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ABSTRACT: Specific imaging of cancer cells has been well-
accepted in cancer diagnosis although it cannot precisely mark
the boundary between the normal and cancerous cells and
report their mutual influence. We report a nanorod fluorescent
probe of copper perylenetetracarbonate (PTC-Cu) that can
specifically light up normal cells. In combination with cancer
cell imaging, the cocultured normal and cancer cells can be lit
up with different colors, offering a clear contrast between the
normal and cancer cells when they coexist. Because cancerous
cells are only 20−30% in cancer area, this provides a possibility
to visibly detect the mutual influence between the cancer and normal cells during therapy. We expect this method is beneficial to
better cancer diagnosis and therapy.
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1. INTRODUCTION

Fluorescence imaging has emerged as a promising approach for
diagnosis of diseases that threat people’s health.1−5 Compared
with traditional clinically available imaging methods, such as
positron emission tomography (PET),6−8 computed tomography
(CT),9−11 and magnetic resonance imaging (MRI),12 fluores-
cence imaging is advantageous for its high sensitivity, low-cost,
low toxicity, and good accessibility.13 Therefore, diversified
fluorescent dyes such as porphyrin,14−17 perylene,18−21 and
rhodamine22−25 have been developed for cell and tissue
imaging. Among these fluorescent dyes, perylene derivatives
have attracted considerable interest because of their high molar
absorptivity, high fluorescence quantum yields, and prominent
thermal and photochemical stability.18−21,26,27 To achieve better
specificity toward cancer cells, perylene-based molecules or
nanoparticles are usually conjugated with tumor-specific bio-
markers, such as peptides28−31 and antibodies.32−35 Although
conjugation of biomolecules to fluorescent dyes can improve
the imaging contrast between cancer and normal cells, this
method involves complicated molecular design, tedious syn-
thesis, and product purification procedure. Thus, it would be
more fascinating if a fluorescent probe can be developed facilely
with low cost.
An eternal issue in cell imaging for cancer therapy is to clearly

mark the boundary between the healthy and diseased area, which
are beneficial to precise cancer therapy.36 Selectively staining
cancer cells over normal ones is the mostly adopted idea for

effective diagnosis of cancers. Extraordinary works have been
reported by Tang,1,3,37 Liu,38 and Wolfbeis39 et al. in recent
decades. However, these imaging results tell little about the
development and growth of normal cells around the cancerous
area, so that it can hardly outlined the real boundary between
the normal and cancerous area precisely. Furthermore, the
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Scheme 1. Design Strategy of the Fluorescent Probe for
Tumor-Specific Imaging
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solely lighting-up of cancer cells cannot report the mutual influ-
ence between the cancer cells and the normal ones. Actually,
the cancer cells is only 20−30% in a cancer tissue, whereas the
others are all normal cells.40,41 Latest study shows that the
presence of normal cells affects the efficiency of killing cancer
cells.42 Therefore, selective staining of normal cells in the
periphery of cancerous ones may offer valuable information
about the mutual influence between cancer and normal cells.
Especially, imaging the cancer cells and the normal ones with
different colors will offer a very clear contrast between them,
which allows a better understanding about the progress of the
disease and help to make a precise outline of the development

of cancer. Therefore, fluorescent probes that are able to spe-
cifically light up normal cells are of significant importance for a
better diagnosis and surgery treatment for cancers.
Herein we describe a new nanorod fluorescent probe con-

structed by the coordinating self-assembly of copper perylenete-
tracarboxylate nanorods (PTC-Cu nanorods). This nanorod
probe is facilely prepared by mixing the aqueous solution of
Cu(NO3)2 and potassium perylenetetracarboxylate (K4PTC).
Suspension of PTC-Cu nanorods is obtained by washing the
resultant bulk precipitates. The PTC-Cu nanorods have good
biocompatibility and excellent selectivity toward normal cells in
the presence of the cancerous ones. After coated by a layer of

Figure 1. (a) The photo of the 2 mM K4PTC water solution. (b) The photo of the red precipitates generated by addition of Cu(NO3)2 into the
water solution of K4PTC. (c) The red cloud produced by addition of water into the separated precipitates in b). (d) The red dispersion of the
PTC-Cu nanorods in water. (e) SEM image of the PTC-Cu precipitates. (f) Enlarged SEM image of PTC-Cu precipitates. (g) TEM image of the
PTC-Cu nanorods dispersed in water. (h) SEM image of the PTC-Cu nanorods.

