-SDBS-SWNTs are found with a
uniformly thin coating (typically 5 nm) along their surface
(Figure 4c). ISPVP can serve as an alternative method for
producing non-covalent encapsulated SWNTs whose intrinsic
properties are retained in different environmeiit¥. Control
experiments with pyrrolidone molecules that do not polymerize
under acidic conditions (i.e., 1-methyl-2-pyrrolidone (NMP) and
0.0 - . T N-ethyl-2-pyrrolidone) did not show protection at low pH values.
900 1150 1400 To further examine the stability of the polymer wrapped SDBS-
Wavelength (nm) SWNTs system, we freeze-dried the ISPVP-SDBS-SWNT
Figure 5. Lyophilized ISPVP-SDBS-SWNTsuspension. (a) ISPVP-SDBS- suspensions (see Experimental Procedures) at neutral pH and
SWNT suspension. (b) Lyophilized ISPVP-SDBS-SWNT suspension. (c) resuspended them in DI water. Figure—%ashows that the
bReefil:zpae:g Z?IQFE,XEGEZD;%}]S.WNT suspension. (d) Fluorescence Specm?SPVP-SDBS-_SWNT suspensiorj can be Iyophi_lized completely
and then readily resuspended in water by mild shaking. The

acidifying the solution, causing complete polymerization of the positions of the spectroscopic peaks (absorbance, Hpjése
VP and entrapping the SDBS-SWNT complex (complete polym- Raman, and fluorescence) remain unchanged; their relative
erization of VP is also important because the VP monomer is fluorescence intensities after resuspension are approximately
carcinogenic, whereas PVP is harmless). Importantly, once the75% of the initial intensity (Figure 5d). Such a small loss in
VP was polymerized in situ in acid conditions, the fluorescence intensity after resuspension may be due to the formation of small
intensity remained constant when the solution was returned toflocs of a few polymer wrapped SWNTs during the freeze-
basic conditions (see Supporting Information Figure S3). drying process; however, inspection by bright-field optical
On the basis of the behavior at neutral pH values, ISPVP or microscopy (6%) did not reveal any structures. The retention
very small PVP chains should yield encapsulated PVP-SDBS- of nearly all of the near-IR fluorescence after resuspension
SWNTs with ideal spectroscopic properties. This is indeed the confirms that ISPVP encapsulates the SDBS-SWNTSs effectively

b pH 7 pH 2
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Figure 6. Schematic illustration of the model. (a) SDBS-SWNT at pH 7. (b) PVP-SDBS-SWNT at pH 7 and 2. (¢) VP-SDBS-SWNT at pH 7 and 2 for
which cationic polymerization occurred. See text and Supporting Information for details.

J. AM. CHEM. SOC. = VOL. 130, NO. 8, 2008 2631



ARTICLES Duque et al.

(Figure 7a). The combination of the previous experimental
findings suggests that ISPVP-SDBS-SWNTSs suspensions should
be highly effective materials in cellular environments.

To this end, we exposed live cultured HEK293 cells to
ISPVP-SDBS-SWNTs suspensions, either for 5 min at room
temperature or overnight at 37C. Figure 7b,c shows the
examples of near-IR luminescence images of a cell recorded at
004 two different foci after 5 min of SWNT incubation. The images
900 1150 1400 900 1150 1400 were acquired in the presence of white light to identify the

