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A two-photon absorbing (2PA) red emitter group was chemically conjugated onto amphiphilic
poly(ethylene glycol)-block-poly(e-caprolactone) (PEG-b-PCL) copolymers, and further grafted with
cyclo(Arg-Gly-Asp) (cRGD) peptide to form micelle 1. Micelle 1 with cRGD targeting groups were used
for targeted bioimaging. For comparison, micelle 2 without the cRGD targeting groups were also
prepared and investigated. The micelles were characterized using dynamic light scattering (DLS),
showing average diameters of around 77 nm. The cRGD targeting group is known to bind specifically
with o, B3 integrin in cancer cells. In this study, a,fs integrin overexpressed human glioblastoma U87MG
cell line and o, B3 integrin deficient human cervical cancer Hela cell line were chosen. Results showed
that the cRGD targeting group enhanced the cellular uptake efficiency of the micelles significantly in
ayPB3 integrin rich U87MG cells. Higher temperature (37 °C versus 4 °C) and calcium ions (with 3 M
calcium chloride in the cell culture medium versus no addition of calcium ions) enhanced the cellular
uptake efficiency, suggesting that the uptake of the micelles is through the endocytosis pathway in cells.
A 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) viability assay was used to
evaluate the cytotoxicity of the micelles and no significant cytotoxicity was observed. The BTD-
containing two-photon absorbing emitter in the micelles showed a two-photon absorbing cross-section
of 236 GM (1 GM = 1 x 107°° cm* s per photonper molecule) at 820 nm, which is among the highest

values reported for red 2PA emitters. Because of the two-photon absorbing characteristics, micelle 1
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Accepted 15th October 2019 was successfully used for two-photon fluorescence imaging targeted to U87MG cells under a two-

photon fluorescence microscope. This study is the first report regarding the targeted imaging of
a specific cancer cell line (herein, U87MG) using the BTD-conjugated-fluorophore-containing block
rsc.li/rsc-advances copolymers.
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Introduction demonstrated as a powerful tool for cell imaging, disease
diagnosis, disease therapy and delivery of various water insol-
Micelles, formed from amphiphilic block copolymers (ABCs) uble materials (including nanoparticles and drugs etc.) into
with hydrophobic cores and hydrophilic coronas have been cells.'® In order to understand the internalization of block
copolymers with cells and clarify the payload delivery mecha-
nism, it is extremely important to directly monitor the subcel-
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copolymers was found to be either through a non-specific
endocytosis®™*** or a receptor mediated endocytosis'> process,
which depends on the cell lines and polymer structures with or
without targeting groups on the micelles. In early studies, Savi¢
et al.’ studied the cellular internalization of TMRAC-PCL-b-PEG
by rat pheochromocytoma cells (P12) and mouse embryonic
fibroblast cells (NIH 3T3) and concluded that the micelles were
internalized through a non-specific endocytosis. However, it
was later argued that the micelles were not endocytosed but
taken up by a strong interaction of the cationic fluorescent
probes (TMRACs) with the cell's membrane.** Nevertheless,
Tang et al™ reported that a cationic rhodamine-conjugated
PEG-b-PE was not able to stain human lung cancer cells
(A549). These discrepancies indicate the complexes of the cell
internalization of the block copolymers.

