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Fluorescent unimolecular micelles (FUMs) with multicolor emission
acting as fluorescent nanoagents for optical fluorescence imaging
are firstly reported. The FUMs show good water-solubility, ultra-
small size, enhanced biocompatibility,which endow the FUMs with
versatile applications including organelles labeling, multicolor
markers and high tumor accumulation, revealing that our design
can serve as a rational strategy for the development of UM-based
fluorescent nanoagents for bioprocess monitoring.

Fluorescence-based imaging nanoagents (FIN) utilizing
fluorophores have been emerging as an effective and
noninvasive strategy for diseases diagnosis and monitoring, the
guide of surgical interventions and the assessment of treatment
outcome.! In comparison with magnetic imaging, computed
tomography (CT), radioactive imaging and ultrasound imaging,
FIN, which only employs a simple but practical light to realize
the generation of detection signal without extra concern such
as hazardous optical radiation and poor spatial resolution, have
attracted tremendous attention for therapeutics.' Although
many fluorophores-based organic? or inorganic® materials have
been prepared for optical imaging, their use in clinical practice
are still hampered by the following issues: (i) the inherent
heavy-metal (e.g., Pb or Cd) toxicity and lengthy
biodegradability period;* (ii) most organic fluorophores sharing
the drawbacks of aggregation-caused quenching (ACQ) effect,
poor photostability and small Stokes shifts.> Nevertheless,
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organic fluorophores have been served as a preferential choice
for bioimaging because of their non-invasiveness, low-toxicity,
high sensitivity and broad detection region.

Polymeric fluorescent nanoagents (PFNs) with well-
defined structure, flexible decoration, high biocompatibility and
other virtues impelled a class of fluorescent agents for optical
imaging.® In addition, the ingredients of PFNs are thoroughly
organic, and thus heavy-metal toxicity can be avoided
spontaneously.” To achieve the biocompatibility and water-
solubility, the fluorophores are usually linked to a polymeric
backbone, including dendrimers,® polyethylene glycol (PEG) 8°
and dendronized polyols,® which can avert the effect of
nonspecific binding while dramatically improve their imaging
capability. In comparison with small fluorescent molecular
agents, fluorescent nanoagents exhibit an ultrasensitive
detection at nanomolar-picomolar level.® Thus, organic
fluorescent nanoagents that integrate water-solubility, nano-
size effect and biocompatibility into one system can properly
facilitate their biological application in cellular or molecular
level, representing an effective strategy.

As a polysaccharide, B-cyclodextrin (B-CD) provides
specific chemical structure, natural biocompatibility and
biodegradability, which shows huge potential to be used as the
multi-arms reactor for the development of star-like
copolymers.1® We previously have synthesized a series of B-CD-
based amphipathic star-like polymers through atom transfer
radical polymerization (ATRP) by direct polymerization
hydrophobic or hydrophilic monomers with the [-CD
macroinitiator,  producing robust and  water-soluble
unimolecular micelles (UMs) in aqueous medium.!! Inspired by
this point, the strategy should be expanded to create a kind of
UM-based fluorescent nanoagent, providing an expectant
application for biolabeling and bioimaging.

To achieve this goal, we herein report a series of
fluorescent star-like copolymers (3-CD-P(Dye-co-OEGMA) using
[B-CD as core and different fluorophores as polymeric shell. This
rational design can endow the targeted copolymer with high-

J. Name., 2013, 00, 1-3 | 1


http://dx.doi.org/10.1039/c8cc02261e

Published on 30 April 2018. Downloaded by Gazi Universitesi on 30/04/2018 15:54:46.

