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A universal functionalization platform based on PNIPAAm grafted dextran smart polymers for, but
not limited to, carbon and gold nanomaterials, is developed. The dextran based smart polymer contains
three indispensable components: 1) dextran — to provide hydrophilicity and stability; 2) PNIPAAm — to
provide stimuli-sensitivity; 3) dodecylthiocarbonothioylthio groups (or aminolysis-generated thiols) —
to provide feasible functionalization through stable interactions between polymer and nanomaterials.
The readily accessible distinctive versions of polymers can provide necessary and efficient interactions
with a variety of nanomaterials: the unique dodecyl end groups provide the effective functionalization
of SWNT and NGO in a noncovalent manner, while the AuNR can be covalently functionalized
through aminolysis-generated thiols. These functionalized nanomaterials are simultaneously endowed
with well-retained properties of interest, excellent stability and smart properties: they exhibit superior
stability under various conditions and the absorption, fluorescent and aggregation properties can be
smartly tuned by temperature and NIR light. The establishment of this general approach is an
important step forward for development and wide-application of smart nanomaterials in catalysts,

actuators, sensors and biomedicine.

1. Introduction

As we have been seeing, carbon and gold nanomaterials have
come up to the center of intensive research owing to their unique
optical and electronic properties.! They have enabled tremen-
dous progress in a wide range of areas including catalysis,
biology, medicine, electronics, and sensors, among others.? Since
most inorganic nanomaterials are insoluble or have
a pronounced tendency to aggregate in water, appropriate
functionalization is essential to endow them with sufficient
aqueous stability while maintaining their intrinsic size- and
shape-dependent properties for practical applications.® Despite
progress in functionalization of nanomaterials using small
molecule or polymer coatings to maintain stability, novel
versatile nanomaterials and related applications have been
pursued by incorporating existing nanomaterials with multi-
functional polymers that not only retain their properties of
interest, but also give access to novel fascinating structures and
properties.>>* As a specific example, smart nanomaterials that
can dynamically and reversibly change their critical properties in
response to external stimulus or environment have shown great
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potential in many biomedical and technical applications.®> Smart
polymer coatings can prevent nanomaterials from aggregation
and additionally impart dynamically switchable properties to
them, resulting in actual active systems. In this regard, much
effort has been made to prepare smart nanomaterials through
in situ formation or post covalent/noncovalent modification of
nanomaterials, yet with few exceptions, each of these existing
specific approaches is likely limited to produce only one or a few
smart nanomaterials.**® The instability of these nanomaterials
against harsh conditions has become one of the central obstacles
for extensive applications. It is thus desired to develop a facile,
efficient and general route to produce smart nanomaterials with
superior stability under various conditions.

To meet these challenges, we herein aim to develop a multi-
functional coating material that can simultaneously provide
smart properties and excellent stability to a variety of nano-
materials through stable noncovalent/covalent functionalization.
Dextran-based smart polymer, poly(/N-isopropylacrylamide)
(PNIPAAM) grafted dextran (DexPNI), which pivots around
dodecylthiocarbonothioylthio groups linked to dextran, has been
synthesized by reversible addition-fragmentation chain transfer
(RAFT) polymerization of NIPAAm.” Dextran, a natural
analogue of PEG (polyethylene glycol), is employed as the
backbone of the smart polymers not only because of its excellent
hydrophilicity, biocompatibility, biodegradability, but also due
to its unique hyperbranched structure to provide a resistant
coating for harsh conditions, as well as the reactive hydroxyl
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groups for further chemical/biological modification.*® Since
dextran itself cannot be tightly attached on the surface of
nanomaterials,* the dodecylthiocarbonothioylthio group intro-
duced by esterification of dextran with 2-(dodecylthio-
carbonothioylthio)-2-methyl-propanoic acid (DTM) serves as an
essential component to provide steady bonding with carbon
nanomaterials (by hydrophobic interactions) and gold nano-
materials (by aminolysis-generated thiol groups). The readily
accessible distinctive versions of polymers, to provide necessary
and efficient interactions with a variety of nanomaterials, are
essential because the establishment of a general functionalization
route only becomes feasible if the polymer can be tightly attached
on the surface of nanomaterials. Meanwhile, this dextran deri-
vates (DexDTM) is used as a macro chain transfer agent for the
RAFT polymerization of PNIPAAm, which is a representative
temperature-sensitive polymer exhibiting a lower critical transi-
tion temperature (LCST) above which the polymer becomes
hydrophobic. To demonstrate the functionality of DexPNI,
which has 12-13 DTM groups in one dextran chain and 48
NIPAAm units in one PNIPAAm chain, we use it to function-
alize a series of carbon and gold nanomaterials that have strong
absorption in the near-infrared (NIR) region for photothermal
effect,V including single-walled carbon nanotubes (SWNT),?*°
nanosized graphene oxide (NGO)**'® and gold nanorods
(AuNR).?*!* NIR light that deeply penetrates through tissues
with low absorption can serve as a complementary stimulus of
temperature where temperature changes may not be imple-
mented.**>* When exposing to an NIR laser beam, these nano-
materials can absorb and convert light into heat by transferring
electronic excitations into molecular vibration energies.”” The
heat-induced elevation of local environment temperature will
cause the LCST phase transition of PNIPAAm, and in turn
result in the variation of the intrinsic properties of nano-
materials.*® Therefore, DexPNI functionalization provides
a general and facile route to obtain a series of robust and smart
nanomaterials that dually respond to temperature and NIR light.