Figure 2. (a) UV−vis absorption spectra and (b) fluorescence spectrum of K4PTC monomer (black line) and PTC-Cu nanorods (red line).
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silica dioxide tagged with NH2 group, the resultant PTC-Cu@
SiO2−NH2 nanorods display higher imaging contrast between
normal and cancer cells. Most importantly, with the assistance
of none selective staining dye of Rhodamine B, the cancer cells
and the normal cells can be illuminated by different colors
(Scheme 1). Compared to diagnosis based on solely lighting-up
cancer cells, illuminating the periphery normal cells around the
cancerous ones with a different color allows a better under-
standing of the status of the disease area both before and in the
process of treatment. We expect that selective staining of
normal cells may add additional option to enhanced cancer
diagnosis and therapy.

2. RESULTS AND DISCUSSION
The self-assembled system is based on the potassium salt of
3,4,9,10-perylenetetracarboxylate (K4PTC) and Cu(NO3)2.
K4PTC forms a transparent yellow-green solution in water at
the concentration of 2 mM (Figure 1a). Upon addition of
aqueous solution of Cu(NO3)2 at the molar ratio of PTC:
Cu2+ = 1:2, red precipitates occur immediately (Figure 1b),
suggesting coordination has occurred between Cu2+ and the
carboxylate group of PTC. Just like other metal coordinated

with PTC in the literature,43−45 the precipitates of PTC-Cu are
spindle rods with average lengths of 5−7 μm and widths of
400−600 nm (Figure 1e, Figure S1a-c). Enlarged SEM image
reveals that the micrometer sized spindle rods are composed
of nanorods (Figure 1f). Interestingly, the nanorods can be
released from the precipitates upon washing the separated
precipitates with water. Figure 1 c shows that red cloud arises
from the bulk precipitates, which is able to form homogeneous
colloidal suspension after slight shaking. This red colloidal
suspension remains stable for weeks after separated from the
bulk precipitates (Figure 1d), and are stable for months when
stored in ethanol. Red powders can be obtained upon evapo-
ration of ethanol, but the powder can be easily dispersed into
pure water to form red dispersion again. TEM (Figure 1g and
S 1d) and SEM (Figure 1h) measurements confirms that the
colloidal particle in the red dispersion are nanorods of 10−20 nm
wide and 100−200 nm long.
Figure 2a shows the UV−vis spectra of PTC-Cu nanorods

and K4PTC in aqueous solution. The absorption spectrum of
dilute K4PTC solution displays four peaks including two
pronounced peaks at 466.5 and 438 nm, and two shoulders at
413 and 387 nm, corresponding to the 0−0, 0−1, 0−2 and 0−3

Figure 3. (a) FT-IR spectra of K4PTC (red line) and PTC-Cu nanorods (black line). (b) XRD patterns of the PTC-Cu nanorods in powder state
(the unit of inserted distances is Å)

Scheme 2. Structures and Molecular Arrangementsa

a(a) Ball and stake structure of the coordination between PTC and Cu2+ obtained from Chembio3D ultra. (b,c) The molecular arrangement in the
PTC-Cu nanorods in single layer and in three-dimensional space, respectively.
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electronic transitions, respectively.46 However, the UV−vis
spectrum for the PTC-Cu nanorods is drastically broadened
and red-shifted to 496, 466, 439, and 412 nm, suggesting the
electronic states of PTC skeleton have been changed in the
PTC-Cu nanorods. In line with the changes of UV−vis absor-
bance, the fluorescence emission of the PTC-Cu nanorods is
also different from that of the K4PTC aqueous solution. Except
broadening and bathochromic shift of the emission peaks, the
shoulder emission corresponding to the excimers becomes
pronounced, indicating the interaction between PTC skeletons
is very significant.47,48

Elemental analysis from ultraviolet spectrophotometry and
ICP-AES of the nanorod suggests that the molar ratio of PTC
and Cu2+ is 2:3, which differs from the mixing ratio of 1:2 in the
original solution. Since one would expect the 1:2 ratio for
PTC/Cu2+ in a saturate coordination and the ratio of 1:1 for
a half saturate coordination, the present results indicates the
nanorods are composed of PTC and Cu2+ in the coordinating
state of PTC-Cu2+ and PTC-2Cu2+ half-to-half. Fourier
transform-infrared (FT-IR) measurements (Figure 3a) confirm
the presence of two coordinating states of PTC in the nanorods.
It can be read from Figure 3a that the vibrational bands of
uncoordinated COO− at 1600 and 1392 cm−1 is copresent with
the coordinated COO− at 1546 and 1433 cm−1.43,44,49,50