On the other hand, two-photon absorbing (2PA) materials
that can be excited in the near infrared (NIR) spectral region
(700-1000 nm) have been developed and applied in frequency
upconversion lasing, high-density optical storage, two-photon
fluorescence microscopy, and photodynamic therapy.'*>'®
However, commercially available hydrophilic fluorescent
molecular probes, such as fluoresceins, rhodamines, and green
fluorescence protein usually have less than 200 GM 2PA cross-
sections'” ™ (4, expressed in GM = 1 x 10~ °° cm* s per photon
per molecule ). Recently, 2PA dyes based on the D-7-D, D-1t—
A-1t-D, D-m-A, and A-m-A (D: donor; m: conjugates; A:
acceptor) structures have been shown to exhibit d values higher
than 2000 GM.?*2* Nevertheless, most of these 2PA materials are
hydrophobic. Only a few water-soluble 2PA green emitters have
been reported with high 2PA cross-sections (2050 GM).>**® In
addition to the commonly used blue and green emitters, red
emitters are highly desirable for bioimaging because of the
reduced autofluorescence of biosubstrates within the red
spectral window.”” Until now, studies of the syntheses of effi-
cient red 2PA emitters are quite limited. Red emission can be
obtained either by direct excitation of chromophores® or indi-
rect excitation using fluorescence resonance energy transfer
(FRET) mechanism.”” Among the red 2PA emitters reported, the
2,1,3-benzothiadiazole (BTD)-containing hydrophobic D-m-A-
7-D type dyes have been shown to exhibit high d values of about
800 GM at 780 nm.*® However, their poor solubility in water still
limited their biological applications. As most of the efficient
2PA chromophores are hydrophobic, the application of these
materials in biological environment is a major challenge. The
approach of using dye-doped silica particles®*** has been
demonstrated as an efficient solution to disperse 2PA materials
in aqueous solutions. These particles have been used for bio-
imaging,* pH sensing,** and photodynamic therapy.** Another
potential method for the delivery of 2PA compounds is to use in
micelles formed from ABCs, either through a physical incor-
poration of the hydrophobic 2PA fluorophores®**** or chemically
grafted the 2PA fluorophores into a block copolymer®**¢ The
hydrophobic cores of the micelles provide compatible envi-
ronment for hydrophobic 2PA materials to retain their high two-
photon absorbing efficiencies and the hydrophilic shells of the
micelles stabilize the micelles.”® This approach enables the
applications of hydrophobic 2PA materials in aqueous
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conditions for bioapplications and retains the high two-photon
absorbing efficiencies of the hydrophobic 2PA materials.

Targeted imaging using disease-specific probes is very
important for disease and cancer detection, especially at the
early stage. Further, materials integrating targeted imaging
probes with drugs can be used to diagnose and treat cancers
simultaneously with high detection accuracy and treatment
efficiency. To achieve these goals, various targeting groups were
chemically grafted onto different non-invasive fluorescence
imaging probes and magnetic resonance imaging probes, to
specifically target tumors through molecular recognition of
unique cancer-specific biomarkers. Cyclo-Arg-Gly-Asp (cRGD)
peptide is one type of highly efficient targeting groups.*”*° The
c¢RGD moiety is known to bind strongly and selectively with o, f3;
integrin containing cancer cells.”* cRGD modified micelles were
reported and used for targeted delivery of drugs,”” magnetic
nanoparticles,*® quantum dots,* and carbon nanotubes.*

Along the line of our studies, herein, we for the first time use
the cRGD as a targeting group to deliver new BTD-containing
2PA red emitter-conjugated block copolymer derived from P1*
(Scheme 1) to a,B; integrin-overexpressed human glioblastoma
tumor U87MG cell line (Fig. 1). The BTD-conjugated fluo-
rophore (RED) in P1 shows large Stokes shift (~120 nm) and
emits in the red spectral window (550-750 nm with a maximum
at 630 nm).* Further, although the fluorophore (herein, RED) is
extremely hydrophobic, by conjugating with amphiphilic block
copolymer and assembling into the micellar cores (Fig. 1), the
hydrophobic materials can be applied in biological environ-
ment as fluorescent probes for bioimaging.**** To demonstrate
that the micellar probe is for targeted imaging of U87 cell line,
ayB; integrin deficient human cervical cancer HeLa cell line*®
was used as a counterpart. The cellular uptake efficiency of the
micelles with and without cRGD peptides was compared.
Influence of temperature and addition of calcium ion on the
cellular uptake efficiency was also evaluated. The micelles were
demonstrated to be applied for bioimaging under a two-photon
fluorescent microscope. This study provides direct information
not only for further understanding cellular internalization of
the block copolymers, especially the two-photon absorbing
block copolymers, but also for the development of new cancer
diagnosis and detection materials.