Wavelength (nm) Wavelength (nm) outline of the cell. Highly luminescent and diffraction limited
spots that likely originated from individualized SWNTSs interact-
ing with the surface of the cells were found, as expected because
of the positive charge carried by PVP. To assess as to whether
the luminescent spots originated from individual tubes, we first
checked that the spots displayed a polarized absorption as
evidenced by using a rotating linearly polarized excitafi¢gnot
shown). Second, the narrow spectra originating from luminescent
spots found at the surface of the cells (Figure 7d) further support
the presence of individual SWNP3 Comparable results were
;I—'igure 7. VP-SDBtS-SVf\/l\\l”T3 igtt;galso%i\t/:\?'lﬁnviron?ednt_s. (a)tConlpaLat;ve_ obtained after the 12 h incubation procedure at@yindicating

uorescence spectra o - - recorded In water al n i i
black) _and in 1(2 I_DBS (in red) at identical goncentrations. (b_ ano_l c[; Nea(r- g;(e;ltoglgiScZY:r;\il?)ﬁri-esn\'ivglrih;?rgtilgiegizﬁﬁ(gleynzzzgzrlgi\%c;?esas
IR luminescence images of the same cell incubated for 5 min with ISPVP- :
SDBS-SWNT at different foci: at the apical membrane (b) and at the surface the question of cytotoxicity of such materials, but we can
of the coverslip (c). The luminescence images were acquired in the presencegnvision from our results, together with the known biocompat-
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of white light to identify the outline of the cell. Scale bars are;a. (d) ibility of PVP,% that ISPVP-SDBS-SWNTs should be advanta-
Narrow spectrum measured from a luminescence spot identified at the . . . .
surface of a cell, a signature of individual ISPVP-SDBS-SWNTSs. geous in biological applications.

Conclusion

without affecting the pristine electronic structure of the SWNT.
In contrast, resuspension of SDBS-SWNTs after freeze-drying By studying the spectroscopic and structural behavior of
is not feasible. mixtures of anionic surfactant and PVP polymers at various pH
A schematic of the model proposed in this work is presented values, we have identified a mixture (ISPVP-SDBS) that might
in Figure 6. This model shows that PVP or VP adsorbs strongly serve as a universal wrapping agent of individual SWNTSs.
to the external surface of the SDBS micelle due to charge Because of its effectiveness at all pH values, in high saline
transfer between the sulfate group of SDBS and the nitrogen environments as well as in physiological medium, we foresee
of PVP and/or VP. At neutral pH values, the conformational an extensive use of ISPVP-SDBS-SWNTs in fields as varied
state of PVP slightly disrupts the micelle conformation of SDBS as chemistry, physics, and biology for fundamental research as
and subsequently disturbs the SWNT luminescent properties,well as more applied technologies.
while the monomer does not, as previously discussed. In acidic
conditions, conformational changes of PVP and VP polymer-
ization make both VP and PVP efficient wrappers of the SDBS-  Preparation of Suspensions.Suspensions of HiPco tubes were
SWNTSs, without displacing the SDBS micelle. The resulting dispersed in one weight percent (wt %) anionic (SDB&He:0sSNa;
surfactant-polymer complex that surrounds the SWNTs effi- SDS, GaH250.SNa), neutral (Pluronics (F88, {8140,)»)), or cationic
ciently provides a stable barrier between the SWNTs and their (CetY! trimethyl ammonium bromide (CTAB, ;6H.2NBr)) surfactants
local environment. Interestingly, this model implies that the as well asmn polymers (PVP, eB.SON)?) alone using homogem;atlon,
ISPVP-SDBS interactions strengthen the micellar structure andultrasomcatlon, and ultracentrifugation following standard literature

heref hould he tube lumi ies f methods All suspensions were characterized spectroscopically and by
therefore should protect the tube luminescence properties fromgmic force microscopy (AFM) to ensure that the SWNTs were

different types of environmental factors, which would benefit ,egominantly suspended as individuals. Suspensions in SDBS, SDS,
important applications. Along this line, we first tested the pjuronic, and CTAB were also added to 1 wt % PVP or 1 wt % VP to
luminescence stability of the ISPVP-SDBS-SWNT suspension obtain suspensions of mixed wrapping agents. The surfactant-polymer
far below the cmc of SDBS~0.25 wt %). The suspensions molar ratio was maintained above the cmc for all surfactants used
remained stable and luminescent upon dilutions down to 1.25 (SDBS, cmc= 1.6 mM; SDS, cme= 8.35 mM; F88, cme= 1.6 mM;

