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Highly water-dispersible and strongly near IR absorbing chemically reduced graphene oxide (rGO)/CP750
assembly was firstly prepared through noncovalent approach from graphene oxide (GO) and CP750, a
cyclotriphosphazene ring-based tripodal amphiphile. Through the stable noncovalent interaction by
tripodal CP750 amphiphiles, rGO/CP750 assembly presented both high absorption coefficient of 2260 L
g�1 m�1 and high near infrared (NIR) absorbance (1.07 at rGO concentration of 0.05 wt.%) in aqueous
media without forming precipitates for a long term storage. Upon NIR laser (808 nm) irradiation, rGO/
CP750 presented high photothermal heat generating ranging from +34.1 to +78.0 �C depending on the
assembly concentration. Finally, excellent photothermal bactericidal performance of nearly 100% was
accomplished toward both E. coli and S. aureus even at a low concentration of assembly (0.1 mg/mL)
within 10 min of NIR irradiation. In overall, our study shows that high photothermal bactericidal perfor-
mance that has been mainly claimed by other strongly NIR absorbing nanomaterials such as gold nanor-
ods and semiconducting polymers can be easily accomplished from rGO-based nanomaterials with the
proper utilization of tripodal amphiphiles.

� 2018 Published by Elsevier B.V.
1. Introduction

Solution-phase dispersion and stabilization of graphene or
chemically reduced graphene oxide (rGO) in solvent media is
tremendously important for many applications including optoelec-
trical devices, energy-harvesting devices, biomedical carriers, and
nanocomposites to pursuit of advantages of wet processes based
on soluble-processable graphene and its derivatives [1–3]. While
several methods have been utilized for the formulation of stable
graphene dispersion, the utilization of graphene oxide (GO) has
additional benefits such as commercial availability, high dispersion
concentration, wide range of surface modification tools, etc [4–6].
Either covalent or noncovalent approach has been attempted to
provide soluble rGO but noncovalent approach has distinctive
advantages due to its simplicity, no use of organic synthesis and
purification, and no necessity of sp3 linkages as defect sites,
unavoidable in covalent approach [7–9]. Depending on the elec-
tronic characteristics of noncovalently interacting molecules or
polymers on rGO sheets, either p-p interaction [10,11] and r-p
interaction [12–14] has been proposed to result in soluble and
stable dispersion of rGO assembly (or hybrid) with interacting
small molecules or polymers.

Numerous soluble rGO/polymer assemblies have been formu-
lated by adopting noncovalent approach based on either p-p or
r-p interaction. However, r-p interaction prevails p-p interaction
due to wider applicability of r-p interaction because noncova-
lently interacting polymers don’t need the incorporation of p-
conjugated structure [15–17]. However, van der Waals interaction
between r-rich polymers and p-rich rGO in r-p interaction is often
weakened and rGO precipitates are often produced in long-term
storage of soluble rGO/polymer assembly through p-p stacking of
neighboring rGO sheets. While various aliphatic polymers [12–
15,17,18–21] and even amphiphilic block copolymers [23,24] have
been utilized for the formulation of soluble rGO/polymer assem-
blies through this r-p interaction, another stabilization strategy
of soluble rGO assembly is required to enhance the kinetic stability
of soluble rGO/polymer assembly in solution phase [17]. In the
consideration of the above stability issue of rGO dispersion, the uti-
ripodal
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lization of amphiphilic block copolymer is much beneficial because
hydrophilic segments stretch out to solvent media while
hydrophobic segments anchor on inner hydrophobic rGO sheets.
The presence of hydrophilic outer shell on inner rGO core definitely
increases the kinetic stability of rGO dispersion as hydrophilic
outer shell effectively hampers the facile p-p stacking of vicinal
rGO sheets.