2. Results and discussion

2.1. Functionalization of single-walled carbon nanotubes
through noncovalent interactions

Single-walled carbon nanotubes (SWNT) are “rolled-up” cylin-
drical tubes of seamless single-layer graphene sheets, possessing
sharp densities of electronic states at the van Hove singularities
which result in unique optical properties, such as NIR absorp-
tion features, photoluminescence, and Raman scattering.'®%+%
SWNT is an especially challenging material to suspend and it is
even more challenging to suspend SWNT by smart polymers
without perturbing their critical physical spectroscopy proper-
ties. A central obstacle for their practical applications, especially
in optics and biomedicine, is the perturbation of the electronic
structure and related properties by bundling of the tubes due to
strong van der Waals binding energy of tube-tube contact. To
this end, it is essential to nonperturbingly coat SWNT with
amphiphilic surfactant molecules or polymers only via a non-
covalent approach.'?*312 Although various amphiphiles have
been employed to bind with SWNT through 7 stacking, van
der Waals forces and hydrophobic interactions to obtain

aqueous SWNT suspension, it is still challenging to maintain the
properties of interest under harsh conditions especially by using
smart polymers that are able to tune the intrinsic properties of
SWNT by external stimuli.3*%< In our case, raw HiPco SWNT
powder can be well suspended in DexPNI solution (5 mg ml™")
after tip-sonication for 30 min with 450 W power level and
subsequent centrifuge-removal of unsuspended impurities at
23 000 g for 4 h. As shown in Fig. 1b, the UV-vis-NIR spectra of
DexPNI-suspended SWNT attest the representative van Hove
singularities of well-dispersed HiPco SWNT with sharp inter-
band E;; and E,, transitions.!” Raman spectra in Fig. S1 show
that the tangential mode (G-band) of DexPNI-SWNT upshifts
by 7 cm™!, probably due to the compressive strain induced by
DexPNI functionalization.t Since covalent modification of
SWNT causes significant changes in nanotubes bonds which will
result in the increase in the intensity of disorder-induced mode
(D-band) and disappearance of the van Hove singularities in the
UV-vis-NIR spectum,** the low intensity of D-band of DexPNI-
SWNT confirms that DexPNI and SWNT are noncovalently
interacted with each other. Moreover, these aqueous suspensions
exhibit remarkable long-term stability at extreme pH and high
salt concentration without any macroscopic aggregation or
significant changes in UV-vis-NIR absorption spectra. Although
the DexPNI-SWNT composite cannot be directly redispersed in
water after freeze-drying, it still can be stored in powder form
since the stable DexPNI-SWNT suspension, which has the same
UV-vis-NIR absorption spectra as before freeze-drying, can be
simply recovered by 2 min sonication or 1 h gentle stirring. This
result is important because most SWNT suspended by smart
polymers exhibit broader van Hove transitions, precipitate under
extreme pH, high salt concentration and high speed
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Fig. 1 SWNT functionalized by dextran-based smart polymer. a)
Schematic illustration of SWNT functionalization using PNIPAAm
grafted dextran with dodecyl end groups (DexPNI). DexPNI are tightly
anchored on SWNT surfaces by noncovalent interactions between
dodecyl groups and SWNT. b) Pictures (top panel) and UV-vis-NIR
spectra of DexPNI functionalized SWNT at various conditions. The
wavelength ranges of lowest energy semiconducting, second lowest
semiconducting, and lowest metallic absorption peaks are 900-1400 nm,
600-900 nm and 400-600 nm, respectively. The excellent stability of
DexPNI-SWNT is demonstrated by the well maintained black color and
characteristic UV-vis-NIR peaks after incubation at extreme pH (ranging
from 2 to 13 for 4 weeks) and high salt concentration (1 M NaCl for one
week), as well as after sonication-assisted redispersion of freeze-dried
sample. See also Fig. S2 for stability tests of SWNT functionalized by
non-smart dextran-based macro chain transfer agent (DexDTM) against
harsh conditions including heating.}
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centrifugation, and cannot be simply resuspended in water after
freeze-drying.5**=* Therefore, DexPNI can be tightly attached
on SWNT in water through hydrophobic (noncovalent) inter-
actions between dodecyl end groups and SWNT, yielding robust,
smart and well-suspended SWNT aqueous solutions.

