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Abstract

Two new series of aggregation-induced emission (AIE) fluorophore-containing amphiphilic
copolymers possessing the segments of a monomeric AIE fluorophore, A-(2-
hydroxypropyl)methacrylamide (HPMA), [2-(methacryloyloxy)ethyl]trimethylammonium
chloride (MATMA), and/or 2,2,2-trifluoroethyl methacrylate (TFEMA) were synthesized.
Photophysical properties were investigated using UV-Vis absorbance and fluorescence
spectrofluorometry. The increases of molar fractions of the hydrophobic AIE fluorophores and/or
the trifluoroethyl moieties result in the higher quantum yields of the AIE fluorophores in the
polymers. Using 1-mol% of AIE fluorophores with the tuning of molar fractions of TFEMA, 40%
quantum yield was achieved, whereas only less than 10% quantum yield was obtained for the
polymers without the TFEMA segments. The quantum yield difference indicates the importance of
the fluorine segments for getting high quantum yields of the AIE fluorophores. These polymers
were explored for fluorescent bioimaging using human brain glioblastoma U87MG and human
esophagus premalignant CP-A cell lines. All the polymers are cell permeable and located in the
cellular cytoplasma area. Cellular uptake was demonstrated to be through endocytosis, which is
time and energy dependent. The polymers are non-cytotoxic to the two cell lines. Because the
polymers contain 19F segments, we studied the spin-lattice relaxation time (T1) and spin-spin
relaxation time (T2) of these polymers. T1 and T2 are the two important parameters for the
evaluations of the capacity of these polymers for further applications in 1°F magnetic resonance
imaging (1°F MRI). Structure influence on T1 and T2, especially for T2, was observed. These new
multifunctional materials are the first series of fluorinated polymers with AIE fluorophores for
bioapplications.

Introduction

Development of highly efficient fluorescent materials for electroluminescent devices,!
optical sensors,? and bioimaging? has caused significant scientific interests. Among these
applications, the technology of fluorescence-based optical bioimaging provides a direct
visual tool for observing biological processes and for clinical imaging.2 Typical fluorescent
probes include but are not limited to fluorescein derivatives, rhodamines, cyanine
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derivatives, quantum dots,* indocyanine greens (ICGs),® up-conversion nanoparticles,® and
two-photon absorbing materials.” However, most of these probes suffer a common problem.
If the fluorophore concentration is too high, many of the above mentioned fluorescent
probes tend to form aggregates, causing aggregation-induced quenching (AlQ), which
reduces fluorescence intensity.® This AIQ effect impedes the performance for bioimaging.