Until now, linear block copolymer amphiphiles such as Pluronic
have been successfully utilized for the preparation of soluble rGO
dispersion through r-p interaction between them [22,23]. While
this micellar stabilization of soluble rGO/Pluronic assembly is very
effective for the solubilization and stabilization of rGO dispersion
especially in aqueous media, the development of enhanced micel-
lar stabilization of hydrophobic rGO dispersion by utilizing amphi-
philes with different molecular structures and shapes is still very
urgent. Specially, enhanced dispersion of rGO assembly by tripodal
amphiphiles has not been developed in the previous literatures.
Compared with their linear analogue, tripodal amphiphiles present
enhanced micellar encapsulation for hydrophobic molecules such
as doxorubicin, a cancer drug, together with prolonged dispersion
stability in aqueous media [25–27]. The better performance of
tripodal amphiphiles is regarded to originate from the formation
of more dense hydrophobic or hydrophilic layers due to the molec-
ular geometry of tripodal amphiphiles where three hydrophobic or
hydrophilic segments parallely stretch out from the cyclotriphosp-
hazene ring in the center into hydrophobic guests and aqueous
media, respectively [27].

rGO-based nanomaterials showing excellent aqueous-phase
dispersion and stabilization can be directly utilized as photother-
mal agents for photothermal therapy for various diseases [28–
30]. As rGO/polymer assembly presents high optical absorption
in near-infrared (NIR) region, photothermal heating effect of
rGO-based materials is dramatically intensified and therefore
enabling effective photothermal killing of bacteria [30–32]. While
rGO itself has been tested as photothermal agents previously,
hybridization of other strongly NIR-absorbing materials such as
metal nanoparticles, semiconducting quantum dots, or conducting
polymers is often attempted to increase the NIR absorbance of
rGO-based hybrid nanomaterials [30,33,34]. However, little atten-
tion has been paid to enhance NIR absorption of rGO or rGO assem-
bly itself. As a breakthrough, it has been demonstrated that optical
absorption of rGO can be dramatically enhanced by controlling the
lateral size distribution, the mean number of layers per flake, and
the functional groups on rGO. Almost 3 orders of enhancement of
absorption coefficient at 660 nm up to 6.72 � 106 L g m�1 was
accomplished in rGO with a less amount of small flakes (�600
nm) and less layers per flake in N-methyl-2-pyrrolidone (NMP)
[35]. However, rGO dispersion in NMP cannot be directly utilized
as photothermal bactericidal agents and therefore the formulation
of stable aqueous rGO dispersion with high absorption coefficient
is highly encouraging.

Herein, we describe rGO dispersion with high stability and
enhanced optical absorption coefficient in aqueous media without
the use of other NIR absorbing substructures. With the utilization
of CP750, a cyclotriphosphazene ring-based tripodal amphiphile,
high optical absorption coefficient of 2260 L g m�1 was demon-
strated in rGO/CP750 assembly. Through this high absorption coef-
ficient, nearly 100% bacterial killing efficiency was accomplished
toward both gram positive E. coli and gram negative S. aureus
within 10 min of NIR irradiation even with a concentration of
rGO/CP750 assembly as low as 0.1 mg/mL. This research highlights
that the absorption coefficient, the resulting NIR absorbance, and
the photothermal bactericidal activity of rGO/amphiphile assembly
in the aqueous media are highly dependent on the structure of the
amphiphiles. Moreover, the utilization of tripodal amphiphiles as
graphene or rGO dispersing agent in the aqueous media can be
Please cite this article in press as: A. Chae et al., Enhanced photothermal bacter
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used to maximize the optoelectrical performance of graphene
and rGO in various applications.
2. Experimental

2.1. Materials and characterization

GO with a dimension of 5 lm and thickness of 1–2 nm was pur-
chased from Daejoo Electronic Materials Co. (South Korea), and [N
= P(MPEG750)(GlyPheLeu)Et]3 (CP750) was synthesized according
to a previous report [27]. GO and CP750 solution were freshly pre-
pared just before use. Hydrazine monohydrate was purchased from
Sigma-Aldrich Corp. (South Korea) and used without further purifi-
cation. Anodized aluminum oxide (AAO) membrane with diameter
of 47 mm and pore size of 0.2 lm was purchased from Fischer
Scientific.