When the PNIPAAm side chains of DexPNI, which are
strongly interacted with the side walls of SWNT, undergo
a phase transition from hydrophilic to hydrophobic state above
LCST," DexPNI-SWNT become hydrophobic and are likely to
form large self aggregates through “increased” hydrophobic
interactions and side-by-side contact between SWNT. Thus, the
dispersion/aggregation states of DexPNI-SWNT will be signifi-
cantly affected by temperature/NIR irradiation and cause cor-
responding changes in the spectroscopy properties. Given the
above assumptions, UV-vis and fluorescence spectra of DexPNI-
SWNT at different temperatures or upon 808 nm NIR laser
irradiation (power density = 1.5 W cm?) are shown in Fig. 2. At
25 °C (below LCST), DexPNI on SWNT is hydrophilic and in
extended state, resulting in the well-suspended DexPNI-SWNT
solutions with representative UV-vis and fluorescence spectra.
When the temperature is increased above LCST or upon NIR
irradiation, we can observe: 1) significant increase in UV-vis
absorbance mostly due to the phase transition of PNIPAAm;' 2)
blue-shift and broadening of absorption peaks induced by
SWNT aggregation; 3) partial quenching of fluorescence which
also indicates the aggregation of SWNT; and 4) turbid solution
with macroscopic precipitate of SWNT. Particularly, the NIR-
response of DexPNI-SWNT is very fast since the solution starts
to become turbid immediately from the spot exposed to NIR
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Fig. 2 Temperature/NIR sensitivity of DexPNI-SWNT. a) UV-vis
spectra of DexPNI-SWNT below and above LCST (~32 °C), upon NIR
irradiation, and after redispersion of heated sample by 2 min sonication
at 25 °C. b) Fluorescence emission spectra (Aexe = 410 nm) of DexPNI-
SWNT before and after heating to 35 °C, and after sonication-assisted
redispersion of heated sample. No fluorescence could be detected at 40 °C
when LCST phase transition of DexPNI and macroscopic precipitation
of SWNT are completed. ¢) From left to right: pictures of DexPNI-
SWNT suspension at 25 °C, 40 °C (neither shaking nor sonication can
prevent SWNT precipitation), after cooling back to 25 °C (some of
SWNT remain as precipitates), after redispersion by 2 min sonication at
25 °C (precipitates are fully resuspended), and upon 808 nm NIR laser
irradiation (power density = 1.5 W cm2, phase transition starts imme-
diately at NIR exposure spot and gradually spreads to the whole
suspension). See also Fig. S8 for temperature evolution curves for these
NIR-sensitive solution upon laser irradiation.