In order to have better physical insight about the molecular
packing in the nanorods, X-ray diffraction (XRD) measure-
ments were performed. Two sets of peaks featuring lamellar
structures are observed in the XRD patterns for the nanorods.
One set occurs at 2θ = 6.0°, 12.0°, and 18.0°, corresponding to
distance of 14.7, 7.35, and 4.7 Å, respectively; and the other set
occurs at 2θ = 8.4°, 16.8° with d = 10.4, 5.2 Å, as indicated in
Figure 3b. The d value of 14.7 Å is close to the length of the
cooper coordinated PTC skeleton coordinated with Cu2+,
namely, the length of the PTC skeleton with the length of
CuO coordination bond according to molecular modeling.
Interestingly, the distance of 10.5 Å is close to the 1.5 folds of
the width of the PTC skeleton. This indicates the saturate and
half-saturate coordinating states have arranged alternatively
with a dislocation, as illustrated in Scheme 2a−c. It is noticed
that a weak, broaden peak occurs at 2θ = 28° corresponding to
d value of 3.2 Å, suggesting that the dislocated PTC-Cu2+ layers
have staked into layered structures via π−π stacking between
the PTC skeletons51 but this stacking is not very significant due
to the presence of dislocation, and the repulsive forces
originated from the uncoordinated COO− groups. This agrees
well with the retained fluorescence of PTC, because perfect
π−π stacking will cause notorious fluorescence quenching.

Figure 4. (a) Cytotoxicity of PTC-Cu nanorods toward HeLa and
hRPE cells (incubate for 24 h). (b) CLSM images of HeLa cells, hRPE
cells, and coincubated with PTC-Cu nanorods for 12 h (λex, 488 nm;
λem, 500−530 nm). Scale bar: 50 μm.

Figure 5. CLSM images of cells coincubated: hRPE and 4T1 cells,
hRPE and COS-7 cells, and HeLa and COS-7 cells (incubated with
PTC-Cu nanorods for 12 h, λex, 488 nm; λem, 500−530 nm).

Figure 6. Relative fluorescent intensity of cells stained with (a) PTC-Cu@PG12-b-PEO205-b-PG12 and (b) PTC-Cu@PLL.
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The sufficient fluorescence and the sufficiently small size of
the PTC-Cu nanorods provides a possibility for using them as
fluorescent probes in cell imaging. Then the cytotoxicity of
PTC-Cu nanorods toward HeLa and hRPE cells were evaluated
using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium
bromide (MTT) assay. As shown in Figure 4a, the PTC-Cu
nanords do not exhibit obvious cytotoxicity to HeLa and hRPE
cells even when their concentrations are as high as 500 μg·mL−1.
This bodes well for the utility of this fluorescent probe, partic-
ularly in living cell imaging applications.
Living cell imaging based on PTC-Cu nanorods was inves-

tigated with confocal laser scanning microscope (CLSM). Cervical
cancer HeLa and hRPE cells were incubated with 125 μg·mL−1

PTC-Cu nanorods for 12 h, and excess nanorods were washed
away with PBS buffer. Interestingly, the healthy hRPE cells are
illuminated, whereas the cancerous HeLa cells remain dark
(Figure 4b). Quantitative analysis suggests the fluorescence
intensity in the HeLa cell is only about 22% of that in the hRPE
cells. When the two cells are cocultured together, the fluores-
cence from the HeLa cells is negligible, verifying that the PTC-
Cu nanorods are able to selectively light up the hRPE cells.
To explore whether the PTC-Cu nanorods could be used as

a selective fluorescent probe for other cells, two more cell lines,
one that is the cancerous cell of 4T1 cells and the other that is
the normal cell of COS-7, were stained with PTC-Cu nanorods.
Figure 5 reveals the normal COS-7 cells can be lit up by the