Ultraviolet–visible (UV–Vis) spectra of solution samples were
obtained from Optizen a UV–Vis spectroscopy of Mecasys (South
Korea). Fourier-transform infra-red (FT-IR) spectra were obtained
from Nicolet Is10 spectrometer of Thermo Scientific and cumulated
16 scans at a resolution of 4 cm�1. Raman analysis was done from
ARAMIS dispersive Raman microscope of Horiba Jobin Yvon with
the laser wavelength of 514 nm. Transmission electron microscopy
(TEM) images were recorded with Tecnai TF30 ST of (FEI) at an
accelerating voltage of 300 kV. Atomic force microscopy (AFM)
images were obtained from XE-100 atomic force microscope of
PSIA (South Korea). X-ray photoelectron spectroscopy (XPS) data
were obtained from Sigma Probe of Thermo YG Scientific. The
binding energy is accurate to within ±0.1 eV.
2.2. rGO/CP750 assembly

10 mg of CP750 was dissolved into 10 mL of distilled water and
1.0 mg of GO powder was dissolved into 10 mL of distilled water,
respectively. Both solutions were mixed together and stirred for
24 h at room temperature, resulting in bright brown GO/CP750
mixture solution. Then, 100 mL of hydrazine monohydrate was
added into GO/CP750 mixture solution and the overall reaction
mixture was heated at 80 �C for 24 h, resulting in dark black
rGO/CP750 assembly solution. To remove free CP750 from rGO/
CP750 assembly solution and excess hydrazine, the resulting solu-
tion was centrifuged at 12,000 rpm (15,842 rcf) to settle down
rGO/CP750 assembly in the bottom of conical tubes. After two
times of washing with distilled water, rGO/CP750 assembly was
again dispersed in deionized water. 15 mg of black-colored rGO/
CP750 assembly powders were obtained after freeze drying of this
solution at �50 �C.
2.3. Photothermal effect of rGO/CP750

An optical fiber-coupled 808 nm high-power diode laser (PSU-
III-LRD, CNI Optoelectronics Technology Co. Ltd., Changchun,
China) with power density of 2 W/cm2 at a distance of 5 cm from
the laser source was used to irradiate aqueous rGO/CP750 assem-
bly solution with different concentrations in our experiments. For
photothermal treatment, a laser beam with a diameter of 10 mm
was focused on aqueous rGO/CP750 assembly solution. The dis-
tance between the NIR diode laser and vial of rGO/CP750 assembly
solution was 5 cm in all tests. Infrared thermal images were taken
with an NEC Avio Thermo Tracer TH9100 thermal imaging camera
(South Korea).
icidal activity of chemically reduced graphene oxide stabilized by tripodal
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2.4. Antibacterial activity

Stock solutions of S. aureus (Gram-positive, strain ATCC 25323)
and E. coli (Gram-negative, strain ATCC 25922) were prepared in LB
and MRS broth (50 mL) medium, respectively, and incubated at 37
�C for 12 h at 108 cells/mL with varying concentrations of rGO/
CP750 assembly. At the end of the incubation period, S. aureus
and E. coli strains treated either GO, GO/CP750 mixture, or rGO/
CP750 assembly were irradiated with NIR laser for 1–10 min. The
bacterial cells were then spread in Petri dishes for evaluation of
the growth inhibition. Bactericidal effect was defined as a decrease
in the CFU/mL after 24 h. For the control, both types of cells were
used in the absence of rGO/CP750 assembly. The distance between
the NIR diode laser and the bacteria solution was 5 cm, the irradi-
ation area was 2 cm2, and the solution volume was 0.2 mL.

3. Results and discussion

Efforts focusing specifically on the preparation of soluble rGO
have utilized either water-soluble linear polymers such as car-
bomethoxy cellulose [36] and poly(N-vinyl pyridine) [17], or
amphiphilic block copolymers such as Pluronic, poly(ethylene
glycol)-b-poly(propylene glycol)-b-poly(ethylene glycol) copoly-
mer [23]. CP750, a cyclotriphosphazene ring-based tripodal amphi-
phile, possesses three methoxy poly(ethylene glycol) (MPEG) as
hydrophilic groups and three linear oligopeptides, (GlyPheLeu)2Et,
as hydrophobic groups on a phosphazene ring [25]. Through its
unique morphology as a kind of tripodal amphiphiles, three hydro-
philic MPEG and three hydrophobic oligopeptide groups are orient-
ing in the same direction (Fig. 1a), which results in the facile
formation of stable self-assembled micellar structures in aqueous
solution with the critical micelle concentration (CMC) of 5.06
mg/L (1.13 lM) [27]. The reported CMC value of CP750 is dramat-
ically lower than CMC values (10–100 mg/mL) of other linear
amphiphilic diblock copolymers or even Pluronic. Because the
micelle stability is tremendously affected on the CMC value and
the interaction with hydrophobic guest molecules, it is highly
encouraging to exploit the micellar stabilization of hydrophobic
rGO by CP750, a representative cyclotriphosphazene ring-based
tripodal amphiphile, in aqueous media.
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3.1. Synthesis and characterization of rGO/CP750 assembly