Results and discussion

Synthesis, photophysical property, and characterization of the
RED-fluorophore-containing micelles with or without cRGD
targeting groups

P1 with amino-terminal groups on PEG-b-PCL was synthesized
according to our procedure published previously.*” The fluo-
rophore RED exhibited an absorption maximum at 509 nm and
red emission with a maximum at 630 nm. Critical micelle
concentration (CMC) was measured to be 0.022 mg mL ™"
(Fig. S1t). Thus for all studies herein, the polymer concentra-
tion is higher than its CMC. P1 was firstly conjugated to a het-
erobifunctional material, 4-maleimidopropionic acid N-
hydroxysuccinimide ester (compound 1), yielding a maleimide
modified block copolymer P2 (Scheme 1). Typical "H NMR of P2

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Syntheses of polymers of P2 and P3.

was given in Fig. S2A.T The inset figure in Fig. S2AT shows the
magnified area from 4.8 to 8.8 ppm. The observation of chem-
ical shift at 6.72 ppm (peak g) indicates the successful grafting
of the maleimide moiety. Basing on the integration ratio of
peak g to peak f (-RED-CH,O-), maleimide group on P2 was
calculated to be 65%.

Micelles were prepared using P2 and a commercially avail-
able PEG-b-PCL (P4) to reduce the amount of P2 for micelle
preparation. The micelles were stable in refrigerator at 4 °C for
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Fig. 1 Schematic illustration of the formation of micelles.
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at least two months. The maleimide group on micelle surface
was used to link the a,B; integrin-targeting group of cRGD
through a chemical addition reaction of the thio-maleimide
conjugation at pH 7.2 in HEPES buffer. Excess cRGD in the
reaction mixture was removed through an intense dialysis using
a regenerated cellulose membrane with a M,, cut off 12 000 for
three days to form cRGD-functionalized micelles (called micelle
1). To confirm the cRGD grafting degree on the micelles, the
micelles were freeze-dried and suspended in D,O with 10%

RSC Adv., 2019, 9, 34235-34243 | 34237


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06694b

Open Access Article. Published on 23 October 2019. Downloaded on 12/4/2025 11:17:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

DMSO-d, by volume to measure the 'H NMR spectrum. The
spectrum was given in Fig. S2B.1 The insert figure in Fig. S2Bf
shows the magnified area from 5.8 to 8.8 ppm. Clearly, the
chemical shifts at aromatic area around 6.7-7.9 ppm from the
RED segment were not observed, indicating the RED part was
located inside the solid PCL cores of the micelles due to its
insufficient mobility in the mixture of D,O and DMSO-de.
Successful conjugation of cRGDfc onto the solvated PEG shells
were confirmed by the observation of the chemical shifts of the
phenyl protons of cRGDfc around 7.2 ppm and complete
disappearance of the maleimide signal at 6 = 6.72 ppm. Thus,
basing on the 65% maleimide percentages on P2, and the molar
ratio of P4 to P2 (2 : 1) used for micelle preparation, the cRGD
percentage on the micellar shells was calculated to be ~22%.

For understanding whether the cRGD moiety can achieve the
targeted delivery of the RED-fluorophore-conjugated block
copolymer, P3 were prepared through an end capping of the
amino groups of P1. Micelles made from P3 without cRGD
moieties were named as micelle 2. Micelles nanostructures were
characterized using DLS (Fig. S3). Results showed the average
diameters of the micelles before grafting cRGD (named as
micelle 0) and after grafting cRGD (micelle 1) were 77.3 and
76.8 nm with polydispersites of 0.24 and 0.25, which are almost
the same as those of micelles 2 with size of 77.2 nm and poly-
dispersity of 0.26. This indicates the surface modification of
cRGD did not change the micelle structures significantly.

