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ABSTRACT: Hydrophilic mercaptosuccinic acid (MSA)
monolayer-protected gold nanorods (GNRs) were synthe-
sized. The resulting GNRs encapsulated with biocompatible
MSA molecules via covalent Au—S linkages were found to be
able to self-aggregate through intermolecular hydrogen
bonding. Interestingly, when the hybrid GNRs (MSA-GNR)
were mixed with the hydrophilic fluorescent perylene diimide
(PDI) molecules and carboxylic acid modified single-wall
carbon nanotubes (CNT-COOH), respectively, their aggrega-
tion behaviors were pH- and temperature-dependent, which
were investigated by UV—vis, fluorescence spectra, and TEM
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images. The aggregates of MSA-GNR with functional PDI and CNT-COOH were able to combine the properties of each
component through noncovalent interactions, providing insight into developing new multifunctional metal nanocomposites with

properties tailored for their practical application.

B INTRODUCTION

Owing to their distinct properties compared with isotropic
spherical gold nanoparticles as well as corresponding bulk
materials,' > anisotropic gold nanorods (GNRs) provide
tremendous opportunities and challenges for insights into
fundamental science which opens the doors to various
applications in optlcs, sensing, biological imaging, and
anticancer agents, etc.*”® Unlike isotropic spherical gold
nanoparticles, GNRs have distinguishing optical properties
arising from the two well-differentiated plasmon modes:
transverse surface plasmon resonance (SPR) usually shows up
at ~520 nm, and longitudinal SPR appears at the near-IR
region (NIR). Since GNRs respond to NIR light and have
photoinduced thermal effects, they have been intensively
investigated in recent years for biomedical applications, e.g,
blologlcal imaging, sensing and cancer therapy, and drug
delivery.’

It is established that the prerequisites for GNRs’ practical
biomedical applications are their water solubility, biocompat-
ibility, and in vivo stability. However, the widely investigated
GNRs prepared by the seed mediated method are covered by a
dynamically unstable bilayer cornprlslng cetyltrimethylammo-
nium bromide (CTAB) molecules,® which is seemingly
bioincompatible. 3¢ In this context, it is of paramount
importance to replace CTAB molecules on the GNR surface
with hydrophilic biocompatible molecules through strong
covalent Au—S linkage. Although biocompatible polymers
such as polyethylene glycol (PEG) and poly(N-isopropylacry-
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lamide) (PNIPAAm) were used,'”'" small thiol-based mole-
cules could be a promising alternative choice because of their
advantages such as easy preparation and bringing of GNR in
close contact to target cells or tissues to enhance the
photothermal therapy effect. Small molecule mercaptosuccinic
acid (MSA) is an intriguing choice because of its nontoxicity,
biocompatibility, and strong hydrophilicity."> The thiol group
in MSA molecules provides a strong covalent Au—S linkage to
the GNR surface which imparts MSA covered GNRs (MSA-
GNRs) with superior stability. Besides good water-solubility,
the two carboxylic acid groups in the MSA molecule would also
offer strong intermolecular hydrogen bonding (H-bond) to
induce GNRs to consequently self-aggregate. Since different
aggregation states of GNRs would result in different optical and
electronic properties, it is interesting to investigate and control
their aggregation behavior'® by varying pH and temperature
because the carboxylic acid groups are pH sensitive and the H-
bonding is temperature sensitive.

Investigating interaction between the GNRs and other
functional materials is another interesting topic because it
might create novel properties of the GNRs via surface
interactions and could also combine the properties of the
GNRs and other functional materials together, generating new
multifunctional metamaterials. Thus, interesting candidates
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such as strong fluorescent perylene diimide dyes (PDIs)'* and
carbon nanotubes (CNTs)'>'® with superior thermal con-
ductivity can be connected to MSA-GNR. PDIs and CNTs
were also used in biomedical research. For example, PDIs were
used for cell imaging'” and as a trigger and detector for drug
release'® because of their strong fluorescence, while CNTs were
used for drug delivery."” Here the coassembled structures of
MSA-GNR with PDI, and MSA-GNR with CNT-COOH were
built. The resulting coaggregated structures were able to be
changed further upon modulation of pH and temperature,
offering an opportunity to control aggregation with tailored
functionality. The pH- and temperature-dependent aggregation
of MSA-GNR, MSA-GNR with PDI, and MSA-GNR with
CNT-COOH was investigated using UV—vis and fluorescence
spectra and transmission electron microscopy (TEM) techni-
ques.