Upon the incorporation of CP750 during the chemical reduction
of GO by hydrazine as reducing agent, initially bright-brown col-
ored GO/CP750 mixture solution changes to dark-black colored
rGO/CP750 assembly solution. More importantly, prepared rGO/
CP750 assembly solution is highly dispersible even after several
months. No precipitation or floating particle is observed during
the prolonged storage of prepared rGO/CP750 assembly solution.
Comparison of UV–Vis spectra of both GO/CP750 mixture and
rGO/CP750 assembly solutions clearly demonstrates the restora-
tion of p-conjugated graphene lattices in rGO/CP750 assembly
(Fig. 1b). The characteristic p-p⁄ transition peak of rGO was clearly
observed at 271 nm, which is higher than p-p⁄ transition peak of
GO at 236 nm and close to the highest wavelength reported as p-
p⁄ transition peak of rGO [37]. Also importantly, significant
increase of optical absorbance throughout the whole visible and
NIR region (400–1100 nm) is observed. From the optical absor-
bance value at 660 nm, the absorption coefficient (e) of rGO/
CP750 assembly calculated from Beer–Lambert law is 2260 L g�1

m�1, which is �1.6 higher than 1390 L g�1 m�1 for graphite–water
dispersions [38] and slightly less than 2460 L g�1 m�1 for graphite–
NMP or graphite–dichlorobenzene dispersions [39,40]. Considering
that CP750 doesn’t have any optical absorbance at 660 nm, the
above high absorption coefficient of rGO/CP750 assembly origi-
nates solely from rGO. Typically, rGO dispersions having a larger
amount of big flakes reveal higher absorption coefficient at 660
nm. Therefore, the high absorption coefficient of rGO/CP750
assembly reminds us that the chemical reduction of GO to rGO
and the simultaneous noncovalent attachment of hydrophobic
oligopeptide groups of CP750 on rGO through noncovalent interac-
tion (r-p interaction or van der Waals interaction) don’t result in
the significant decrease in the lateral dimension of rGO plates,
showing the effectiveness of CP750 as rGO-dispersing tripodal
amphiphile. In addition, the optical absorbance of rGO/CP750
assembly (0.05 wt.%) at NIR region (808 nm) is 1.07, which is dra-
matically higher than 0.11 of pristine GO, which renders rGO/
CP750 assembly to be applicable to an excellent candidate as pho-
tothermal agents enabling bacteria or cancer cell killing in
biotherapy.
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The detailed morphology of rGO/CP750 assembly was examined
by TEM and AFM. TEM images of rGO/CP750 assembly revealed the
presence of ultrathin rGO plates as mostly single or few layered
graphenes (Fig. 2a and b). More importantly, observed lateral
dimension of rGO/CP750 assembly is not decreased compared with
the lateral dimension of pristine GO (Fig. S1) after the simultane-
ous chemical reduction and noncovalent functionalization with
CP750. AFM analysis of rGO/CP750 assemblies presented uniform
thickness values of about 4.3 nm throughout all assemblies
(Fig. 2c), revealing that rGO/CP750 assemblies possess single gra-
phene sheet in each assembly surrounded with noncovalently
attached CP750 amphiphiles [19]. The lateral dimension (hundreds
nm) observed in AFM was slightly smaller than that (several lm)
observed in TEM analysis. For FT-IR analysis, two types of samples
were prepared. One is rGO films prepared by vacuum filtration of
rGO/CP750 assembly solutions through AAO membrane and
another is rGO/CP750 assembly powders isolated from the assem-
bly solution by ultracentrifuge. As reported by the several previous
literatures, r-p interaction between p-rich rGO plates and r-rich
guest molecules is remarkably weakened during filtration process
[12]. Therefore, FT-IR spectrum of rGO films revealed mostly fea-
tures of rGO (Fig. 2d). C@O stretching peak of carboxylic acid
groups of GO at 1741 cm�1 is mostly disappeared in rGO films
[10]. The other sharp CAO stretching peaks at 1257 and 1118
cm�1 are preserved in rGO films, showing that the primary func-
tional groups reduced during the chemical reduction process are
carboxylic acid groups of GO. In the case of rGO/CP750 assembly
powders, FT-IR spectrum of assembly powders presented the
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line), and (d) FT-IR spectra of GO and rGO film (prepared by vacuum filtration of rGO/C
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preservation of the characteristic peaks of CP750 [25,26], showing
the presence of noncovalently interacting CP750 amphiphiles even
in powder state (Fig. S2). Therefore, it is noteworthy that r-p inter-
action between rGO and CP750 is robust both in solution state and
the centrifuge process. Accordingly, while rGO films prepared by
filtration are insoluble in aqueous media again, assembly powders
are easily dispersed in water with simple agitation or brief sonica-
tion (Fig. S3). Again, the aqueous dispersion of rGO/CP750 assem-
bly powders is highly stable for several months.

