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ABSTRACT: Squaraine dyes were loaded inside meso-
porous silica nanoparticles, and the nanoparticle surfaces
were then wrapped with ultrathin graphene oxide sheets,
leading to the formation of a novel hybrid material. The
hybrid exhibits remarkable stability and can efficiently
protect the loaded dye from nucleophilic attack. The
biocompatible hybrid is noncytotoxic and presents
significant potential for application in fluorescence imaging
in vitro.

Graphene oxide (GO) is an oxidized derivative of graphene
that has a 2D carbon honeycomb lattice.1 The presence

of functional groups and sp2-conjugated bonds on the surface of
GO offers strong hydrophilic characteristics and the feasibility
of π−π interactions with aromatic molecules, providing
excellent capacities for further functionalizations on the
surface.2 Because of the biocompatibility and low cytotoxicity
of GO,3 GO−biomolecule conjugates and GO−nanoparticle
hybrids have recently been used for biological applications such
as DNA detection,4 cell imaging,5 and drug loading/delivery.6

On the other hand, mesoporous silica nanoparticles
(MSNPs) have been studied extensively as drug delivery
platforms because of their versatility and low cytotoxicity.7 The
advantages of MSNPs, such as large internal surface areas and
uniform mesopores, have attracted tremendous attention
directed toward their applications for controlled drug delivery.8

Accordingly, significant research effort has centered on
developing multifunctional MSNPs for biolabeling9 and
therapeutic uses.8a,10 Thus, the combination of the excellent
properties of GO and MSNPs may generate a new research
avenue for biological applications.
Squaraine dyes are a class of extensively studied zwitterionic

dyes that exhibit excellent photophysical properties in the near-
IR (NIR) region.11 Squaraines have proved to be suitable for
many biological applications, such as metal ion sensing,12 NIR
fluorescent labeling,13 two-photon absorption,14 and detection
and estimation of thiol-containing amino acids.15,16 Recent
work demonstrated that these dyes can serve as the second
generation of photosensitizers for photodynamic therapy
(PDT).17 However, there are two major challenges in using
these dyes for biological applications, especially for PDT and
imaging applications: preventing easy formation of dye
aggregates in aqueous environments and protecting the
photophysical characteristics from nucleophilic attack on the

squaryl rings. Although approaches such as (i) supramolecular
encapsulation using macrocyclic host molecules (e.g., β-
cyclodextrin18 and serum albumins19) and (ii) the formation
of squaraine-derived rotaxanes20 can enhance their stability and
prevent chromophore interactions, the real bottleneck in
maintaining the photophysical characteristics of these dyes in
aqueous environments remains unresolved. In this context, the
design of a suitable vessel that can completely prevent
nucleophilic attack on the squaraine dyes and control the
bleaching of their photophysical properties is of prime
importance.
Herein we describe a novel strategy for the fabrication of

GO-enwrapped MSNPs as protective vessels for the squaraine
dyes. We selected for our experiments the model squaraine dye
bis(2,4,6-trihydroxyphenyl)squaraine dye (1). The present
strategy involves loading of 1 into the MSNPs followed by
wrapping of GO around the surfaces of the MSNPs via
electrostatic interactions (Scheme 1). The resulting GO−
MSNP1 hybrid exhibits remarkable stability and complete
resistance toward nucleophiles such as cysteine (Cys) and
glutathione (GSH) in aqueous environments.
The electrostatic interaction of GO with metal NPs has

previously been utilized for the preparation of fluorescent
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Scheme 1. Preparation of GO-Enwrapped, Dye-Loaded
MSNPs (GO−MSNP1)a

aStage 1: loading of 1 in APTES-modified MSNPs. Stage 2:
electrostatic wrapping of GO sheets on the surfaces of 1-loaded
MSNPs.
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hybrids and anode materials. For example, Yang et al.21 recently
reported the fabrication of GO-encapsulated metal oxide NPs
as high-performance anode materials through the coassembly of
GO sheets and positively charged oxide NPs. Although it would
be challenging, we envisioned that the immobilization of GO
sheets on MSNPs could completely cover the mesopores of the
NPs. This approach would open up a novel methodology for
the protection of dyes such as squaraines from both self-
aggregation and nucleophilic attack. Loading of 1 into the
mesopores of MSNPs followed by wrapping with GO sheets
would lead to a new hybrid material, GO−MSNP1, for further
applications (Scheme 1).
GO was synthesized from natural graphite powder by a