B EXPERIMENTAL SECTION

Materials and Measurements. All chemicals and solvents
were purchased from commercial suppliers and used without
further purification. HAuCl, is a 30 wt % in diluted HCI
solution. UV—visible spectra were collected on a PerkinElmer
Lambda 25 UV-—vis spectrometer at a resolution of 1 nm.
Fluorescence spectra were recorded on a FluoroMax-3
spectrofluorometer of Horiba Scientific. For transmission
electron microscopy (TEM) observation, solution samples
were dispersed on TEM Cu grids precoated with thin carbon
film (Cu-400 CN) and thin carbon holey film (Cu-400 HN)
purchased from Pacific Grid Tech. CNT was purchased from
Cheap Tubes Inc.

Preparation of MSA-GNR. The CTAB-coated GNRs were
freshly prepared by the seed-mediated growth method.** For
seed preparation, 0.5 mL of an aqueous 0.01 M solution of
HAuCl, was added to CTAB solution (15 mL, 0.1 M) in a vial.
A bright brown-yellow color appeared. Then 1.20 mL of 0.01
M ice-cold aqueous NaBH, solution was added all at once,
followed by rapid inversion mixing for 2 min. The solution
developed a pale brown-yellow color. Then the vial was kept in
a water bath and maintained at 25 °C for future use. For
nanorod growth, 9.5 mL of 0.1 M CTAB solution in water was
added to a tube and 0.40 mL of 0.01 M HAuCl, and 0.06 mL of
0.01 M AgNO; aqueous solutions were added in this order and
mixed by inversion. Then 0.06 mL of 0.1 M of ascorbic acid
solution was added, and the resulting mixture at this stage
becomes colorless. The seed solution (0.02 mL) was added to
the above mixture tube, and the tube was slowly mixed for 10 s
and left to sit still in the water bath at 25—30 °C for 3 h. The
final solution turned purple within minutes after the tube was
left undisturbed. The solution of CTAB-GNR was centrifuged
at 7500 rpm for 20 min several times to remove the excessive
CTAB and other solution components and redispersed in 1.5
mL of water. Then this aqueous solution of GNR was added
dropwise to a solution of the MSA (20 mg) in 40 mL of THF
with stirring. Synthesizing MSA-GNR was also reported in
water.”® The color of the reaction mixture was purple. The
reaction mixture continued to stir at room temperature for 3
days and was then centrifuged. To improve the GNR with thiol
molecules over the surface, the precipitates were dispersed in
THEF and sonicated, and then 10 mg of MSA was added to the
solutions. The solution was stirred for another 24 h and
centrifuged. This procedure was repeated another three times.
The as-prepared GNRs were centrifuged and washed with THF
several times to remove free thiols in the system.
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Preparation of Water-Soluble N,N’-Di[(S)-1-carboxy-
lethyl]-3,4,9,10-perylenetetracarboxyldiimide (PDI). PDI
was synthesized according to the literature.”’ A 1 mg/mL PDI
aqueous solution was made by dissolving PDI in KOH solution.

Preparation of Carboxylic Acid Modified Carbon
Nanotube (CNT-COOH). An amount of 50 mg of CNT was
added into a 100 mL flask containing a mixture of H,SO, (30
mL, 98%) and HNO; (10 mL, 70%). The mixture was then
ultrasonicated for 8 h. The resulting solution was diluted with
200 mL of deionized water, followed by vacuum-filtering
through a 0.22 pm polycarbonate film. The solid product was
washed with deionized water three times and dried to afford the
CNT-COOH.

Preparation of the Solution Samples. A 0.01 M HCl
aqueous solution and a 0.01 M KOH aqueous solution were
prepared. For PDI solutions, PDI solid was dissolved by adding
0.01 M KOH aqueous solution. The mother solution of PDI
was 1 mg/mL, pH 10. For the study of MSA-GNR aqueous
solution under varied pH and temperature, the concentration of
MSA-GNR was 0.1 mg/mL. For the study of MSA-GNR with
PD], the mixture was prepared by adding 1 drop of PDI mother
solution into 0.1 mg/mL MSA-GNR. The concentration of
PDI was approximately 2.8 X 10™° M. For the study of MSA-
GNR with CNT-COOH, the concentration of MSA-GNR was
0.1 mg/mL and the concentration of CNT-COOH was about
0.01 mg/mL.