25°C  Redipersed

laser and then the whole solution becomes turbid gradually,
accompanying with the emerging of SWNT precipitates.
Although the spectroscopy properties and aggregation state
cannot be directly recovered by cooling back to 25 °C, it is still
worth noting that, by 2 min sonication, the heated solution can
be well redispersed and has nearly the same spectroscopy prop-
erties as original suspension. The reversible control of SWNT
aggregations using external stimuli meets the potential applica-
tion demands in SWNT-based switching devices, catalysis,
sensors, and especially in biological field.'#!¢

2.2. Functionalization of nano-graphene oxide through
noncovalent interactions

Graphene—a flat monolayer of carbon atoms tightly packed into
a two-dimensional honeycomb lattice—has become a rising star
in the materials research community after its discovery in 20047
and potential biomedical applications of graphene have been
pursued by various groups since 2008.2¢1%:!8 In contrast to gra-
phene with a zero band gap, graphene oxide (GO) possessing
intrinsic fluorescence in UV to NIR ranges and exceptional
fluorescence-quenching ability is especially attractive for optical
sensing and imaging applications.’**' Although GO is soluble in
water, its aqueous stability still needs to be enhanced against
harsh conditions for more widely applications.’® 2 Having
proved the excellent performance of DexPNI to functionalize
one-dimensional carbon allotropes (SWNT), we next devote to
preparing a robust and smart two-dimensional carbon nano-
material based on nanosized graphene oxide (NGO) and
DexPNI. Tip-sonication at 450 W power level for 90 min is
employed to break GO (obtained from graphite oxide by
Hummers method?!) into NGO with 50-120 nm in size; see
Fig. S3 for AFM image of NGO.} To avoid the further sonica-
tion breaking of NGO, DexPNI-NGO solution is obtained by
overnight-stirring of DexPNI (5 mg ml™") and NGO (0.5 mg
ml™") mixture. In the Raman spectrum of DexPNI-NGO
(Fig. S4t), the D-band at around 1329 cm™' corresponds to
defects in the curved NGO sheet, and staging disorder, while the
G-band at 1593 cm™! is related to the graphitic hexagon-pinch
mode.?* After DexPNI functionalization, the Ip/lg intensity
ratio has no obvious change while G-band upshifts by 7 cm™!
indicating that the functionalization process is noncovalent and
does not reduce the size of in-plane sp? domains. Similar with
DexPNI-SWNT, DexPNI-NGO suspensions also show excel-
lent long-term stability at extreme pH (ranging from 2 to 13 for 4
weeks) and high salt concentration (1 M NaCl for one week)
without obvious change in NGO dispersity or UV-vis absorption
spectra; see Fig. S5 and S6.F Since NGO is more hydrophilic than
SWNT, DexPNI-NGO can be readily redispersed in water after
freeze-drying just by gentle shaking rather than sonication,
providing the opportunity to produce redispersible smart NGO
in powder form. However, it should be noted that the hydrophilic
nature of NGO does not always lead to good redispersion after
freeze-drying.

In regard of temperature/NIR sensitivity, UV-vis spectra show
that the absorbance of DexPNI-NGO greatly increases upon
heating or NIR irradiation (Fig. 3c). This turbidity change is
mainly induced by the LCST phase transition of PNIPAAm. The
absorbance peak at 209 nm, which corresponds to a 7t-electron
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Fig. 3 NGO functionalized by dextran-based smart polymer. a) Schematic illustration of NGO functionalization using DexPNI, which are tightly
anchored on NGO by noncovalent interactions between dodecyl groups and NGO. b) Pictures of DexPNI-NGO suspension at 25 °C, 40 °C (neither
shaking nor sonication can prevent NGO precipitation, the upper solution is clear instead of cloudy), after cooling back to 25 °C (most NGO remain as
precipitates), after redispersion by gentle shaking at 25 °C (precipitates are readily and fully resuspended), and upon NIR irradiation (phase transition
starts immediately at NIR exposure spot and gradually spreads to the whole suspension, accompanying with NGO aggregation). ¢) UV-vis spectra of
DexPNI-NGO below and above LCST (~32 °C), upon NIR irradiation, and after shaking-assisted redispersion of heated sample at 25 °C. d) Fluo-
rescence emission spectra (Aexc = 380 nm) of DexPNI-NGO upon heating, and after shaking-assisted redispersion of heated sample at 25 °C. Two-stage
variation in fluorescence intensity is observed: increase at 25 to 35 °C (solid lines) when PNIPA Am chains are not fully dehydrated; and decrease at 35 to
40 °C (dash lines) when LCST phase transition of DexPNI and macroscopic precipitation of NGO are completed.