modified Hammer’s method22 and converted to GO−COOH
(termed GO sheets) based on previously reported procedures
[see the Supporting Information (SI)].23 The readily
synthesized GO sheets were found to be dispersible in aqueous
and organic solvents such as N,N-dimethylformamide (DMF).
The freshly prepared GO sheets were characterized using
transmission electron microscopy (TEM) (Figure S1 in the SI)
and FT-IR spectroscopy (Figure S2). The TEM image (Figure
S1a) shows multilayer GO sheets, and the selected-area
electron diffraction (SAED) pattern (Figure S1b) also reveals
the well-arranged multilayer GO sheets. Moreover, the
presence of −COOH groups on the GO sheets was evident
from the peaks corresponding to the CO stretching vibration
at 1726 cm−1 and the C−O stretching vibration at 1060 cm−1

(Figure S2). 1 was prepared by the condensation of 3,4-
dihydroxycyclobut-3-ene-1,2-dione (squaric acid) with 2 equiv
of phloroglucinol in acetic acid. The dye was purified by
repeated crystallization, obtained in 58% yield, and charac-
terized by NMR and FT-IR spectroscopy and mass
spectrometry.24 The UV/vis spectrum of 1 in 1:1 (v/v)
DMF/H2O at pH 6.5 shows two bands at 569 nm (ε = 1.3 ×
105 M−1 cm−1) and 502 nm (Figure S3). The emission
spectrum of 1 exhibits a maximum at 596 nm (λex = 580 nm)
(Figure S3).
3-Aminopropyltriethoxysilane (APTES)-modified MSNPs

(MSNP−NH2) were prepared via a cocondensation method
based on previously reported procedures,25 washed with
MeOH and distilled H2O, and dried in vacuum at 80 °C for
24 h. The NPs were then characterized by high-resolution TEM
(HR-TEM) and field-emission scanning electron microscopy
(FE-SEM). Figure 1a shows the HR-TEM image of MSNP−
NH2 with clear mesoporous structures. Powder X-ray
diffraction (PXRD) analysis revealed a hexagonal arrangement
of the mesopores, and the d100 spacing was calculated to be 4.16
nm using Bragg’s law and the (100) position at 2θ = 2.11°
(Figure S4). The surface area and porous nature of MSNP−
NH2 were characterized by N2 adsorption/desorption measure-
ments. A typical type-IV isotherm (Figure S5) indicative of
mesoporous structures was observed, with a Brunauer−
Emmett−Teller (BET) surface area of 731.4 m2 g−1. The
Barrett−Joyner−Halenda (BJH) mesopore size distribution
based on the desorption data was sharply focused on 2.71 nm.
The thickness of the mesopore walls was estimated as 1.45 nm
from the difference between average internal pore size obtained
from the BJH method and the average external pore size
calculated from the PXRD data.
To prepare GO-sheet-encapsulated MSNPs (GO−MSNP),

MSNP−NH2 (5 mg) was suspended in DMF (1 mL) by bath
sonication. A GO suspension in DMF (4 mL) was added to the
MSNP−NH2 solution, and the mixture was stirred at room

temperature for 24 h to complete the electrostatic wrapping
process. The GO−MSNP product was then collected by
centrifugation at 8000 rpm and thoroughly washed with DMF
to remove any suspended GO residues. TEM analysis of GO−
MSNP (Figure 1b) revealed the successful wrapping of MSNPs
with ultrathin GO sheets.
Inspired by the above-mentioned process, we extended the