Recently, a new category of fluorophores with the opposite characteristics to the AIQ,
aggregation-induced emission (AIE), has been developed.? AIE fluorophores have been
shown to have high fluorescence quantum yields in the aggregate states.19 Restricted
intramolecular rotation has been suggested as the possible mechanism of the AIE
phenomenon, considering that intramolecular rotations can drastically affect the radiative/
nonradiative recombination processes of the excited state. In addition to small-molecule
fluorophores, several polymers were also studied to exhibit the AIE effect.19d The AIE
effects of these polymers are thought to be caused by the restriction of intramolecular
rotations by the aggregate formation.1% In the biological research fields, the AIE
fluorophores have been widely explored as sensors for DNA,11 heparin,12 ATP,13 pH,14
C0,,15 and glucose.16 Fewer studies were reported about the applications of the AIE
fluorophores as bioimaging probes.1” This is mainly because that most of the AIE
fluorophores are hydrophobic. Chemical modification of the AIE fluorophores with polar
functional groups can improve their solubility/dispersion in aqueous media, but most of
these chemical modifications not only require complicated synthetic procedures, but also
sometimes lower the fluorescence quantum yields due to quenching of their excited states by
water and nonradiative decay of the excited dyes in aqueous media.18 Some approaches
have been used to alleviate these problems and enable the use of the AIE fluorophores for
bioimgaing. Nanoparticles including organically modified silica nanoparticles’2-¢ and
amphiphilic block copolymers based micelles'7d:€ were utilized as nanocarriers to deliver
the hydrophobic AIE probes into cells. Besides the physical incorporation of the
hydrophobic AIE fluorophores into the nanoparticles, AIE fluorophores were chemically
conjugated to silica nanoparticles'’¢ and hydrophilic glycol chitosan for bioimaging.17d
Previously, we reported a series AlIE-fluorophore-containing random copolymers of poly(A\-
(2-hydroxypropyl) methacrylamide)-co-poly(2-aminoethyl methacrylate)-co-poly[4-[6-[4-
(2-{10-[2-(4-hexyloxy-phenyl)-vinyl]-anthracen-9-yl}-vinyl)-phenoxy]-hexyloxymethyl]
styrene]s.1® The quantum yields of the AIE fluorophores in this series of polymers were
smaller than 12%.19 Herein, we aim to achieve high quantum yields of the AIE fluorophores
in the random copolymer systems. We hypothesize that if hydrophobic segments (herein we
use 2,2,2-trifluoroethyl methacrylate (TFEMA)) are introduced into the polymers, the
polymers will form micelles with the fluorine-containing segments as the hydrophobic cores
and the hydrophobic cores will facilitate the aggregations of AIE fluorophores to achieve
high quantum yields.

On the other hand, the 1°F segments are the critical elements for 1°F magnetic resonance
imaging (MRYI). Optimal agents for 19F MRI applications should possess: (i) chemical
stability, (i) a simple 1°F NMR spectrum, ideally having a single and narrow resonance to
maximize sensitivity, and (iii) reasonable 1°F spin-lattice relaxation time (T1) and spin-spin
relaxation time (T2) to minimize data acquisition time and to improve imaging contrast.20: 21
A variety of fluorinated polymers have been studied as 1°F MRI imaging agents. For
example, Du et al.22 reported some partially fluorinated hyperbranched copolymers,
exhibiting T1 and T2 of the fluorine nuclei of 500 and 50 ms, respectively. Ogawa et al.23
reported fluorinated polymer nanoparticles (polyamidoamine dendrimer-graft-poly(2,2,3,3-
tetrafluoropropyl methacrylate)- b/ock-poly(carboxybetaine), PAMAM-g-PTFPMA- b-
PCMB), showing T1 and T2 of 250 ms and 10 ms, respectively. Very recently, Thurecht et
al.?4 reported a series of a hyperbranched fluorinated copolymer (poly(dimethylaminoethyl
acrylate)-co-poly(trifluoroethyl acrylate), PDMAEA-stat-PTFEA) showing T2 of 68 ms.
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This polymer showed the highest 1°F MRI sensitivity among the reported 1°F materials and
was demonstrated to be applicable for /7 vivo small animal imaging using 1°F MRI.

Herein, two new series of AIE fluorophore-containing random copolymers, possessing the
segments of a monomeric AIE fluorophore (AIEM, Scheme 1), A-(2-
hydroxypropyl)methacrylamide (HPMA), [2-(methacryloyloxy)ethyl]trimethylammonium
chloride (MATMA), and/or 2,2,2-trifluoroethyl methacrylate (TFEMA), were prepared and
investigated. Poly(A-(2-hydroxypropyl)methacrylamide) (PHPMA) is a non-toxic
biopolymer and has been used for drug delivery.2> The use of the MATMA is to enhance
cellular uptake of the polymers by using positively charged or cationic amine groups.26
Poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA) will provide the hydrophobic
environment in the copolymers to facilitate the aggregations of the AIE fluorophores to
achieve high quantum yields. Through the tuning of the polymer structures with adjustable
AIE fluorophores or TFEMA fractions, the AIE aggregation phenomenon will be
investigated. Besides the studies of AIE phenomena of the polymers, we also aim to develop
new biocompatible AlE-containing polymers with high quantum yields. Also the integration
of 19F moieties with the AIE fluorophores will further broaden the application of the AIE-
containing materials not only for fluorescence imaging but also for 1°F magnetic resonance
imaging. We expect that the AIE fluorophores can alleviate the common AlQ problems of
the widely studied organic fluorophores.