plasmon excitation of graphitic carbon,?** red-shifts to 216 nm PNIPAAm chains are completely dehydrated. When heated
when the temperature is increased from 25 °C to 40 °C or after NGO suspension is cooled back to 25 °C the dispersity and UV-
NIR irradiation. A similar red-shift has been observed with the vis absorbance can be recovered to the original level by gentle
increase of NGO size or reduction degree.”>* As shown in shaking, which is suggestive of the readily reversible nature of
Fig. 3b, when NGO is totally precipitated at 40 °C, the solution temperature/NIR regulated aggregation behaviors of DexPNI-
becomes nearly transparent, leaving little free polymer in the NGO. Since we and other groups have shown promising catalysis
solution phase, while the DexPNI-SWNT solution remains applications of graphene/GO (derivates) and their nanometal
opaque during precipitation. The difference in turbidity of composites,?* besides the potential applications in optics and
heated solution implies that DexPNI is tightly anchored on NGO biology, this readily-accessible smart aggregation property may
surfaces and has stronger interactions with NGO than SWNT. be used to build recyclable catalytic systems that can be rever-
Serendipitously, heating DexPNI-NGO solution from 25 to sibly switched on and off via remote triggered aggregation of
35 °C results in great enhancement of fluorescence intensity with catalyst.?

the emerging of dual-peak fluorescence at 468 and 523 nm from
a single peak at 507 nm (Fig. 3d). In this temperature range, the
phase transition of DexPNI is incomplete and no macroscopic
precipitation of NGO can be observed. On the contrary, further
increasing of temperature to 40 °C led to significantly damped Gold nanorods (AuNR) that exhibit size- and shape-tunable
fluorescence intensity. The temperature-induced variation in surface plasmon resonance from visible to NIR regions are of
absorption and fluorescence peak position and increase in fluo- particular interest in bioimaging, biosensing and bio-
rescence intensity are not yet fully understood but may be medicine.?*'"* In addition to functionalize carbon nanomaterials
ascribed to the LCST phase transition induced change of in a noncovalent manner, our smart polymer can be covalently
refractive index and dielectric constant of surrounding medi- anchored onto the surface of gold nanomaterials through a gold—
um. %18 The partial quenching of fluorescence at temperature thiol linkage. This can be achieved by aminolysis of DexPNI to
higher than 35 °C is due to the precipitation of NGO when convert trithiocarbonate groups into thiol groups under

2.3. Functionalization of gold nanorods through covalent
interactions
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anaerobic condition at 5-10 °C. Cylindrical AuNR prepared by
seed-mediated growth method is gold nanorods (AuNR) that
exhibit size- and shape-tunable surface plasmon resonance from
visible to NIR regions are of particular interest in bioimaging,
biosensing and biomedicine.?**** Cylindrical AuNR prepared by
seed-mediated growth method is stepwise washed twice by
centrifuge, sonicated together with thiol-terminated DexPNI
(SH-DexPNI) and dialyzed against water to fully replace CTAB
surfactant with SH-DexPNI. The surface coating replacement
results in a slight red shift in longitudinal plasmon peak at
760 nm because of the change in the dielectric environment of
AuNR V326 After functionalization, these AuNR show superior
stability under various conditions. As shown in Fig. S7, neither
precipitation nor obvious change of absorption spectra is
observed after incubation in a wide range of pH of 2 to 13 (for 4
weeks) or 1 M NaCl solutions (for 1 week).t After redispersion of
freeze-dried AuNR in water, they display almost the same
absorption spectrum as before freeze-drying. Moreover, AuNR
solution remains suspended upon heating at 80 °C for 6 h and
regains the UV-vis absorbance when cooling back to room
temperature. The temperature/NIR sensitivity of SH-DexPNI-
AuNR is illustrated by the fact that, upon increasing of
temperature to 40 °C or NIR irradiation, the surface plasmon
band of AuNR red-shifts by 21 nm and becomes boarder
(Fig. 4b). Also, the increase in turbidity and optical absorbance
can be observed accompanying with the color change of solution
from transparent light-brown to opaque dark-brown.
Comparing with DexPNI-SWNT and DexPNI-NGO, this
opaque solution does not precipitate while the aggregation of
AuNR indeed occurs, as indicated by the rise of a shoulder peak
at around 950 nm. The origin of this temperature-tunable optical
property of AuNR is the LCST phase transition of PNIPAAm
chains anchored on AuNR surfaces. Above LCST, the heat-
induced intrachain collapse of PNIPAAm results in the forma-
tion of hydrophobic surface on AuNR, which further develops
into a macroscopic coacervate phase.?”” As a consequence, the