Figure 7. (a) TEM image of PTC-Cu@SiO2 nanorods. (b) TEM image of PTC-Cu@SiO2−NH2 nanorods. (c) CLSM images of HeLa and hRPE
cells coincubated with PTC-Cu@SiO2 nanorods and PTC-Cu@SiO2−NH2 nanorods for 12 h. (λex, 488 nm; λem, 500−530 nm). (d) Relative
fluorescent intensity of the hRPE and HeLa cells with PTC-Cu@SiO2 nanorods and PTC-Cu@SiO2−NH2 nanorods obtained from statistical
analysis of the CLSM images in (c). PCS represents the nanorods of PTC-Cu@SiO2, and PCSN represents that of PTC-Cu@SiO2−NH2.
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PTC-Cu nanorods as well, whereas the cancerous cells of 4T1
remain dark when they are cocultured with the normal hRPE
and COS-7 cells, demonstrating that the PTC-Cu nanorods can
preferentially light up normal cells in the presence cancerous
ones. This allows using the PTC-Cu nanorods as potentially
effective fluorescent probe for specific staining of normal cells.
The selective staining ability of the PTC-Cu nanorods

toward normal cells, rather than the cancerous ones, is rather
amazing because cancer cells usually have better ability to
uptake various nanoparticles via endocytosis due to their looser
membrane structure.52−54 In order to have a better under-
standing about this abnormal selectivity, the effect of aspect
ratio and surface charge of the PTC-Cu nanorods on cell
staining were studied, respectively. First of all, the impact of
aspect ratio of PTC-Cu nanorods was tested. In literature
reports, aspect ratio of nanoparticles has a significant effect on
the endocytosis behavior.55−58 For instance, the cellular uptake
efficiency of untargeted gold nanoparticles monotonically
decreases with aspect ratios.55 However, as the aspect ratio of
the PTC-Cu nanorods is varied between 4 and 9 (Figure S2),
no detectable difference in the cell selectivity is observed
(Figure S3), suggesting the change in aspect ratio in the present
study is not sensitive to the selective cell staining behavior.
Next, the impact of the surface charge of the PTC-Cu nano-

rods on the selective behavior was examined. PTC-Cu nanorods
have a negative surface potential of −37.1 mV. As the PTC-Cu
nanorods were rapped with a layer of PG12-b-PEO205-b-PG12
(Figure S4a,b) or ε-polylysine (ε-PLL, Figure S5a,b), their
surface potential becomes nearly zero or reverses to a small
positive value. Surprisingly, these rapped PTC-Cu nanorods lose
the ability of selectively staining any kind of cells (Figures S4c
and 5c). Both the normal and the cancerous ones were
illuminated after incubating with PTC-Cu nanorods, suggesting
the surface of the PTC-Cu nanorods has great impact on their
ability of selective cell staining (Figure 6a,b).
However, as we coated the surface of the PTC-Cu nanorods

with a layer of SiO2, they still selectively stain the normal cells.
Figure 7a,b shows that after introducing either tetraethoxysilane
(TEOS) or (3-aminopropyl)triethoxysilane (APTEs) to the
suspension of PTC-Cu nanorods, a layer of silica was deposited

onto the surface of PTC-Cu nanorods. The resultant nanorods
are denoted as PTC-Cu@SiO2 and PTC-Cu@SiO2−NH2, respec-
tively. Energy dispersive X-ray (EDX) measurement (Figure S6)
verifies the presence of Si and O in the nanorods, and their molar
ratio is about 1:2. Meanwhile, the characteristic strong asymmetric
vibration of SiOSi at 1060−1150 cm−1 and symmetric
vibration of SiO4 network at 805 cm−1 are observed in FT-IR
spectra (Figure S7), suggesting the successful coating of SiO2
on the surface of the PTC-Cu nanorods.59 The zeta potential
for the PTC-Cu@SiO2 nanorods and PTC-Cu@SiO2−NH2
nanorods is −17.3 mV and 24.8 mV, respectively. However,
both the negatively charged PTC-Cu@SiO2 nanorods and the
positively charged PTC-Cu@SiO2−NH2 nanorods can selec-
tively stain hRPE cells (Figure 7c). Figure 7d shows the
fluorescence intensity of HeLa and hRPE cells stained with the
PTC-Cu@SiO2 nanorods and PTC-Cu@SiO2−NH2 nanorods,
respectively. The selectivity of PTC-Cu@SiO2 nanorods toward
normal cells is similar to that of the naked PTC-Cu nanorods,
as revealed by the similar level of fluorescence intensity of HeLa
(24.4% of the intensity for hRPE cells). However, the back-
ground fluorescence of HeLa cells is sharply decreased to 12.1%
in the PTC-Cu@SiO2−NH2 nanorods system, indicating an
enhanced selectivity toward normal cells. It is rather amazing
that the positive surface of the PTC-Cu@SiO2−NH2 nanorods
still displays unique selectivity toward normal cells, as most
positively charged molecular dyes prefer to stain cancer cells.37,60,61