B RESULTS AND DISCUSSION

Aggregation of MSA-GNR. After thiol exchange, MSA-
GNRs in THF were prepared. Since the surface of GNR was
fully encapsulated by the hydrophilic carboxylic groups of MSA
molecules, the as-prepared MSA-GNR was soluble in water.
When dried and redissolved in water by sonication, the solution
of MSA-GNRs in water displayed bluish color, which was quite
different from the initial deep-red CTAB-GNR aqueous
solution (Figure 1 inset). Investigating the MSA-GNRs in
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Figure 1. UV—vis spectra of CTAB-GNR, MSA-GNR, and MSA in
water at room temperature. Inset: pictures of CTAB-GNR and MSA-
GNR aqueous solutions.

water is important because one potential use of the MSA-GNRs
is for biomedical research. The schematic thiol exchange
process is shown in Figure 2, and the UV—vis spectra of MSA-
GNR, CTAB-GNR, and MSA were presented for comparison
(Figure 1). For CTAB-GNR, two characteristic plasmon peaks
of GNR showed up: 520 nm for the transverse SPR and 725
nm for the longitudinal SPR. After thiol exchange, the
longitudinal SPR peak was at 761 nm and it became much
broader. Meanwhile, there was a broadened and red-shifted
transverse SPR from 520 to 535 nm. MSA molecules did not
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Figure 2. Preparing MSA-GNR from CTAB-GNR via thiol exchange
with MSA. The hydrogen atoms of MSA molecules were omitted for
clarity.

exhibit any UV signal. So the shift of the peaks could be the
dielectric constant change due to the surface chemistry change
after thiol exchange. The obvious broadened peak shapes
indicate that there was a significant aggregation of GNRs in
solution. This could be due to the intermolecular hydrogen
bonding interactions offered by carboxylic groups of MSA
molecules on the GNR surface. Figure 4 is the calculated
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Figure 3. UV—vis spectra of MSA-GNR with (A) pH decrease at
room temperature and (B) temperature increase at pH 7.

closest theoretical inter-rod distance. The shortest distance was
11.7 A (only about 1 nm) according to the bond lengths: Au—S
bond, 2.5 A;> O—H 1.3 A and S—O 1.8 A (based on
Chemdraw 3D); H-bond, 1.6—2 A (1.8 A was used as an
average value). When base was added to the solution, the H-
bond would reduce or disappear, and thus, there would be
repulsive ionic interactions between MSA-GNRs, which could
weaken the GNR assemblies and increase the inter-rod
distance. As a result, GNR aggregation would be released.
Also shown in Figure 4, MSA-GNR could connect with PDI
molecules and CNT-COOH via H-bond.

With MSA molecules, the assembling behavior of the MSA-
GNRs was able to be tuned by pH and temperature. Since the
interparticle forces can be classified into two main categories,

attractive and repulsive, MSA can provide H-bonds as the
attractive force at lower pH and anionic interaction as the
repulsive force at higher pH. At room temperature, the pH
dependent UV—vis spectra of MSA-GNRs are shown in Figure
3A. When the pH was increased to 10 after adding KOH, the
H-bond attractive force was weakened between MSA-GNRs.
Ionic repulsive forces appeared between the GNRs, and the
aggregations of MSA-GNRs were disassembled. When HCI was
added, the pH decreased and the attractive H-bond interactions
led to MSA-GNRs to aggregate. The whole process can be
observed by the change of SPR peaks in the UV—vis spectra. At
a high pH, the transverse SPR peak was sharp. When the pH
decreased and the H-bonds became stronger, the transverse
peak broadened and even disappeared at pH 4. Also, the
longitudinal SPR peak endured an intensity decrease when pH
decreased. The ionic repulsive interaction weakened the GNR
assemblies, as reflected by the change in the transverse SPR
peak shape and longitudinal peak intensity. When the pH was
again increased by adding KOH, the UV—vis curves showed
reversible changes. Figure 3B shows the UV—vis spectra of
MSA-GNRs at pH 7 with temperature variation. Upon an
increase of temperature, the assemblies of MSA-GNRs slowly
degraded: both the longitudinal and the transverse SPR became
sharper, particularly for the longitudinal (Figure 3B) which was
not observed in Figure 3A. When the temperature cooled
down, the UV—vis curves again showed reversible changes.
To corroborate the UV—vis investigation, the GNR
aggregation behavior was studied by TEM. The solution
samples were dropped on TEM grids and dried. For the
average size based on calculating 500 GNRs, they had a length
of ~41 nm and a width of ~15 nm. When pH increased to 10,
where H-bonds were eliminated among GNRs, single GNRs
appeared with large distances to other GNRs (Figure SA).
During drying some small aggregates still could be observed
(Figure SB), but the distances between GNRs were larger than
those of the samples at lower pH (Figure SC and Figure SD)
because of the ionic repulsion between carboxylate groups.
When at pH 7, GNRs displayed obvious aggregation (Figure
SC). When pH further decreased to 3, there were abundant H-
bond interactions between GNRs and strong aggregation of
GNRs appeared (Figure SD). Among the assemblies, side-by-
side assemblies could be observed because of the large contact
area along the longitudinal side between GNRs. From Figure
5B to Figure 5C and to Figure 5D, the GNR assemblies became
condensed owing to the increasing H-bond interactions.
Because the warm solution samples cooled during preparation
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Figure 4. Schematic demonstration of interactions between MSA-GNRs provided by favoring H-bond at lower pH and electronic repulsion at higher
pH, and the H-bond interactions between MSA-GNR and PDI or CNT-COOH.
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Figure 5. TEM images of MSA-GNRs drying from water solutions with different pH: (A, B) pH 10; (C) pH 7; (D) pH 3.