The 2PA cross-sections of RED in micelle-1 were measured by
using the two-photon-induced fluorescence method with fluo-
rescein in 1 N NaOH aqueous solution as the reference. The
plots of the 2PA cross-sections against the excitation wavelength
from 760 nm to 840 nm were given in Fig. S4.1 It was found, at
the most popularly used wavelengths of 800 to 820 nm, the 2PA
cross-sections were around 240 GM, which is among the highest
reported values of water-soluble red 2PA emitters (for example,
the commonly used rhodamine B has a maximum 2PA cross-
sections of ~210 GM™®).

Cytotoxicity evaluation

Cytotoxicity of the micelles to the two cell lines were studied
using the typical MTT viability assay. Greater than 85% of the
cells were viable after stained for 16 h using micelles with RED
fluorophore concentrations of 1.3-4.4 uM (Fig. S5%). These
observations demonstrated the biocompatibility of the RED
fluorophore-conjugated block copolymers.

Fluorescence bioimaging using two-photon fluorescence
microscopy

Fig. 2 gave the two-photon fluorescence images of U§7MG and
HelLa cells after internalization with a RED concentration of 2.2
puM in micelle 1 for 16 hours. Under the same experimental
condition, strong emission was observed for the integrin rich
U87MG cells, while almost no fluorescence was observed for
integrin deficient HeLa cells. This result is consistent with that
observed using confocal fluorescent microscopy. The observa-
tion of the fluorescence in U87MG cells under the two-photon
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Fig. 2 (A) 2PA fluorescent image for UB7MG cells excited at 830 nm
using micelle 1; (B) 2PA fluorescent images for Hela cells under the
similar condition (optical set-up, micelle concentration, internalization
time of the micelle with cells) of (A).

excitation condition at 830 nm indicates the RED fluorophore
is suitable for two-photon fluorescence imaging.

Fluorescence bioimaging using confocal fluorescence
microscopy

To investigate the cRGD influence on the cellular uptake of the
micelles, live HeLa (human cervical cancer cell, o,B; integrin
deficient) and U87MG (human glioblastoma, high a,B; integrin
expression) cells were stained with micelle 0, micelle 1, and
micelle 2 with 1.3, 2.2, and 4.4 uM of RED in the micelles and
then examined under the confocal fluorescence microscope.
The representative fluorescence images are shown in Fig. 3 and
4. Under the same experimental condition, micelle 1 slightly
permeated the integrin-deficient cells (HeLa) and showed weak
fluorescence signal under confocal fluorescence microscope
(Fig. 3F). However, much stronger emission was observed for
the integrin rich cells (U87MG) and showed the high cell
permeability of micelle 1 (Fig. 3B). The difference between the
two cell lines indicated the a,B; integrin on the cell membranes
played a critical role for cellular internalization of the cRGD-
containing materials. Co-staining of the micelles with nuclei

Hoechst 33342
A) B)

micelle 1 overlay overlay

US'TMG

HeLa

Fig. 3 Confocal fluorescence images of micelle 1 co-stained with
nuclei specific Hoechst 33342 for U87MG cells (A-D) and for Hela
cells (E-H). Blue images from (A) and (E) are due to Hoechst 33342.
Red images of (B) and (F) are from micelle 1. (C) is the overlay of (A) and
(B). (D) is the overlay of (C) with bright filed image. (G) is the overlay of
(E) and (F). (H) is the overlay of (G) with bright filed image. RED
concentration in the micelles is 2.2 pM. Cellular uptake time is 20
hours. The white arrows indicate the cell division and proliferation.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Confocal fluorescence images of US7MG cells for micelle 1 (A,
D, and G), micelle 2 (B, E, and H), and micelle O (C, F and ) at different
RED concentrations of 4.4 uM (A-C), 2.2 uM (D-F), and 1.3 uM (G-1I).
Scale bar is 10 pm. Cellular uptake time is 20 hours.

staining Hoechst 33342 indicated the micelles were located in
the cytoplasm regions of the cells. As indicated by the arrows in
Fig. 3, two nuclei in one cell were observed, which means that
under our experimental conditions, the cells were not only
healthy, but also capable of dividing and proliferation.