This means that the surface component of nanoparticles has an
even stronger impact on their ability of endocytosis. In a control
experiment, we found that the single solution of K4PTC can also
selectively stain normal cells (Figure S8a) but the background
contrast is as high as 52% (Figure S8b). We postulate it is possible
that the surface component of a normal cell can specifically
interact with the PTC skeleton, so that the PTC-Cu nanorods
display specific recognition to normal cells.
The strong preference of the PTC-Cu nanorods toward

normal cells offers a possibility to mark the boundary between
the normal and cancerous cells by staining both of them. Because
the PTC-Cu@SiO2−NH2 nanorods have the best selectivity
efficiency to hRPE cells, they are used as fluorescent probe to
mark the boundary between cancer and normal cells. Because

Figure 8. Coculture of different combinations of cancer and normal cells in culture medium containing the PTC-Cu@SiO2−NH2 nanorods
(λex, 488 nm; λem, 500−530 nm) and Rhodamine B for 12h (λex, 543 nm; λem, 552−617 nm). (a) HeLa and hRPE cells. (b) HeLa and COS-7 cells.
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cancer cells cannot be illumined by PTC-Cu@SiO2−NH2
nanorods directly, Rhodamine B was introduced to our system.
As shown in Figure 8a, both hRPE and HeLa cells are illumined
by Rhodamine B, while only hRPE cells are illumined by the
PTC-Cu@SiO2−NH2 nanorods. Therefore, in the merged
image the hRPE cells are yellow while the HeLa cells are red.
As for HeLa and COS-7 cells, the same results are obtained
(Figure 8b). The high imaging contrast between the cancer and
normal cells makes it possible to see the status of the normal
cells among the cancerous ones. Because the cancer cells are
only about 20−30% in a cancer tissue, whereas the other
70−80% are all normal ones,40,41 the coilluminating strategy
allows us to have a better understanding about the mutual
influence of the cancerous and the normal cells during a therapy.
Indeed, recent study reveals that the treatment of cancer will be
influenced by the presence of normal cells.40,41 We expect that
the present work not only aids to mark a precise boundary
between the cancerous and the normal cells but also help to
provide more physical insight in cancer therapy.