2. Experimental

2.1. Materials and reagents

All chemicals and solvents were of analytical grade and were used without further
purification. Tetrahydrofuran (THF), N,V -dimethylformamide (DMF), dimethyl sulfoxide
(DMSO0), azabisisobutyronitrile (AIBN), [2-(methacryloyloxy)ethyl]trimethylammonium
chloride (MATMA), 2,2,2-trifluoroethyl methacrylate (TFEMA), and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) were commercially available from Sigma-Aldrich
(St. Louis, MO). Monomer HPMA was prepared according to the known procedure.2
AIEM was synthesized according to published procedure.1® 3-(4,5-Dimethyl thiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay was purchased from Promega (Madison,
WI1). Eagle’s minimum essential medium (EMEM) and Keratinocyte medium were
purchased from Invitrogen (Carlsbad, CA). EMEM was used for U87 cell culture.
Keratinocyte medium was used for CP-A cell culture.

2.2. Instruments

IH NMR and 1°F NMR spectra were recorded on a Varian liquid-state 400 NMR
spectrometer. Tetramethylsilane (TMS) was used as the internal standard for calibrating
chemical shifts for 1H. Trifluoroacetic acid (TFA) was used as the internal standard for
calibrating the chemical shifts of 19F. A Shimadzu UV-3600 UV-VIS-NIR
spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD) was used for
absorbance measurements. A Shimadzu RF-5301 spectrofluorophotometer was used for
fluorescence measurements. Waters 1515 GPC coupled with a RI detector, in reference to a
series of poly(2-vinylpyridine) standards in 5% acetic acid aqueous solution as the eluent,
was used for polymer molecular weights determination. Dynamic light scattering (DLS)
measurements were performed using a 173° back scattering Malvern Nano-ZS instrument.
The solution was filtered through a 0.45.m Millipore Millex-HN filter to remove dust
before DLS measurements. Atomic force microscopy (AFM, NanoScope Ill, Digital
Instrument) equipped with an integrated silicon tip/cantilever with a resonance frequency of
~240 kHz in height image model was utilized for the observation of morphologies. Polymer
solutions (4 L) were dropped on a mica sample stage and then dried at room temperature
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for the morphological observation. The AFM topographies showed no evidence of tip-
induced modification during successive scans.

2.3. Syntheses of polymers

Synthesis of P1: 500 mg of HPMA, 100 mg of MATMA, 25 mg of AIEM, and 10 mg AIBN
were dissolved in 5 mL of DMF. The solution was degassed three times through a standard
freeze-thaw process. The monomers were polymerized at 65 °C for 20 hours under nitrogen.
Polymer was precipitated into ether from the DMF solution. After filtration, the polymer
was redissolved in 5 mL DMF and reprecipitated into ether. Yield: 480 mg (77%). M, =
15200, M, = 19900, M,/ My, = 1.31. TH NMR (DMSO-a, 400 MHz), 8§ (TMS, ppm): 7.00-
8.33 (broad, aromatic protons), 4.63 (broad, —CH,0OCO), 4.00 (broad, —CH,0—), 3.52—
3.64 (broad, —CH,;NH—, ( C H3)3N—), 1 .41-1.87 (broad, backbone protons, —
(CH2)4—), 1.01 (broad, —CH3).

Synthesis of P2: Similar condition as P1, except the weight of AIEM used for this
polymerization was 50 mg. Yield: 487 mg (75%). M, = 15900, M,, = 21300, M/ M, =
1.34. 1H NMR (DMSO-a, 400 MHz), & (TMS, ppm): 7.02-8.30 (broad, aromatic protons),
4.67 (broad, —CH,0CO), 4.32 (broad, —CH,0—Ph), 4.00 (broad, —CH,0—), 3.50-3.64
(broad, —CH,NH—, (CH3)3N—), 1.31-1.76 (broad, backbone protons, —(CH5);—), 1.01
(broad, —CHy).