Fig. 4 shows the comparison of the micelle 0, micelle 1, and
micelle 2 at different concentrations after 20 hours internali-
zation with U87MG cells. Clearly, much brighter fluorescence
was observed under the fluorescence microscope for micelle 1
than those of micelles 0 and 2 (Fig. 4). The results demonstrated
that cRGD significantly enhanced the cellular uptake of the
micelle 1 by U87MG cells through the receptor-mediated
endocytosis mechanism, since U87MG cells are a,f; integrin
over-expressed cells, which could selectively bind cRGD peptide.
It should also be noted here, although non-specific endocytosis
was observed, the cellular uptake efficiency through the non-
specific endocytosis is much lower than those by the receptor-
mediated endocytosis.

Quantitative comparison of the uptake efficiency of micelles
using fluorescence spectrometer

To further quantitatively compare the cellular uptake of the
micelles by U87MG and HelLa cells, the cells were lysed after the
internalization with micelles. And then the micelles were
extracted from the lysed cells using DMSO. The maximum
fluorescence intensities at 650 nm were measured, which was
excited using 488 nm excitation. The higher fluorescence
intensity suggests more cellular uptake of the micelles. Results
are given in Fig. S6.1 Clear concentration dependent cellular
uptake of micelle 1 was observed for U§7MG cells. The inter-
nalized amount of micelle 1 possessing cRGD moieties in
U87MG cells are much more than those of micelles 0 and 2

This journal is © The Royal Society of Chemistry 2019
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without the ¢cRGD moieties. Weak fluorescence was observed
using HeLa cells for cRGD-containing micelle 1. It means that
certain amount micelles were taken up by cells through a non-
specific endocytosis mechanism. However, the micelles without
c¢RGD groups did not exhibit any significant binding to the two
cell lines. The cellular uptake efficiency of the non-cRGD
micelles is almost one order lower than that of the cRGD tar-
geting moieties-containing micelles. The spectral analysis result
correlates very well with the trend of the result of the confocal
fluorescence microscopy. Thus, it can be concluded that cRGD
functional group-containing micelles exhibited high affinity
a,B; integrin specific binding in vitro, indicating the micelles
are new fluorescence probes for targeted imaging of tumor cells
possessing a,B; integrin.

Factors affecting cellular internalization: temperature and
Ca®" ion-a confirmation of the cellular uptake is through the
endocytosis

Cellular internalization of micelle 1, micelle 2, and micelle
0 with U87MG cells was studied under varying conditions in
order to determine if the modality of cellular uptake was
through endocytosis. It has been reported that several basic
criteria must be fulfilled if a given material is internalized by
endocytosis. The process is energy dependent, thus the extent of
internalization is reduced at low temperature*”*® but enhanced
by calcium ion.*>* In the present studies, U87MG cells incu-
bated with the micelles and internalized a smaller amount of
micelles at 4 °C than 37 °C (Fig. 5). In addition, the internali-
zation of the micelles in the presence of calcium ions (3 mM)
was higher than that without the addition of calcium ions.
These data indicated that the cellular internalization of the

350 A
m 4°C, 20h
3 300 - @ 37°C, 20h
> 250 A :
s {fhy
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& 150 1 [
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S 100 1L P
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Fig. 5 Influence of temperature (37 °C via 4 °C) and with/without

calcium chloride in the cell culture medium on the cellular uptake
efficiency. For this comparison, RED concentration in the micelles is
2.2 uM, corresponding to the polymer concentration of 0.055 mg
mL~ in the cell culture medium.
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micelles was through endocytosis, including the receptor-
mediated endocytosis for micelle 1 and the non-specific endo-
cytosis for micelles 2 and 0.