3. CONCLUSION
In summary, a nanorod fluorescence probe PTC-Cu that is able
to specifically stain normal cells, such as hRPE and COS-7 cells,
was developed. Surface coating of the nanorods with NH2 tag
can enhance the selectivity toward normal cells. In combination
with cancerous cell imaging, this normal cell staining probe
allows lighting-up both the cancer cells and its periphery
normal cells with different colors. We find the surface group
plays much important role than electrical charges in selectively
staining cells. We expect that the strategy of lighting-up both
the cancer cells and the normal ones in their periphery helps to
mark a clearer boundary between them, which offers a better
diagnostic and treatment to cancers.
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E.; Rodríguez Pereira, C.; Magalhaes, J.; Andrades, J. A.; Samitier, J.
Tailoring RGD Local Surface Density at the Nanoscale Toward Adult
Stem Cell Chondrogenic Commitment. Nano Res. 2017, 10 (6),
1959−1971.
(32) Xiong, K.; Wei, W.; Jin, Y.; Wang, S.; Zhao, D.; Wang, S.; Gao,
X.; Qiao, C.; Yue, H.; Ma, G.; Xie, H. Y. Biomimetic Immuno-
Magnetosomes for High-Performance Enrichment of Circulating
Tumor Cells. Adv. Mater. 2016, 28 (36), 7929−7935.
(33) Wang, Y.; Zhou, K.; Huang, G.; Hensley, C.; Huang, X.; Ma, X.;
Zhao, T.; Sumer, B. D.; DeBerardinis, R. J.; Gao, J. A Nanoparticle-
Based Strategy for the Imaging of a Broad Range of Tumours by
Nonlinear Amplification of Microenvironment Signals. Nat. Mater.
2014, 13 (2), 204−212.
(34) Mohamadi, R. M.; Besant, J. D.; Mepham, A.; Green, B.;
Mahmoudian, L.; Gibbs, T.; Ivanov, I.; Malvea, A.; Stojcic, J.; Allan, A.
L.; Lowes, L. E.; Sargent, E. H.; Nam, R. K.; Kelley, S. O.
Nanoparticle-Mediated Binning and Profiling of Heterogeneous
Circulating Tumor Cell Subpopulations. Angew. Chem., Int. Ed.
2015, 54 (1), 139−143.
(35) Song, Y.; Zhu, Z.; An, Y.; Zhang, W.; Zhang, H.; Liu, D.; Yu, C.;
Duan, W.; Yang, C. J. Selection of DNA Aptamers Against Epithelial
Cell Adhesion Molecule for Cancer Cell Imaging and Circulating
Tumor Cell Capture. Anal. Chem. 2013, 85 (8), 4141−4149.
(36) Whitley, M. J.; et al. A Mouse-Human Phase 1 Co-Clinical Trial
of a Protease-Activated Fluorescent Probe for Imaging Cancer. Sci.
Transl. Med. 2016, 8 (320), 320ra4.
(37) Gui, C.; Zhao, E.; Kwok, R. T. K.; Leung, A. C. S.; Lam, J. W. Y.;
Jiang, M.; Deng, H.; Cai, Y.; Zhang, W.; Su, H.; Tang, B. Z. AIE-Active
Theranostic System: Selective Staining and Killing of Cancer Cells.
Chem. Sci. 2017, 8 (3), 1822−1830.
(38) Liu, B. Aggregation-Induced Emission: Materials and Bio-
medical Applications. MRS Bull. 2017, 42 (06), 458−463.
(39) Wolfbeis, O. S. An Overview of Nanoparticles Commonly Used
in Fluorescent Bioimaging. Chem. Soc. Rev. 2015, 44 (14), 4743−4768.
(40) Flier, J. S.; et al. Tumors: Wounds That Do Not Heal. N. Engl. J.
Med. 1986, 315 (26), 1650−1659.
(41) Balkwill, F.; Mantovani, A. Inflammation and Cancer: Back to
Virchow? Lancet 2001, 357 (9255), 539−545.
(42) Chen, D.; Wang, H.; Liu, P.; Song, L.; Shi, J.; Tong, B.; Dong, Y.
The Application of CO2-Sensitive AIEgen in Studying the Synergistic
Effect of Stromal Cells and Tumor Cells in a Heterocellular System.
Anal. Chim. Acta 2018, 1001, 151−157.
(43) Wang, Y.; Gao, X.; Xiao, Y.; Zhao, Q.; Yang, J.; Yan, Y.; Huang,
J. Temperature Dependent Coordinating Self-Assembly. Soft Matter
2015, 11 (14), 2806−2811.
(44) Gao, X.; Wang, Y.; Wang, X.; Guo, X.; Huang, J.; Yan, Y.
Concentration-Tailored Self-Assembly Composition and Function of
the Coordinating Self-Assembly of Perylenetetracarboxylate. J. Mater.
Chem. C 2017, 5 (35), 8936−8943.
(45) Bai, L.; Xia, Y.; Jana, A.; Ang, C. Y.; Zhao, L.; Fan, Z.; Zhao, Y.
Perylenetetracarboxylic-Metal Assemblies and Anisotropic Charge
Transport in a Cu(II) Assembly. Nanoscale 2016, 8 (17), 9134−9140.
(46) Wang, Y.; Gao, X.; Xiao, Y.; Zhao, Q.; Yang, J.; Yan, Y.; Huang,
J. Temperature Dependent Coordinating Self-Assembly. Soft Matter
2015, 11 (14), 2806−2811.
(47) Huang, C.; Barlow, S.; Marder, S. R. Perylene-3,4,9,10-
tetracarboxylic Acid Diimides: Synthesis, Physical Properties, and
Use in Organic Electronics. J. Org. Chem. 2011, 76 (8), 2386−2407.
(48) Wei, Z.; Laitinen, T.; Smarsly, B.; Ikkala, O.; Faul, C. F. Self-
Assembly and Electrical Conductivity Transitions in Conjugated
Oligoaniline-Surfactant Complexes. Angew. Chem., Int. Ed. 2005, 44
(5), 751−756.
(49) Deacon, G.; Phillips, R. Relationships Between the Carbon-
Oxygen Stretching Frequencies of Carboxylato Complexes and the