The structural and chemical information on the defects in rGO
in the assembly can be exploited by Raman analysis [41]. Raman
analysis of rGO films showed slightly increased D band to G band
peak intensity ratio (ID/IG) of 1.10 compared with 0.92 of pristine
GO powders (Fig. 3a). The position of D and G band peaks at
1350 and 1595 cm�1 is almost similar in both GO and rGO. The
smaller increase of ID/IG in rGO films reveals again that the simul-
taneous chemical reduction and noncovalent functionalization of
CP750 on rGO is not harmfully incorporating defect structures on
prepared rGO in the assembly. Detailed atomic composition of
the rGO/CP750 assembly was estimated by XPS analysis [14]. From
the XPS full survey scans, rGO/CP750 assembly showed increased C
to O ratio of 3.28:1 in their atomic-% (at.%) (Fig. 3b). In a compar-
ison, GO showed C to O ratio of 2.25:1 in their atomic-% (at.%)
(Fig. S4). The increase of relative amounts of carbon even in the
presence of noncovalently interacting CP750 amphiphiles in rGO/
CP750 assembly clearly reveals the successful chemical reduction
from GO to rGO. Additionally, the presence of P (1.4 at.%) only in
the XPS spectrum of the assembly powder shows the noncovalent
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attachment of CP750 with cyclotriphosphazene ring ([N = P]3) in
the middle of its amphiphilic structure to rGO plates. The high
inclusion of N (8.7 at.%) in the assembly originates from both N ele-
ments of oligopeptides of CP750 and hydrazine during the chemi-
cal reduction process. Also, deconvoluted C1s XPS binding peak of
rGO reveals the slight increase of C@C binding portion in the rGO
assembly compared with GO (Fig. 3c and d), which is correspond-
ing with the increased C to O ratio in the assembly. Deconvolution
of P2p binding peak of the assembly shows the inclusion of 84.5%
of PAN/P@N bonding and 15.3% of PAO bonding at 132.1 and
133.1 eV, respectively, [42] which clearly confirms the presence
of phosphazene ring structures of CP750 in the rGO assembly
(Fig. S5).
1.0 
mg/mL

mg/mL

0.5 
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+78.0 C

+58.3 C

+77.6 C

Fig. 4. (a) IR thermal images of rGO/CP750 assembly solutions in different
concentrations upon the different NIR laser irradiation time.
3.2. Photothermal performance of rGO/CP750 assembly