Synthesis of P3: Similar condition as P1, except the weight of AIEM used for this
polymerization was 100 mg. Yield: 490 mg (70%). M, = 10100, M,, = 13800, M,/ M, =
1.37. IH NMR (DMSO-a, 400 MHz), & (TMS, ppm): 6.89-8.28 (broad, aromatic protons),
4.68 (broad, —CH,0CO), 4.34 (broad, —CH,O—Ph), 4.04 (broad, —CH,0—), 3.47-3.63
(broad, —CH;NH—, (CH3)3N—), 1.33-1.76 (broad, backbone protons, —(CH5)s—), 1.05
(broad, —CH3).

Synthesis of P4: Similar condition as P1, except the weight of AIEM used for this
polymerization was 200 mg. Yield: 570 mg (72%). M, = 28900, M,, = 37300, M,/ M, =
1.29. 1H NMR (DMSO-a, 400 MHz), & (TMS, ppm): 7.02-8.11 (broad, aromatic protons),
4.62 (broad, —CH,0CO), 4.36 (broad, —CH,0—~Ph), 4.03 (broad, —CH,0—), 3.49-3.62
(broad, —CH,NH—, (CH3)3N—), 1.23-1.81 (broad, backbone protons, —(CH5);—), 1.00
(broad, —CHy).

Synthesis of P5: Similar condition as P1, except the weight of AIEM used for this
polymerization was 400 mg. Yield: 630 mg (63%). M, = 28600, M,, = 34700, M,/ M, =
1.18. IH NMR (DMSO-ds, 400 MHz), 6 (TMS, ppm): 7.02-8.14 (broad, aromatic protons),
4.64 (broad, —CH,0CO), 4.32 (broad, —CH,O—~Ph), 4.00 (broad, —CH,0—), 3.50-3.64
(broad, —CHy;NH—, (CH3)3sN—), 1.41-1.79 (broad, backbone protons, —(CH5);—), 1.03
(broad, —CHy).

Synthesis of PF1: 500 mg of HPMA, 100 mg of MATMA, 25 mg of AIEM, 50 mg of
TFEMA, and 10 mg AIBN were dissolved in 5 mL of DMF. The solution was degassed
three times through a standard freeze-thaw process. The monomers were polymerized at 65
°C for 20 hours under nitrogen. Polymer was precipitated into ether from the DMF solution.
After filtration, the polymer was redissolved in 10 mL DMF and reprecipitated into ether.
Yield: 460 mg (68%). M, = 15700, M, = 21500, M/ M, = 1.37. 1H NMR (DMSO- g, 400
MHz), 6 (TMS, ppm): 7.12-8.14 (broad, aromatic protons), 4.54-4.71 (broad, —CH,0OCO,
—CH,CF3), 4.21 (broad, —CH,0—), 3.54-3.74 (broad, —CHyNH—, (CH3)3N—), 1.27-
1.79 (broad, backbone protons, —(CH,)4—), 0.92 (broad, —CHj3). 1°F NMR (D0, 376
MHz), & (TFA, ppm): —=72.7.
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Synthesis of PF2: Similar condition as PF1, except the weight of TFEMA used for this
polymerization was 100 mg. Yield: 515 mg (71%). M, = 11100, M,, = 14300, M,/ M, =
1.29. 1H NMR (DMSO-a, 400 MHz), & (TMS, ppm): 7.14-8.30 (broad, aromatic protons),
4.57-4.70 (broad, —CH,0OCO, —CH,CF3), 4 .35 (broad, —CH,0—), 3.58-3.67 (broad, —
CHy;NH—, (CH3)3N—), 1.25-1.71 (broad, backbone protons, —(CHy),—), 1.01 (broad, —
CHs). 19F NMR (D,0, 376 MHz), & (TFA, ppm): -72.7.