ChemGomm

Hydrophilic
POEGMA

2 N &
Fluorescent UMs
» Water-soluble » High stability
» Tunable emission » Lower toxicity

PCTR PCy5

1.2 PCFD PCTR PCy5

—=
Abs Em Abs Em Abs Em

Visible light

Normalized Intensity m

400 500 600 700
Wavelength (nm)

UVINIR light

Fig.1 (A) The chemical structure of amphipathic star-polymer copolymer of 3-CD-
P(Dye-co-OEGMA) (Dyes: CFD, CTR or Cy5), and the schematic illustration of
fluorescent unimolecular micelles (FUMs). (B) Normalized absorption and
emission spectra of PCFD, PCTR and PCy5 UMs; (C) The digital photographs of
PCFD, PCTR or PCy5 UMs in water medium under visible or UV/NIR light,
respectively.

density arms, which can reduce the intermolecular aggregation
between the dye moiety and the hydrophilic POEGMA chain,!?
protect the fluorescence intensity of dyes and conveniently
form monodisperse fluorescent unimolecular micelles (FUMs)
in agueous medium. Specifically, these FUMs with good water-
solubility, ultra-small size (~30 nm) and tunable fluorescence
emission from visible to NIR region can be used as a powerful
imaging tool for bioprocess monitoring. To verify the generality
of the FUM design, three commercial dyes ( 5(6)-
carboxyfluorescein diacetate (CFD), 5(6)-carboxy-
tetramethylrhodamine (CTR) and cyanine 5-NHS ester (NHS-
Cy5)) with different emissive wavelength were selected to
construct the polymerized dye monomers. To regulate the
water-solubility, a hydrophilic moiety of oligo (ethylene glycol)
methyl ether methacrylate (OEGMA) was used to polymerize
together with these dye monomers for constructing the
polymeric shell of the star-like copolymers through a brief step
as described in the ESIt. Finally, three FUMs of PCFD, PCTR and
PCy5 UMs, were obtained via dialysis method and were used to
realize their imaging capacity.

The synthetic route of the PCFD, PCTR and PCy5
copolymers were presented in Fig. S1-3 (ESIt). For these
synthesis, two fluorescent monomers, namely, CFD monomer
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(MCFD) and CTR monomer (MCTR) were firstly synthesized-and
characterized (ESIt). Next, three kinds oP@niphIBRIGESEarAHkE
copolymers [denoted as B-CD-P(MCFD-co-OEGMA) (PCFD), [3-
CD-P(MCTR-co-OEGMA)  (PCTR), B-CD-P(MCy5-co-OEGMA)
(PCy5)] with the same B-CD core and hydrophilic POEGMA chain,
but different types of dye moieties, were synthesized via ATRP
reaction that enabled the construction of target polymer with
mild and facile synthetic steps. More details of experiment were
presented in supporting information. The chemical structures of
intermediates and target polymers were characterized with
nuclear magnetic resonance (NMR) spectrum and mass
spectrum (Fig.S4-9, ESIT). Meanwhile, the polymerization
process was monitored by gel permeation chromatography
(GPC) technology, and the results in Fig.S10 (ESIt) clearly
provided an evidence to demonstrate the well-define structures
of three targeted copolymers.

The success of structural information described above
encourages us to further establish the micellar formation in
water medium using the amphipathic feature of targeted
copolymers. The FUMs, which were prepared via a dialysis
method, possessed a typical spherical shape (Fig. S11A, ESIT)
and similar average diameters of ~30 nm (Fig. S11B, ESIT) as
shown by transmission electron microscopy (TEM) and dynamic
light scattering (DLS), respectively. In addition, the decoration
of POEGMA chain endow the resulting polymers with good
solubility in aqueous medium without concerns of their
biocompatibility. It has been observed that nanoparticles < 50
nm in diameter showed an enhanced accumulation and tumor
inhibition ability through enhanced permeability and retention
(EPR) effect,'® leading to an improving biomedical effects for
FUMs.
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Fig.2 (A) Schematic illustration of the cellular uptake pathway of three FUMs with
different mixed patterns. (B) CLSM images of Hela cells after soaking with
PCFD/PCy5, PCTR/PCy5 or PCFD/PCTR/PCy5 for 6 h, respectively. The
concentration of FUMs is 20 ug/mL. The fluorescence of CFD, CTR, Cy5 and DAPI
were labeled green, yellow, red and blue, respectively. Scale bars: 25um.
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Fig. 3 (A) CLSM images of Hela cells by physical mixture after incubated with PCFD,
PCTR and PCy5 UMs for 6 h. (B) The 2.5-dimensional (2.5 D) image of merged
photos. (C) The mechanism representative chart was attached. The fluorescence
of CFD, CTR and Cy5 were labeled green, yellow, and red. Scale bars: 50um