The high optical absorption and dispersion stability of rGO/
CP750 assembly are regarded to originate from the unique struc-
ture of CP750 as tripodal amphiphiles, which make the assembly
to be ideal for a candidate as NIR absorbing photothermal agents.
Upon NIR laser irradiation, aqueous solution of rGO/CP750 assem-
bly showed 47.0 �C increase of solution temperature even at the
low rGO/CP750 assembly concentration of 0.05 mg/mL (Fig. 4).
Increase of rGO assembly concentration up to 0.5 mg/mL accom-
plished solution temperature of 94.6 �C (+77.6 �C increase from
17.0 �C before NIR laser irradiation). Therefore, it is clear that
rGO/CP750 assembly is readily presenting photothermal heating
effect on NIR laser irradiation. The dramatic NIR heating effects
of assembly solutions result from rGO because CP750 itself doesn’t
induce noticeable heating effect on NIR laser irradiation. In the case
of GO, slight photothermal heating effect is observed because GO
also possesses isolated graphitic domains that could absorb NIR
irradiation and release heat on the surrounding (Fig. S6) [43,44].
Please cite this article in press as: A. Chae et al., Enhanced photothermal bacter
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3.3. Photothermal antibacterial performance of rGO/CP750 assembly

Then, bactericidal effects of rGO/CP750 assembly were evalu-
ated toward both Gram-negative E. coli and Gram-positive S. aureus
bacteria (Fig. 5). In the case of E. coli, rGO/CP750 assembly solu-
icidal activity of chemically reduced graphene oxide stabilized by tripodal
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tions with concentration of either 0.1 or 0.5 mg/mL revealed 100%
of bacteria killing efficiency after 8 min of NIR irradiation (Fig. S7).
In the case of S. aureus, almost 100% bacteria killing efficiency was
observed after 10 and 8 min of NIR irradiation in the assembly con-
centration of 0.1 and 0.5 mg/mL, respectively (Fig. S8). More
importantly, rGO/CP750 assembly solutions demonstrate high bac-
terial killing efficiency more than 80% even just after 2 min of NIR
laser irradiation for E. Coli (91.2% and 96.6% after 2 min with rGO/
CP750 assembly concentration of 0.5 and 1.0 mg/mL, respectively)
and S. aureus (92.8%, 96.7%, and 99.6% after 2 min with rGO/CP750
assembly concentration of 0.1, 0.5, and 1.0 mg/mL, respectively).
Fast bactericidal activity of the assembly might originate from
the high NIR absorbing performance of rGO/CP750 assembly
together with the subsequent enhanced photothermal efficiency
of the assembly. Photothermal conversion efficiency (g) of the
assembly was evaluated by using the time constant method [45].
Through the obtained thermal time constants of 225.2 and 151.2
s of GO and rGO/CP750 assembly, respectively, the calculated g
values of GO and rGO/CP750 assembly using the equation pro-
posed by Roper were 2.3% and 7.5%, respectively (Fig. S9) [45,46].
The higher g value of rGO/CP750 assembly definitely originates
from the high NIR absorbing performance of the assembly.
Together with the high dispersion stability and strong NIR absorb-
ing performance, rGO/CP750 assembly could be utilized for various
future applications such as cancer treatment by hyperthermia [45–
49].
4. Conclusions

Highly aqueous-dispersible and strongly NIR-absorbing rGO/
CP750 assembly was developed by simple noncovalent approach.
The unique compositional and morphological features of CP750
as tripodal cyclophosphazene-based amphiphile could result in
the stabilization of rGO/CP750 assemby either in solution or solid
state. With the irradiation of 808 nm NIR laser on aqueous disper-
sion of rGO/CP750 assembly (1.0 mg/mL), even temperature
increase of +78.0 �C was accomplished. Therefore, bacterial killing
efficiency of nearly 100% toward both Gram-negative E. coli and
Gram-positive S. aureus was accomplished within 10 min of NIR
laser irradiation even with the exploitation of low concentration
of rGO/CP750 assembly such as 0.1 mg/mL. Our study reveals that
soluble rGO/CP750 assembly can be successfully utilized as pho-
Please cite this article in press as: A. Chae et al., Enhanced photothermal bacter
amphiphile, Appl. Surf. Sci. (2018), https://doi.org/10.1016/j.apsusc.2018.04.11
tothermal bactericidal agent even in the abscence of other strongly
NIR-absorbing materials such as gold nanorods and conducting
polymers, which enriches the direct bioapplication of soluble rGO
assembly in many fields including photothermal bactericidal
agents and possibly cancer treatment by hyperthermia.
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