of TEM samples, temperature-dependent TEM studies were
not shown.

Coaggregation of MSA-GNR and PDI. The aggregation
behavior of MSA-GNR with other functional molecules was
further investigated. Perylene molecules with carboxylic groups
(PDIs) were used, which offer strong 77—z intermolecular
interactions and H-bonds as well. With MSA and PD]I, the
aggregation of the GNRs could be tuned by more stimuli. First,
the pH and temperature dependent UV—vis and fluorescence
spectra of PDI are listed in Figure 6. The free PDI molecules
exhibited two typical absorption peaks at 533 and 498 nm in
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Figure 6. UV—vis spectra of PDI solution: (A) pH decrease at 28 °C;
(B) temperature increase at pH S5.0. Fluorescence spectra of PDI
solution: (C) pH decrease; (D) temperature increase.

the UV—vis spectra and two characteristic emission peaks at
547 and 589 nm in the fluorescence spectra. During
aggregation, the intensity ratio of 533/498 in the UV-—vis
spectra decreased.””** When aggregation became stronger, the
peak at 471 nm dominated, which could usually be observed
from solid-state PDL In the fluorescence spectra, the emission
intensity also decreased when the PDI assembled. At lower pH
and temperature, PDI molecules tend to aggregate, displaying a
lower 533/498 ratio in the UV—vis spectra (Figure 6A and
Figure 6B) and a lower emission intensity in the fluorescence
spectra (Figure 6C and Figure 6D). From the pH-dependent
study, the PDI molecules exhibited even stronger assemblies.
The absorption peak presented a shape that usually appeared in
solid-state PDI, and the fluorescence peak became very weak.
The pH- and temperature-dependent UV—vis and fluorescence
spectra were reversible.

The coaggregation behavior of MSA-GNRs and PDI
molecules was studied. The pH dependent UV—vis and
fluorescence spectra were listed in Figure 7. The pH value of
the initial sample was first adjusted to 10. With the pH decrease
by addition of HC], the PDI molecule signal in the UV—vis
spectra (Figure 7A) decreased and the longitudinal SPR peak of
GNR further broadened and decreased in intensity, indicating
that both PDI molecules and MSA-GNRs assembled. When
PDI molecules were closely attached on the GNR surface, their
UV—vis absorption signal could not be observed.”> When they
were no longer assembled on the GNR surface, their signal
reappeared. In the fluorescence spectra in Figure 7C, the
intensity of the PDI molecules was reduced, similar to Figure
6C. Conversely, during the pH increase the PDI molecules
released from the assemblies and the characteristic absorption
and fluorescence peaks increased (Figure 7B and Figure 7D).
The longitudinal SPR peak also slightly increased, but it was
not as obvious as in the initial state at pH 10.4 in Figure 7A.

dx.doi.org/10.1021/jp400788h | J. Phys. Chem. C 2013, 117, 6752—6758
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Figure 7. UV—vis spectra of the MSA-GNRs and PDI mixed solution
at 28 °C under (A) pH decrease and (B) pH increase. Corresponding
fluorescence spectra: (C) pH decrease and (D) pH increase.

This indicated that the coaggregation of MSA-GNR with PDI
was easy to disassemble. Different from PDI molecules, the
coaggregation did not generate PDI aggregation as strong as in
Figure 7A at around pH 4. This could be ascribed to the
coaggregation of MSA-GNRs and PDI molecules, rendering the
formation of highly ordered PDI assemblies.