The photoproperties of PCFD, PCTR and PCy5 were shown in
Fig.1 B and Fig.512 (ESIt). Specifically, the maximum absorption
or fluorescence of PCFD, PCTR and PCy5 in water medium were
located at 488 or 550 nm, 566 or 580 nm and 647 or 670 nm,
respectively, covering a broad detection region from visible to
NIR fluorescence. Additionally, the digital photographs of PCFD,
PCTR and PCy5 UMs in water medium under the UV light or NIR
laser (Fig.1C) showed a green, yellow and red fluorescence,
respectively. To test the quantum yield (®) of PCFD, PCTR and
PCy5 in the micellar form, Rhodamine B in ethanol was selected
as the standard,*?® and the ® were 100 % (PCFD), 81.46 % (PCTR)
and 0.47 % (PCy5) (Table S1, ESIT), respectively. The results
revealed that the copolymerization of POEGMA chain could
improve the water-solubility and enhanced the fluorescence
protection for these FUMs. To investigate the photostability,
the fluorescence intensity of FUMs under a continuous
irradiation using a LED light (470 nm) were recorded (Fig.S13,
ESIT). After 12 h of irradiation, the final fluorescence intensity
of FUMs were still maintained above 90 %, suggesting an
excellent photostability. These results demonstrated that the
POEGMA decoration-based FUMs could not only dramatically
protect the photostability of dyes but could effectively suppress
the ACQ phenomenon as compared to linear PEG copolymer.&

To verify the potential application of FUMs for bioimaging,
the cytotoxicity of three FUMs against HelLa and L929 cells were
evaluated using PrestoBlue assay (Fig. S14, ESIt). Upon 72 h
incubation, these FUMs with maximum concentration of 50
ug/mL showed slimily negligible cytotoxicity to normal cells,
which were benefited from the nature biocompatibility of 3-CD
core and POEGMA shell. Additionally, the slightly higher toxicity
of tumor cells than those of normal cells might be caused by the
high accumulation in tumor cells due to the ultra-small size of
FUMs.132 These data demonstrated the FUMs were promising
fluorescent nanoagents as a result of their excellent
biocompatibility and high photostability.

The cellular uptake of these FUMs were studied using Hela
cells as the representative tumor cells. The uptake behaviors of
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Fig.4 (A) Schematic illustration of the accumulated mechanism of in vivo
fluorescent imaging of PCy5 UMs; (B) Whole-body NIR imaging of mice bearing
xenograft MCF-7 tumors treated with Cy5 and PCy5 UMs. The tumors were
labeled with red dashed circles. (C) Ex vivo fluorescence imaging of the tumors and
major organs after a 24 h postinjection.