a) [0}

O, -
s sH-DexeNI . [N
OH OH b) 25

local dielectric constant and refractive index of the solution are
changed with a concomitant aggregation of AuNR, thus altering
the optical properties of AuNR.>*® The heat-induced variation
in AuNR optical properties is also reversible as the UV-vis
absorbance gets recovered upon cooling back to 25 °C.

3. Conclusions

In summary, we have demonstrated a universal functionalization
platform based on PNIPAAm grafted dextran smart polymers
for, but are not limited to, carbon and gold nanomaterials. The
unique dodecyl end groups provide the effective functionaliza-
tion of SWNT and NGO in a noncovalent manner, while the
AuNR can be covalently functionalized through aminolysis-
generated thiols. These functionalized nanomaterials are simul-
taneously endowed with well-retained properties of interest,
excellent stability and smart properties: they exhibit superior
stability under various conditions and the absorption, fluores-
cent and aggregation properties can be smartly tuned by
temperature and NIR light. By using monomers other than
NIPAAM, the present approach can be further used to build
a vast variety of robust and multi-responsive nanomaterials. The
establishment of this general approach is an important step
forward for development and wide-application of smart nano-
materials in catalysts, actuators, sensors and biomedicine.

4. Experimental section
Reagents and materials

Dextran (M, = 70 000, Seebio Biotechnology), 2,2'-azobis[2-(2-
imidazolin-2-yl)propane] (VA-044, Wako), raw HiPco single-
walled carbon nanotubes (SWNT, Unidym, >65% carbon) and
isopropylamine (IPA, Aldrich) were used as received. N-Iso-
propylacrylamide (NIPAAm, Aldrich) was purified by recrystal-
lization from hexane. 2-(Dodecylthiocarbonothioylthio)-2-
methylpropanoic acid (DTM) was synthesized according to the
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Fig. 4 AuNR functionalized by dextran-based smart polymer. a) Schematic illustration of AuNR functionalization using SH-DexPNI, which is
generated by aminolysis of DexPNI. SH-DexPNI is tightly anchored on AuNR by gold-thiol covalent interactions. b) Pictures (top panel) of SH-
DexPNI-AuNR suspension at 25 °C, 40 °C (the solution remains cloudy dark-brown upon either shaking or sonication), after cooling back to 25 °C (the
clear light-brown solution gets recovered), and upon NIR irradiation (phase transition and color change start immediately at NIR exposure spot and
gradually spreads to the whole suspension); UV-vis spectra of functionalized AuNR below and above LCST (~32 °C), upon NIR irradiation, and after

cooling back to 25 °C.
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literature.?® All other reagents were purchased from commercial
sources and used as received.

Synthesis of PNIPAAm grafted dextran with dodecyl end groups
(DexPNI)

DexPNI was synthesized by a RAFT polymerization process as
our previous reports.”’ In brief, the macro chain transfer agent
(DexDTM) was first synthesized by esterification of 2-(dode-
cylthiocarbonothioylthio)-2-methylpropanoic acid chloride with
hydroxyl groups of dextran using 4-dimethylaminopyridine and
triethylamine as esterification catalyst. The number of dodecyl
groups linked to dextran can be controlled by feed ratio of DTM
to dextran. The DexDTM we used in this work contains 12-13
dodecyl end groups in one dextran chain as determined by 'H
NMR.” The initial ratio of NIPAAm to DexDTM can also be
used to adjust the average number of monomer per grafted
PNIPAM chain. To ensure the fast and sharp phase transition of
DexPNI, appropriate chain length is needed. According to our
previous research on chain length dependent phase transition of
DexPNI, the average PNIPAAm chain length of DexPNI we
used here was 48 as estimated by 'H NMR.™ In a typical
synthesis procedure, NIPAAm (0.62 g, 5.5 mmol), water-soluble
initiator VA-044 (0.18 g, 0.55 mmol) and DexDTM (0.6 g) were
dissolved in water (120 mL) at 5-10 °C under a N, atmosphere
and the solution was kept at 60 °C for 4 h. DexPNI was purified
by dialysis against water and isolated by freeze-drying.