The temperature-dependent UV and fluorescence spectra are
shown in Figure 8. During the temperature increase, as shown
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Figure 8. UV—vis spectra of the MSA-GNRs and PDI coaggregation
in solution at pH 4 under increasing (A) and decreasing (B)
temperatures. Bottom: corresponding fluorescence spectra.

in Figure 8A, the absorption peaks corresponding to the PDI
molecules increased. The typical PDI UV—vis absorption peaks
indicate highly self-assembled PDI molecules in all temperature
variations. There was also an accompanying change of the
MSA-GNRs’ longitudinal SPR peak. Both sharpness and
intensity increased, indicating the loss of the MSA-GNRs
assemblies. The fluorescence peak intensity also increased in
Figure 8C during heating. The increase trend was not as strong
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as from free PDI molecules because they were aggregated at
low pH. During cooling as shown in Figure 8B, PDI molecules
did not show obvious changes in UV—vis spectra; nevertheless,
the change of the MSA-GNRs’ longitudinal SPR peaks seemed
to exhibit reversible behavior (compared to Figure 8A). The
fluorescence spectra during cooling also exhibited a slower
intensity decrease compared to free PDI. The separation of
MSA-GNRs and PDI assemblies from the coaggregation
structure could be the reason to explain the above observations.
During heating, the H-bond interactions between MSA-GNRs
and MSA-GNRs, MSA-GNRs and PDI became weaker but the
m—n interactions of PDI molecules were still very strong.
Therefore, the MSA-GNR-PDI coassemblies disassembled.
MSA-GNR aggregates further disassembled, but the separated
PDI assemblies remained. During cooling, the MSA-GNRs
assembled and the longitudinal peak became broader and
weaker. However, the absorption peak of PDI aggregates
remained indicating that PDI aggregates did not coassemble
with MSA-GNRs the same way as its initial state. The
temperature dependent study showed an irreversible change
of MSA-GNRs and PDI coaggregations.

For the pH-dependent study, the TEM images of MSA-
GNRs and PDI assemblies were also illustrated in Figure 9. The
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Figure 9. TEM images of MSA-GNR-PDI drying from water solutions
with different pH values: (A) pH 10; (B) pH 7; (C) pH 3.

increasing trend of forming aggregation when pH decreased
could be clearly observed. At pH 10 (Figure 9A), there were no
H-bond interactions between MSA-GNRs and PDI. The MSA-
GNRs showed a good dispersion where individual GNRs
without aggregation or a few GNRs presenting weak aggregates
could be observed. For PDI molecules at high pH, PDI
molecules still could aggregate based on strong z—x
interactions during drying. At pH 7, there were H-bond
attractive interactions, so the two components aggregated and
formed coassemblies, as shown in Figure 10B. By further
adjustment of the pH to 3 (Figure 10C), even larger aggregates
of MSA-GNR were exhibited in the coaggregation structure,
according to the stronger H-bond interactions among GNRs.
Coaggregation of MSA-GNR and Carboxylic Acid
Modified Carbon Nanotubes (CNT-COOH). Although
GNRs were used for their photothermal effect, this effect
only took place near the GNRs. By mixing of GNRs into CNT
networks, with superior thermal conductivity of CNT,*® the
photothermal effect of GNRs could be further enhanced by
including a larger area. In this work strong H-bonded MSA-
GNRs and CNT-COOH were combined. As the CNTs had a
strong absorption at about 260 nm in UV—vis spectra, there
was no overlap of signals between the GNRs and the CNTs in
that region. However, CNTs still have some weak absorption in
the UV—vis—NIR region.27 In our experiment, the CNT
solution samples before and after adding MSA-GNR were
compared as shown in Figure 10A. Clearly, after addition of
MSA-GNR, a much stronger peak at 574 nm appeared, and the

dx.doi.org/10.1021/jp400788h | J. Phys. Chem. C 2013, 117, 6752—6758
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Figure 10. UV—vis spectra of MSA-GNRs mixing with CNT-COOH at pH 4 (A) and their further studies with pH decrease (B) and temperature

increase (C).