Synthesis of PF3: Similar condition as PF1, except the weight of TFEMA used for this
polymerization was 200 mg. Yield: 545 mg (66%). M, = 15100, M, = 18600, M,/ M, =
1.24. IH NMR (DMSO-ds, 400 MHz), 6 (TMS, ppm): 7.06-8.26 (broad, aromatic protons),
4.57-4.71 (broad, —CH,0CO, —CH,CF3), 4 .34 (broad, —CH,0—), 3.61-3.77 (broad, —
CHyNH—, (CH3)3N—), 1.24-1.75 (broad, backbone protons, —(CH,)4—), 1.02 (broad, —
CHs). 19F NMR (D,0): =72.7 ppm. 1°F NMR (D,0, 376 MHz), 6 (TFA, ppm): =72.7.

Synthesis of PF4: Similar condition as PF1, except the weight of TFEMA used for this
polymerization was 500 mg. Yield: 840 mg (75%). M, = 10000, M, = 12700, M/ M, =
1.27. 1H NMR (DMSO-a, 400 MHz), & (TMS, ppm): 7.04-8.10 (broad, aromatic protons),
4.53-4.75 (broad, —CH,0OCO, —CH,CF3), 4.25 (broad, —CH,0—), 3.69 (broad, —
CHyNH—, (CH3)3N—), 1.27-1.72 (broad, backbone protons, —(CH»),—), 1.00 (broad, —
CHs). 19F NMR (D,0, 376 MHz), & (TFA, ppm): -72.7.

Synthesis of PF5: Similar condition as PF1, except the weight of TFEMA used for this
polymerization was 1000 mg. Yield: 1000 mg (62%). M, = 10700, M,, = 20000, M,/ M, =
1.87. 1H NMR (DMSO- g, 400 MHz), & (TMS, ppm): 7.04-8.06 (broad, aromatic protons),
4.75 (broad, —CH,0CO, —CH,CF3), 4.16 (broad, —CH,0—), 3.66 (broad, —CH,;NH—,
(CH3)3N—), 1.26-1.80 (broad, backbone protons, —(CH,)s—), 0.98 (broad, —CH3). 1°F
NMR signal is extremely weak.

2.4. Measurements of fluorescence quantum yields

Fluorescence quantum yields for the AIE fluorophores were obtained by comparing the
integrated fluorescence spectra of the polymers in solutions to the fluorescence spectrum of
quinine sulfate in 1.0 N H,SO4 (n = 0.55, excitation wavelength of 365 nm) with corrections
of refractive index differences using equation 1,27

(AN (ns?

w5 ) o
where (7)) and (7) are the fluorescence quantum yields of standards and the samples,
respectively. A, and A are the absorbance of the standards and the measured samples at the
excitation wavelength, respectively. / and £ are the integrated emission intensities of
standards and the samples. 7 and 75 are the refractive indices of the corresponding solvents
of the solutions, respectively. Refractive indexes of H,O and DMSO are 1.333 and 1.479,
respectively. The final value of quantum yield was obtained from an average of four

measurements with different absorbance in the range between 0.03 and 0.09. The standard
deviation is less than 10%.

2.5.T1 and T2 measurements

19F T1 and T2 measurements were recorded on a Varian Inova 400 MHz spectrometer
(magnetic field strength of 9.4 T) using inversion recovery spectroscopy with nine inversion
times for T1 and multiecho spin echo spectroscopy with 10 different echo times for T2. For
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T1 measurements, sw = 11981.4 Hz, pw = 12.5 ps and nt = 16. For T2 measurements, sw =
11981.4 Hz, pw = 12.5 pus, and nt = 16.