Experimental

Materials

P1 (M, (GPC) = 18 800, M,/M,, = 1.43, M, (NMR) = 12 100; the
molecular weights of RED, PCL, and PEG are 1072, 4200, and
6800 respectively) with o,w-diamino terminal groups was
prepared according to our previous publication.”” 4-Mal-
eimidopropionic acid N-hydroxysuccinimide ester (compound
1) shown in Scheme 1 was prepared according to procedures
described in literature.** 4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic ~acid (HEPES), 3-(4,5-dimethyl
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), acetic
anhydride, and N,N’-dimethylaminopyridine were purchased
from Sigma-Aldrich (St. Louis, MO) and used without further
purification. Poly(ethylene oxide-b-g-caprolactone) (P4, M/M,
= 1.30, PEO molecular weight is 2000, PCL molecular weight is
5000) was purchased from Polymer Source (Montreal, Canada).
Cyclo(Arg-Gly-Asp-D-Phe-Cys) (cRGDfc, catalogue number PCI
3686-PI) was purchased from Peptide International Inc (Louis-
ville, KT). Dialysis membranes (regenerate cellulose, M,, cut off
12 000) were purchased from Pierce (Rockford, IL). Dulbecco's
modified Eagle's medium (DMEM) and nuclei staining dye
Hoechst 33342 were acquired from Invitrogen (Carlsbad, CA).
Human glioblastoma tumor U87MG and cervical cancer HeLa
cell lines were purchased from American Type Culture Collec-
tion (ATCC, Manassas, VA).

General methods

'H NMR spectra were measured using a Varian liquid-state
NMR operated at 400 MHz. Molecular weights of polymers
were determined using a Waters 1515 gel permeation chroma-
tography (GPC) coupled with a RI detector, in reference with
a series of polystyrene standards with tetrahydrofuran (THF) as
the eluent. Shimadzu RF-5301 spectrofluorophotometer (Shi-
madzu Scientific Instruments, Columbia, MD) was used for
fluorescence measurements. Dynamic light scattering (DLS)
measurements for micelle diameters were performed using
a Malvern Nano-ZS instrument (Worcestershire, UK) equipped
with a 4 mW He-Ne laser (633 nm) with an output at a scattering
angle of 173°. The solution was passed through a 0.45 pm Nylon
micro-filter (VWR, Batavia, IL) to remove dust before the DLS
measurements.

Synthesis

Preparation of P2. P1 (100 mg, 0.016 mmol of corresponding
amino groups), 10 mg of compound 1 (0.038 mmol), and 100 puL
of diisopropylethylamine (DIPEA) (0.57 mmol) were dissolved in
5 mL of anhydrous acetonitrile and stirred at 60 °C overnight.
The solvent was removed under reduced pressure. The residue
was dissolved into methylene chloride and the organic layer was
washed with water and dried over Na,SO,. After removing the
solvent, the polymer was dissolved into a small amount of
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methylene chloride and precipitated into diethyl ether to get
80 mg of P2. Yield: 80%. 'H NMR (CDCl,): 7.97, 7.66, 7.50, 7.23,
7.07, 6.98, 6.72, 5.18, 4.03, 3.62, 2.28, 1.96, 1.8-0.6. M;, (GPC) =
15 500, M,,/M,, = 1.27. M, (NMR) = 12 400.

Preparation of P3. P1 (40 mg, 0.0066 mmol of corresponding
amino groups), 300 pL pyridine (1.25 mmol), and 100 pL acetic
anhydride (1.05 mmol) were dissolved in 2 mL of anhydrous
THF and stirred at room temperature for 24 hours. The solvent
was removed under reduced pressure. Polymer was precipitated
into ether, filtrated and dried to get 25 mg of P3. Yield: 63%. 'H
NMR (CDCl,): 7.97, 7.66, 7.51, 7.23, 7.08, 6.98, 5.20, 4.04, 3.63,
2.29, 2.06, 1.8-0.6. M, (GPC) = 15 700, M,/M,, = 1.22. M;, (NMR)
=12 200.