Hela cells stained by single FUMs were firstly studied. As shown
in Fig.515-18 (ESIt), a uniform distribution of each FUM was
visualized in the cytoplasm, suggesting a time-dependent
intracellular uptake. Additionally, the distribution of FUMs in
cells almost overlapped with AF-633, a commercialized
fluorescent dye for staining cytoskeleton, showing a targeting
ability of FUMs towards cytoskeleton in living cells. The possible
reason should be caused by the ultra-small size and the good
water-solubility of FUMs, leading to an easy phagocytosis
process. The distribution of FUMs in Hela cells stained by
double or ternate FUMs were further investigated (Fig.2 and
S19, ESIt). Specifically, a visible fluorescence (PCFD or PCTR)
and the NIR fluorescence (PCy5) could be simultaneously
imaged by CLSM. Similarly, the performance was also observed
in Hela cells after incubating with a ternate combination of
PCFD, PCTR and PCy5. The uptake efficiency determined by flow
cytometry further revealed the quickly phagocytized effect of
FUMs by Hela cells (Fig. S20-21, ESIt). The lysosome or
mitochondria specific internalized pathway of FUMs were also
verified by CLSM using a commercial Lyso Tracker dye (Fig. S22-
24, ESIT) and Mito-tracker dye (Fig. S25-26, ESIt). These data
not only proved the superior size-dependent distribution of
FUMs but also revealed a fact that FUMs can serve as
outstanding fluorescent nanoagents for multicolor imaging of
organelles without upsetting cross-color phenomenon.
Inspired by these above imaging results, we further explore
the potential of these FUMs for multicolor markers in one
imaging window, which is highly desirable for multicolor
biological assays.'* For this purpose, Hela cells was served as
the cancer cells model and was firstly treated with PCFD, PCTR
or PCy5 FUMs, severally. After 6 h incubation, two or three
cellular solutions of FUMs were mixed, and then were co-
incubated for additional 6 h for CLSM detection. Interestingly,
Hela cells soaking with ether two (Fig. S27-29, ESIT) or three
(Fig.3) mixed FUMs could be clearly observed in one single

J. Name., 2013, 00, 1-3 | 3


http://dx.doi.org/10.1039/c8cc02261e

Published on 30 April 2018. Downloaded by Gazi Universitesi on 30/04/2018 15:54:46.

ChemGomm

window with a multiple wavelength excitation, suggesting an
excellent recognition ability depending on the difference of
fluorescence emissive FUMs. These results demonstrated that
the FUMs showed a predictable potency to understand the
nano-bio interactions between nanoagents and cells.

These outstanding in vitro results of FUMs including
organelles and cells imaging further encourage us to proceed
their performance in vivo. Firstly, the complete blood assay
employing a mouse mode was performed to evaluate the
potential toxicology in vivo of our FUMs (Fig.S30, ESIT).
Specifically, Sprague Dawley (SD) mice were systemically
administrated with PBS, PCFD, PCTR and PCy5 UMs through the
tail vein, and then a series of blood biochemical parameters
were recorded by a haematology analyser.'> Compared with the
control PBS group, the parameters of FUMs group were all in
the range of reasonable scope, suggesting an excellent
biocompatibility in vivo for FUMs.

The fluorescence-imaging potential of FUMs in vivo was
performed in living mice. After nude mice bearing xenograft
MCF-7 tumors were anesthetized, free Cy5 or PCy5 aqueous
solutions were systematically injected by the tail intravenous
administration (Fig.4). After a 24 h of postinjection, the
fluorescence intensity of the mice treated with PCy5 was 2.5-
fold higher than free Cy5-treated mice (Fig.531, ESIT), showing
an enhanced accumulation in tumors through EPR-based
passive targeting mechanism.’> Combining with their long-
lasting blood circulation driven by the size effect (< 50 nm),!3¢
FUMs can be served as a promising nanoagent for tumor
localization, and hold huge potential for clinical transformation.

In conclusion, we have provided an effective molecular
design strategy to prepare a series of FUMs with outstanding
performance for optical fluorescence imaging in vitro and in vivo.
The rational design endow FUMs with ultra-small size, tunable
emissive fluorescence and low-toxicity, and can serve as a
hopeful imaging nanoagent for organelles labeling and tumor
localization. Such a strategy also shows a flexible expansibility for
the development of other imaging nanoagents with special
functions for other biomedical application such as noninvasive
imaging-guided surgery.
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