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b03211
ACS Appl. Mater. Interfaces 2018, 10, 17630−17638

17637

http://dx.doi.org/10.1021/acsami.8b03211


Type of Carboxylate Coordination. Coord. Chem. Rev. 1980, 33 (3),
227−250.
(50) Lan, Y.; Xu, L.; Yan, Y.; Huang, J.; de Keizer, A.; Besseling, N.
A.; Stuart, M. A. C. Promoted Formation of Coordination
Polyelectrolytes by Layer-by-Layer Assembly. Soft Matter 2011, 7
(7), 3565−3570.
(51) Ornatska, M.; Peleshanko, S.; Rybak, B.; Holzmueller, J.;
Tsukruk, V. V. Supramolecular Multiscale Fibers through One-
Dimensional Assembly of Dendritic Molecules. Adv. Mater. 2004, 16
(23−24), 2206−2212.
(52) Li, J.; Shi, K.; Drechsler, M.; Tang, B. Z.; Huang, J.; Yan, Y. A
Supramolecular Fluorescent Vesicle Based on a Coordinating
Aggregation Induced Emission Amphiphile: Insight into the Role of
Electrical Charge in Cancer Cell Division. Chem. Commun. (Cam-
bridge, U. K.) 2016, 52 (84), 12466−12469.
(53) Torchilin, V. Tumor Delivery of Macromolecular Drugs Based
on the EPR Effect. Adv. Drug Delivery Rev. 2011, 63 (3), 131−135.
(54) Maeda, H.; Sawa, T.; Konno, T. Mechanism of Tumor-Targeted
Delivery of Macromolecular Drugs, Including the EPR Effect in Solid
Tumor and Clinical Overview of the Prototype Polymeric Drug
SMANCS. J. Controlled Release 2001, 74 (1−3), 47−61.
(55) Yang, H.; Chen, Z.; Zhang, L.; Yung, W. Y.; Leung, K. C.; Chan,
H. Y.; Choi, C. H. Mechanism for the Cellular Uptake of Targeted
Gold Nanorods of Defined Aspect Ratios. Small 2016, 12 (37), 5178−
5189.
(56) Lock, L. L.; Reyes, C. D.; Zhang, P.; Cui, H. Tuning Cellular
Uptake of Molecular Probes by Rational Design of Their Assembly
into Supramolecular Nanoprobes. J. Am. Chem. Soc. 2016, 138 (10),
3533−3540.
(57) Chithrani, B. D.; Ghazani, A. A.; Chan, W. C. Determining the
Size and Shape Dependence of Gold Nanoparticle Uptake into
Mammalian Cells. Nano Lett. 2006, 6 (4), 662−668.
(58) Cho, E. C.; Zhang, Q.; Xia, Y. The Effect of Sedimentation and
Diffusion on Cellular Uptake of Gold Nanoparticles. Nat. Nanotechnol.
2011, 6 (6), 385−391.
(59) Li, J.; Liu, K.; Chen, H.; Li, R.; Drechsler, M.; Bai, F.; Huang, J.;
Tang, B. Z.; Yan, Y. Functional Built-In Template Directed Siliceous
Fluorescent Supramolecular Vesicles as Diagnostics. ACS Appl. Mater.
Interfaces 2017, 9 (26), 21706−21714.
(60) Situ, B.; Chen, S.; Zhao, E.; Leung, C. W. T.; Chen, Y.; Hong,
Y.; Lam, J. W. Y.; Wen, Z.; Liu, W.; Zhang, W.; Zheng, L.; Tang, B. Z.
Real-Time Imaging of Cell Behaviors in Living Organisms by a
Mitochondria-Targeting AIE Fluorogen. Adv. Funct. Mater. 2016, 26
(39), 7132−7138.
(61) Gu, X.; Zhao, E.; Zhao, T.; Kang, M.; Gui, C.; Lam, J. W.; Du,
S.; Loy, M. M.; Tang, B. Z. A Mitochondrion-Specific Photoactivatable
Fluorescence Turn-On AIE-Based Bioprobe for Localization Super-
Resolution Microscope. Adv. Mater. 2016, 28 (25), 5064−5071.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b03211
ACS Appl. Mater. Interfaces 2018, 10, 17630−17638

17638

http://dx.doi.org/10.1021/acsami.8b03211