SWNT functionalization using DexPNI and DexDTM

10 ml solutions of DexPNI and DexDTM in deionized ultra-
filtered water with the concentrations of 5 mg ml™' and 2.5 mg
ml~! respectively were prepared and then centrifuged at 23 000 g
for 15 min to remove the undissolved impurity. 2 mg of raw
HiPco SWNT was added to the supernatant and then ultra-
sonicated for 30 min using a tip-sonicater at 450 W power. The
solution temperature was kept below 25 °C using a circulator
bath. Well suspended SWNT solutions were obtained after
centrifugation at 23 000 g for 4 h to remove the unsuspended
aggregates.

Synthesis of NGO and its functionalization using DexPNI and
DexDTM

GO was prepared and purified according to the Hummers
method.?* An exfoliated suspension (5 ml, ~1 mg ml™') was
obtained by dispersing purified GO in distilled water with the aid
of intensive sonication for 1 h at 100 W power. This solution was
first centrifuged at 2000 g for 15 min and then the supernatant
was centrifuged at 23 000 g for another 15 min. After carefully
removing the supernatant with a pipet, NGO with hundred-
nanometer diameter was obtained by redispersion of GO with
5 ml water and subsequent ultrasonication at 450 W for 90 min.
The solution temperature was kept below 25 °C using a circulator
bath. 5 ml solutions of DexPNI and DexDTM in deionized
ultrafiltered water with the concentrations of 10 mg ml~' and
5 mg ml~!' respectively were prepared and then centrifuged at
23 000 g for 15 min to remove the undissolved impurity. The as
prepared 5 ml DexPNI (or DexDTM) solution was mixed with

5 ml NGO solution and stirred overnight to obtain the func-
tionalized NGO.

Synthesis of AuNR and its functionalization using SH-DexPNI

AuNR with controlled aspect ratio were synthesized using
a typical seed-mediated, CTAB surfactant directed procedure by
El-Sayed.*® In order to convert the trithiocarbonate groups of
DexPNI into thiol groups by aminolysis, 25 pl IPA was added to
a 5 ml solution of Nj-bubbled DexPNI (5 mg ml™') under
vigorous stirring.”’* The solution temperature was kept at 5-10
°C using an ice-water bath. The aminolysis reaction was allowed
to proceed for 2 h under N, atmosphere, resulting in the thiol-
terminated version of smart polymer (SH-DexPNI). To fully
exchange CTAB with SH-DexPNI, 5 ml solution of as-prepared
AuNR was first sonicated for 15 min to redissolve the precipi-
tated CTAB and then washed twice by centrifugation at 23 000 g
for 15 min while the supernatant was replaced with fresh water.
This AuNR solution was mixed with the as-prepared SH-
DexPNI and sonicated for 20 min. After dialysis against water
for 3 days using a MWCO 14 000 dialysis tube, CTAB-free
AuNR-SH-DexPNI suspension was obtained.

Characterization

'"H NMR spectra were obtained on a Bruker DRX-500 spec-
trometer operating at 500 MHz. Atomic force microscopy
(AFM) was carried out on a_CSPM 5000 scanning probe
microscope in tapping mode. Raman spectroscopy was taken on

an NT-MDT NTEGRA Spectra AFM-Raman system. The
TEM image was taken on a Philips Tecnai G2 F20 high-resolu-
tion transmission electron microscopy. The optical properties of
the DexPNI functionalized nanomaterials were characterized
using a Unico 2802 UV-vis absorbance spectrometer, Shimadzu
UV-3600 UV-vis-NIR absorbance spectrophotometer, Perkin-
Elmer LS-55 fluorescence spectrophotometer (for NGO) and
Jobin Yvon FL3-221-TCSPC fluorescence spectrophotometer
(for SWNT). For UV-vis measurements, the temperature of the
sample solutions was controlled within +£0.1 °C by circulating
water baths linked to the equipment.
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