x 1074wt % SDBS, after which any further dilution prevented and CTAB, cmc= 1.3 mM). Suspensions of mixed wrapping agents
accurate fluorescence measurements (not shown). We then teste§ere prepared using one part SWNT-surfactant and three parts PVP to
the effect of salinity on the stability of the suspensions: ISPVP- result in a final concentration of 10 mg/L SWNT, 0.25 wt % surfactant,
SDBS-SWNTs were diluted at a final concentration of 1 mg/L and 0.75 wt % PVP or VP. All spectroscopy measurements were

. . . ._performed on 1 mL samples in a sterile cuvette.
in 10> phosphate buffered saline (PBS). Neither the suspension Optical Ensemble MeasurementsFluorescence, absorbance, and

stability nor the luminescence was affected by this treatment liquid-phase Raman measurements were first performed on solutions
at neutral pH values. Successive additions afllaliquots of 1 M

Experimental Procedures

(39) Kang, Y. J.; Taton, T. AJ. Am. Chem. So2003 125 5650-5651.

(40) Wang, R.; Cherukuri, P.; Duque, J. G.; Leeuw, T. K.; Lackey, M. K.; Moran,
C. H.; Moore, V. C.; Conyers, J. L.; Smalley, R. E.; Schmidt, H. K.;  (41) Guowei, D.; Adriane, K.; Chen, X.; Jie, C.; Yinfeng, Int. J. Pharm.
Weisman, B. R.; Engel, P. £arbon2007, 45, 2388-2393. 2007, 328 78-85.
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hydrochloric acid (HCI) 01 M KOH were then added until the desired  Cells were exposed to 50L of VP-SDBS-SWNTs suspension (of 1
pH was reached. Bulk fluorescence and absorbance measurements wepeg/mL added to 1.5 mL of culture medium) for either 5 min at room
measured with a Nanospectralyzer Model NS1, version 1.97 (Applied temperature or 12 h at 3. The cells were then washed with fresh
Nanofluorescence). The SWNT fluorescence was excited at 660 nm, medium. The cover slips were mounted in a custom chamber with
and emission was detected between 900 and 1400 nm. Absorbance wasulture medium, and all data were taken at room temperature.
measured in the visible and near-IR (403400 nm); integration times AFM. AFM images were taken using a Nanoscope llla system
of 500 ms and 10 accumulations were used in both cases. Absorbanc&Veeco/Digital Instruments) in tapping mode at a scan rate of 2 Hz
at 763 nm was used to normalize the fluorescence spectra. Liquid- and scan size of 10m. A total of 20uL of SWNT suspensions was
phase Raman spectroscopy was performed using a 785 nm laseispin coated at 3000 rpm onto a freshly cleaved mica surface (Ted Pella,
excitation in a Renishaw system fitted with a microscope. Spectra were Inc.) and rinsed with DI water.

collected with a Renishaw Raman Macro Sampling Set (Wire 2 Lyophilization and Resuspension of ISPVP-SDBS-SWNTLyo-
software) between 100 and 3200 c¢hwith a 10 s exposure time and  philization was performed using a FreezemobileSR. (The Virtis

1 accumulation. Time-dependent luminescence spectra of SWNT Company). A total of 1 mL of ISPVP-SDBS-SWNT was freeze-dried
suspensions in SDBS, PVP, or PVP-SDBS were taken every 0.5 s (50at —40 °C for 12 h. Resuspension was accomplished by the addition
ms exposure time and 6 accumulations) using a 660 nm laser excitation.of 1 mL of DI water and mild shaking.

Successive measurements began immediately after a SWNT suspension -
at neutral pH was injected into 1 of 1 M HCI. Acknowledgment. The authors thank Amanda L. Higgin-
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were used for 1214 passages and were transferred everg days. JAQ0777234
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