wrapping process to 1-loaded MSNPs. A well-dispersed
MSNP−NH2 suspension in DMF (1 mL) was mixed with 1
(3 × 10−4 M) in 1:1 DMF/H2O (0.5 mL) at pH 6.5 in a 5 mL
glass vial. The mixture was stirred at room temperature for 24 h
to load 1 into the mesopores of the NPs. The suspension was
then centrifuged twice at 8000 rpm and the supernatant
removed to obtain 1-loaded MSNPs (MSNP1, ca. 2.5 wt %
loading of 1 relative to MSNPs). After addition of a GO
suspension (1 mL in DMF) to MSNP1 followed by a gentle
bath sonication for 2 min, the mixture was stirred for 24 h to
ensure the completion of the wrapping process. The product
was then centrifuged at 8000 rpm for 30 min and washed with
DMF five times to remove any free dyes and GO residues. After
centrifugation, GO−MSNP1 was well-dispersed in H2O at pH
6.5. The HR-TEM image of GO−MSNP1 (Figure 1c) provides
clear evidence for the encapsulation of the dye and the
complete wrapping of GO sheets around the MSNPs. On the
basis of a comparison with the TEM image of GO−MSNP,
loading of 1 in the mesopores of MSNPs apparently masks the
visibility of the mesoporous structures of GO−MSNP1. SAED
analysis of the GO sheets on GO−MSNP1 revealed the
characteristics of the ultrathin layer of GO sheets coating the
NPs (Figure 1d). This is evident from the observation that for
an ultrathin layer of GO sheets, the intensity of (01 ̅10) spots
appears to be more intense than that of (12 ̅10) spots.1a,26
The FE-SEM images of MSNP−NH2 (Figure 2a) and GO−

MSNP1 (Figure 2b) recorded in gentle beam mode (GB-high)
reveal the morphologies of GO-sheet-coated MSNPs loaded
with 1. The surface charges of GO sheets, MSNP−NH2,
MSNP1, and GO−MSNP1 were examined using ζ potential
measurements in distilled H2O to obtain more insights on GO-
sheet-covered NPs (Figure 2c). GO sheets showed a negative ζ

Figure 1. (a−c) HR-TEM images of (a) APTES-modified MSNPs
(MSNP−NH2), (b) GO-enwrapped MSNPs without dye loading
(GO−MSNP), and (c) GO-enwrapped, squaraine-loaded MSNPs
(GO−MSNP1). The white arrows in (c) indicate monolayer GO
sheets. (d) SAED pattern of (c), showing ultrathin layers of GO
sheets.
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potential of −55.3 ± 6.2 mV, indicating a negative charge over
the surface of the GO sheets. MSNP−NH2 showed a positive ζ
potential of 28 ± 4.2 mV due to the amine groups on the
surface. Thus, strong electrostatic interactions between the
oppositely charged GO sheets and MSNP−NH2 NPs led to the
formation of GO−MSNP. 1-loaded NPs (MSNP1) exhibited a
ζ potential of 22 ± 4.6 mV, which favors GO wrapping by
electrostatic interactions. GO−MSNP1 showed a negative ζ
potential of −39.9 ± 6.5 mV, further confirming the surface
coverage of MSNPs by negatively charged GO sheets. Figure
2d shows typical Raman spectra (λex = 633 nm) of GO−
MSNP1 and MSNP−NH2. The Raman spectrum of MSNP−
NH2 exhibits peaks around 976 cm−1, while that of GO−
MSNP1 shows a combination of the characteristic peaks from
GO sheets (i.e., the G band at 1593 cm−1 and D band at 1332
cm−1)27 and MSNPs. The Raman spectra further support the
wrapping of GO sheets on MSNPs.
The UV/vis spectrum (Figure 3a, red) of GO−MSNP does

not show an obvious absorption at 400−700 nm in aqueous

solution at pH 6.5. Interestingly, under the same conditions,
GO−MSNP1 (Figure 3a, black) presents a characteristic
absorption maximum at 595 nm, corresponding to the
absorption of 1. Relative to the characteristic absorption
maximum of free 1, a red shift of ∼25 nm was observed for
GO−MSNP1 in aqueous soluition. This observed red shift can
be attributed to the encapsulation of 1 within the mesopockets

of MSNPs, which is similar to the formation of a complex
between the dye and serum albumin.19

The emission spectra of GO−MSNP1 and GO−MSNP were
recorded in aqueous solution (1 mg mL−1) at pH 6.5. When
excited at 580 nm, GO−MSNP1 exhibits an emission with a
maximum at 607 nm and a quantum yield (Φf) of 0.21 (Figure
3b, black), whereas GO−MSNP without the dye was found to
be nonemissive (Figure 3b, red). The photophysical properties
of GO−MSNP1 provide a proof of concept for the
encapsulation of 1 inside the mesopores of MSNPs. The
noninterfering absorption and emission bands of GO−MSNP1
under aqueous conditions make these novel NPs an excellent
candidate for biological applications.
A detailed investigation of the chemical stability of GO−