Figure 11. TEM images of MSA-GNR-CNT-COOH drying from water solutions with different pH: (A) pH 10; (B) pH 7; (C) pH 3.

peak at 705 nm became broader and had higher intensity. This
indicates that the MSA-GNRs presented their characteristic
absorption when mixing with CNTs in aqueous solution.
Different from the 535 and 761 nm SPR peaks of initial MSA-
GNRs in Figure 1, the new SPR peaks of the MSA-GNRs
mixed with CNTs could be ascribed to the influence of the
CNTs which may alter the effective dielectric constant of the
coating layer on the GNR when attached onto the GNR
surface. For the mixture, the pH- and temperature-dependent
UV—vis spectra were presented in Figure 10B and Figure 10C.
Similar to the MSA-GNR sample, the mixture exhibited strong
assemblies of GNRs at lower pH and temperature and exhibited
weaker assemblies at higher pH and temperature by showing
peak changes in shape and intensity at 574 and 705 nm. With
H-bond interactions between CNT-COOH and MSA-GNR,
the GNR could be dispersed and stabilized in CNT networks.
Both of the UV spectra had reversible changes when pH and
temperature were adjusted back.

The aggregations could also be observed by TEM as shown
in Figure 11. When at pH 10, the MSA-GNRs could disperse in
CNT networks. When the pH was decreased to 7 and further
to 3, GNR assemblies formed and became larger and more
condensed. By comparison to Figure 11A and Figure 11B, the
CNT networks in Figure 11C also turned out to be more
condensed, since CNT-COOH tended to aggregate via H-
bonds as well. In addition, Figure 11 indicates MSA-GNR had a
stronger tendency to self-aggregate than to disperse and
coassemble with CNT-COOH when pH decreased.

On the basis of the UV—vis spectra and TEM images, the
MSA-GNRs with other functional materials such as fluorescent
perylene diimide dye molecules and carbon nanotubes are
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depicted in Figure 12. During pH decrease and increase, MSA-
GNRs in all these samples could correspondingly assemble and
disassemble, reflected by the changes of the characteristic
longitudinal and transverse SPR peaks. Because of the H-bond
interactions when the pH decreased, the MSA-GNRs
aggregated, and the PDI or CNT-COOH would coaggregate
with the MSA-GNRs. When the pH increased, the H-bond

pH=10
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pH=7 pH=3

+OH-
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—
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+H"

() MSA-GNRat low pH enduring atiractive H-bonds on the surface

() MSA-GNRat high pH enduring ionic repulsion on the surface

- PDI assemblies

sy SWNT-COOH

Figure 12. Schematic description of GNR aggregation behavior under
varied pH values: (A) MSA-GNR; (B) MSA-GNR with PDI; (C)
MSA-GNR with CNT-COOH. The carboxylic groups on CNT-
COOH were omitted for clarity.
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effect would decrease and instead the electronic repulsive
interactions of the carboxylate ion groups appeared, preventing
the MSA-GNRs from forming assemblies. For the MSA-GNRs
only, besides individual GNRs, small weak aggregates still
existed during drying but the distances between the GNRs
increased because of ionic repulsive interactions. For PDI
molecules with strong z—n interactions, they still could
assemble during drying. But owing to the lack of attractive
H-bond interactions between MSA-GNRs, MSA-GNRs in the
free-state or with weak aggregates formed assembling with PDL
For GNRs mixing with CNT-COOH, both of the CNTs and
the GNRs would disassemble. From the temperature-depend-
ent study, an interesting discovery of MSA-GNRs mixing with
PDI could be observed. From the UV—vis spectra, there were
irreversible changes during heating and cooling. This was
because of the strong 7— interactions between PDI molecules
that prevented them from disassembling and mixing with the
GNRs during cooling. For the MSA-GNRs and the MSA-GNRs
mixing with CNT-COOH, there were reversible coaggregations
during heating and cooling.

B CONCLUSIONS

In summary, the coaggregation behaviors of biocompatible
MSA-covered GNRs and their mixtures with functional
materials such as perylene dye and carbon nanotubes based
on hydrogen bonding were investigated. Their pH- and
temperature-dependent aggregation behavior was studied by
UV—vis, fluorescence spectra, and TEM images. There are
several potential advantages of these materials. First, the
hydrophilic GNRs covered by biocompatible, small MSA
molecules could increase the photothermal effect with shorter
distances between GNRs and the contacting area. In addition,
by manipulation of the SPR absorption peaks with the pH and
temperature controlled assembled structures, the activation
light can be tuned and even shifted more into the NIR region.
Introducing PDI molecules and CNT networks to GNRs could
bring multifunction such as bioimaging and modified thermal
conduction properties. This research on aggregation behavior
of multifunctional nanostructures containing multiple compo-
nents through intermolecular noncovalent interactions provides
new insight into the development of novel multifunctional
metal nanocomposites.
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