Micelle preparation

Preparation of cRGD-grafted micelles (micelle 1). 7.5 mg of
P2 (0.0012 mmol of corresponding maleimide units) and 7.5 mg
of P4 were dissolved in 1.5 mL THF. The THF solution was
added slowly into 2.5 mL HEPES buffer (pH 7.2) using a syringe
drop by drop. The solution was stabilized at room temperature
for 2 hours and then cRGDfc (3.6 mg, 0.0062 mmol) was then
added into the solution. The mixture was stirred at room
temperature for 16 hours to graft the cRGD onto the maleimide
units of P2. The solution was dialyzed against HEPES buffer
using a dialysis membrane (M, cut off 12 000) for three days
with water exchange approximately 12 hours each time. The
solution was then filtered through a 200 nm micro-filter to
remove possible large particles. Concentration of the fluo-
rophore RED in the micelles was determined using UV-vis
spectrophotometer. The concentration of RED in micelle 1
was determined to be 65 puM. The corresponding polymer
concentration was calculated to be 1.5 mg mL ™.

Preparation of the micelles without cRDG targeting groups
(micelle 2). 7.5 mg of P3 and 7.5 mg of P4 were dissolved in
1.5 mL THF. The THF solution was added slowly into 2.5 mL
HEPES bulffer (pH 7.2) using a syringe drop by drop. The clear
mixture was dialyzed against HEPES buffer using a dialysis
membrane (M, cut off 12 000) for three days with water
exchange approximately 12 hours each time. The solution was
then filtered through a 200 nm micro-filter to remove possible
large particles. Concentration of RED in micelles 2 was deter-
mined to be 100 uM. The corresponding polymer concentration
was calculated to be 2.4 mg mL '. The solution was further
diluted 1.5 fold using HEPES buffer to get the RED-fluorophore
concentration of 65 uM for use.

Cell culture and imaging

U87MG and HeLa cells were cultured in the DMEM medium
supplemented with 10% fetal bovine serum (FBS), 5% peni-
cillin, 2 mM r-glutamine (Sigma-Aldrich, St. Louis, MO), and
incubated in a 5% CO, atmosphere at 37 °C. The cells were then
seeded onto 96-well plates at 10 000 cells per well and incubated
for 1 day.

The micelles were diluted in the DMEM growth medium to
give final RED concentrations of 1.3, 2.2, and 4.4 pM and
polymer concentrations of 0.032, 0.055, and 0.11 mg mL ™" for

This journal is © The Royal Society of Chemistry 2019
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cell staining. The media in the wells were replaced with 100 uL
of the pre-prepared medium containing micelles. The plates
were then returned to the incubator and maintained in 5% CO,
at 37 °C for 20 hours. Upon removal of the micelles-containing
media, the cells were washed once with 100 puL of phosphate
buffer (PBS) solution (pH: 7.2). Hoechst 33342 with a concen-
tration of 10 uM in 100 pL of fresh DMEM medium was then
added into the wells and incubated for 30 minutes for nuclei
staining. Live cells were imaged with a Nikon Eclipse TE2000E
confocal microscope (Melville, NY). Note, the confocal micro-
scope is based on single-photon excitation mechanism, there-
fore, it is also called single-photon confocal fluorescence
microscope. Blue emission of Hoechst 33342 was generated by
a 402 nm laser and the emission was collected using a filter set
at 450/35 nm. Red emission of RED was generated using
a 488 nm laser and collected using a filter set at 605/75 nm.
Negligible background fluorescence of cells was detected under
the settings used.

Protocol for measurements of cellular uptakes of micelles

HeLa and U87 cell lines were plated at a concentration of 4 X
10 cells per mL into 48-well plates (300 uL in each well). After
letting the cells grow for 20 hours, micelles were added to their
specific predetermined wells. Final concentrations of RED were
controlled to be 1.3, 2.2 and 4.4 uM, similar to the concentra-
tions used for bioimaging. After 20 hours internalization, cell
culture media were aspirated and the cells were gently washed
once with PBS buffer. 200 uL of CelLytic M (Sigma-Aldrich,
Catalog Number C2978) lysis buffer was then added to each
well and the plate was put on the shaker for 20-30 minutes. 500
uL of dimethyl sulfoxide (DMSO) was then added to each well.
The contents from each well were then loaded in a cuvette with
1300 pL of distilled water to result a total volume of 2 mL for
fluorescence measurement using spectofluorophotometer.
488 nm was used as an excitation wavelength and 650 nm
emission was collected.