MSNP1 was carried out by treating the NPs with biorelevant
thiol-containing molecules such as Cys and GSH. Separate sets
of experiments were conducted on both free 1 (6 × 10−6 M)
and freshly prepared GO−MSNP1 (1 mg mL−1). The
corresponding time-dependent absorption and emission
changes are shown in Figure 4a,b, respectively. The reaction

of either Cys or GSH with 1 results in complete bleaching of
absorption and emission at 570 and 596 nm respectively
(Figure 4 and Figure S7), whereas the photophysical
characteristics (absorption maximum at 595 nm and emission
maximum at 607 nm) of GO−MSNP1 were found unaffected
in the presence of either Cys or GSH for a substantial period of
time (Figure 4). Furthermore, GO−MSNP1 is very stable, and
the loaded dye does not leak out from the mesopores, since the
NPs maintained all of their photophysical characteristics in
aqueous solution for months. Thus, these observed results
stand as a proof of concept for the protection of 1 within the
mesopores in the presence of the GO sheet wrapping.
To examine the potential of GO−MSNP1 for biological

applications, the inherent cytotoxicity of GO−MSNP1 was
evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) viability assay with HeLa cancer
cells for an incubation period of 24 h. As shown in Figure S10,
GO−MSNP1 has no considerable cytotoxicity at low to
moderate concentrations. We next employed GO−MSNP1
for both cell-surface and subcellular labeling to demonstrate
their bioimaging ability. In vitro fluorescence imaging studies
were performed with HeLa cancer cells (see the SI). Figure 5
shows the fluorescence microscopy images of HeLa cells (100×
oil objective) treated with GO−MSNP1 for 24 h. The blue
fluorescence from the cell nucleus stained with 4′,6-diamidino-
2-phenylindole (DAPI) can be observed in Figure 5a. The red
fluorescence of GO−MSNP1 is distributed inside the
cytoplasm as well as on the cell surface (Figure 5b). Similarly,
the overlay image (Figure 5c) indicates the accumulation of

Figure 2. (a, b) Typical FE-SEM images of (a) MSNP−NH2 and (b)
GO−MSNP1. (c) Values of the ζ potential for GO sheets, MSNP−
NH2, MSNP1, and GO−MSNP1 in distilled H2O. (d) Raman spectra
of MSNP−NH2 and GO−MSNP1.

Figure 3. (a) UV/vis and (b) emission (λex = 580 nm) spectra of
GO−MSNP1 (black) and GO−MSNP (red) in aqueous solution (1
mg mL−1) at pH 6.5.

Figure 4. Changes in the (a) absorption and (b) emission of GO−
MSNP1 and squaraine dye 1 upon addition of 3 mM Cys or GSH in
aqueous pH 7 buffer solution at 24 °C.
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GO−MSNP1 in the cytoplasm of the cells. The overlay of
Figure 5c with the phase contrast image (Figure 5d) reveals
both intracellular and cell-surface labeling of GO−MSNP1.
Thus, the in vitro investigations demonstrate the great potential
of the novel hybrid for bioimaging applications.
In conclusion, we have developed a novel strategy for the

protection of squaraine dyes by using GO-sheet-coated
mesoporous silica nanoparticles, leading to a fluorescent hybrid
for bioimaging applications. The ultrathin layer of GO sheets
coating the dye-loaded NPs prevent both dye leakage and
nucleophilic attack on the dye. The hybrid exhibits remarkable
stability in aqueous solution and is biocompatible. The novel
hybrid is expected to serve as a platform for a variety of
biological applications, including specific in vitro and in vivo
cellular imaging.
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Figure 5. Epifluorescence microscopy images of HeLa cancer cells
labeled with GO−MSNP1. The blue fluorescence is from the DAPI
nuclear counterstain (1 μg mL−1), and the red fluorescence is from
GO−MSNP1. (a) Image of nuclei. (b) Fluorescence of GO−MSNP1
(dark-field). (c) Overlay of (a) and (b). (d) Overlay of (c) with the
phase contrast image.
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