Cytotoxicity study

The assay was performed by an in vitro MTT based toxicology
assay kit (Sigma-Aldrich) which is based on the intracellular
reduction of a tetrazolium (MTT) dye to a formazan product
measured spectrophotometrically and is used for high-
throughput screening.***¢ Cells incubated with micelles for 20
hours in the 96-well plate were washed with PBS buffer and then
incubated in fresh DMEM medium (100 pL) and 10 pL of MTT
solution (5 mg mL™") in 5% CO, at 37 °C for another 3 h. 60 UL
of the culture medium was taken out and 50 pL of DMSO was
added to each well to dissolve the internalized purple formazan
crystals by gentle pipetting up and down. The absorbance was
measured at a wavelength of 540 nm using SpectraMax 190 from
Molecular Devices (Downingtown, PA). Each experiment was
conducted twice in triplicate. The result was expressed as
a percentage of the absorbance of the blank control.
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Determination of two-photon cross-sections

Two-photon excitation spectra were measured using a two-
photon-induced fluorescence technique'** using a mode-
locked Ti:Sapphire laser excitation source (Coherent; Mira
900; Bloomfield, CT). The laser provides a pulse of ~120 fs pulse
width at a pulse repetition frequency of 76 MHz in the wave-
length range of 710-1000 nm. The pumping wavelengths were
determined by a monochromator-CCD system. Fluorescein in
pH 11 water, which has been well characterized in literature,”*®
was used as a reference (r). The two-photon absorption cross
section of a sample compound (s) can be calculated at each
wavelength according to eqn (1)

S Cr
5 = Ssn:r

= N 1
Sim9s Cs ®

where S is the detected two-photon induced fluorescence signal,
7 is the fluorescence quantum yield, C is the concentration of
the chromophore, and ¢ is the overall fluorescence collection
efficiency of the experimental apparatus. The 2PA chromophore
concentrations of the aqueous solutions for the 2PA cross-
section determinations were 5 x 10~ ° M. The measurements
were conducted in an intensity regime where the fluorescence
signal showed a quadratic dependence on the intensity of the
excitation beam. The uncertainty in the measured cross
sections was ~15%.

Two-photon fluorescence microscope

Two-photon fluorescence microscopy images of micelle 1-
labeled U87MG and HeLa cells were obtained with a multi-
photon Ultima IV In Vivo Laser Scanning Microscope (Prairie
Technologies, Middleton, WI) by exciting the probes with
a titanium-sapphire laser (Mai Tai, Spectra Physics, Irvine, CA)
set at wavelength 780-900 nm and output power 1230 mW,
which corresponded to approximately 10 mW average power in
the focal plane. To obtain images at 585-629 nm range, internal
PMTs were used to collect the signals in an 8 bit unsigned 512 x
512 pixels at 400 Hz scan speed. Fluorescence signals were
acquired using the Ultima IV In Vivo Laser Scanning Microscope
with a 63 x water immersion lens.

Conclusions

For the first time, micelles with BTD-conjugated two-photon
absorbing red emitter was grafted with ¢cRGD peptide as
a typical targeting group for targeted imaging o, B3 integrin rich
human glioblastoma U87MG cells. o,B; integrin deficient
human cervical cancer HeLa cells were used as counterparts.
Significant cellular uptake of the cRGD-containing micelles by
U87MG cells, in contrast to the minimum cellular uptake of the
same micelles by HeLa cells, were observed under both the
single-photon confocal fluorescence microscope and two-
photon fluorescence microscope and quantitatively measured
by using spectrofluorophotometer. This study demonstrated
that the cRGD targeting groups played a critical role to enhance
the delivery efficiency of fluorophore labeled micelles to o,f;
integrin rich cells, indicating the potential application of the
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micellar probe for a,f; integrin rich tumor cells detection. This
study may also provide insights for understanding the cellular
internalization of micelles with cells. Further investigation
using the 2PA fluorophore-conjugated micelles for in vivo
imaging and drug delivery is in progress.
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