2.6. Culture of U87MG and CP-A cells for bioimaging

U87MG cells (American Type Culture Collection, ATCC, Manassas, VA) were cultured in
EMEM supplemented with 10% fetal bovine serum, 100 u/mL of penicillin, 2 mM L-
glutamine (Sigma-Aldrich), and incubated at 37 oC in a 5% CO», atmosphere. Barrett’s
esophagus cell line, CP-A (also identified as KR-42421 or QhTERT), was derived from an
endoscopic biopsy specimen obtained from a region of non-dysplastic metaplasia and
transduced with the retroviral expression vector, pLXSN-hTERT, to create an immortalized
cell line. CP-A cells were cultured in Keratinocyte-serum free medium (Invitrogen,
Carlshad, CA) supplemented with Bovine Pituitary Extract (BPE) and human recombinant
Epidermal Growth Factor (rEGF, Invitrogen) at 37 oC in a 5% CO, atmosphere. Cells were
seeded onto 96-well plates at 10,000 cells per well, and incubated for 1 day. Polymers
dissolved in 10 mM HEPES buffers were added to the medium to make the AIE fluorophore
concentration of 5 wM. After incubation at 37 °C for 24 hours, cells were washed using
fresh medium and then used for bioimaging. Under a Nikon Eclipse TE2000E confocal
fluorescence microscope (Melville, NY), the fluorophores were excited at 402 nm and their
green emissions were collected using a 515/30 nm filter set.

2.7. Colocalization study

To confirm the polymer’s subcellular distributions, nuclei-specific Hoechst 33342
(Invitrogen), lysosomes-specific LysoTracker Red® (Invitrogen), or mitochondria-specific
MitoTracker Red® (Invitrogen) were dissolved in fresh medium and subsequently incubated
with cells, which had internalized the polymer for 24 hours, for 30 minutes to stain nuclei,
lysosomes, or mitochondria, respectively. Concentrations of LysoTracker Red®,
MitoTracker Red®, and Hoechst 33342 were 100 nM, 50 nM, and 10 M, respectively.
Using a Nikon Eclipse TE2000E inverted microscope with a C1si confocal laser scanner
(Melville, NY), Hoechst 33342 was excited at 402 nm and its blue emission was collected
using a 450/35 nm filter set. LysoTracker Red® was excited at 561 nm and its red emission
was collected using a 605/75 nm filter set. MitoTracker Red® was excited at 561 nm and its
red emission was collected using a 605/75 nm filter set. AIE fluorophores were excited at
440 nm and the green emission was collected using a 515/30 nm filter set.

2.8. MTT assay

The assay was performed by an /n vitro MTT-based toxicology assay kit (Promega).
U87MG cells were cultured in EMEM supplemented with 10% fetal bovine serum, 100 u/
mL penicillin, and 2 mM L-glutamine (Sigma-Aldrich) at 37 °C in a 5% CO, atmosphere.
CP-A cells were cultured in Keratinocyte-serum free medium at 37 °C in a 5% CO,
atmosphere. U87MG and CP-A cells were seeded onto 96-well plates at 10,000 cells per
well, and incubated for 1 day. The polymers in 10 mM HEPES buffers were added into the
cell culture media to a final polymer concentration of 0.1 to 10 mg/mL and the cells with the
polymers were incubated in the 96 well plates at 37 °C. Twenty four hours later, the medium
in the wells were removed and the cells were washed with PBS buffer and then incubated in
fresh medium (100 L) and 10 L of MTT solution (5 mg/mL) in 5% CO, at 37 °C for
another 3 h. 100 microliters of stabilizer (Promega) were added to each well to dissolve the
internalized purple formazan crystals by gentle pipetting. The absorbance was measured at a
wavelength of 570 nm using a 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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2.9. Flow cytometric analysis

To demonstrate the time and temperature dependent cellular uptake of the polymers,
fluorescence measurements were carried out by using a FACS caliber cytometer (Becton
Dickinson Immunocytometry Systems, San Jose, CA). 125 pL of polymers with AIE
fluorophore concentration of 200 M (polymer concentration was in the range of 0.36 to
6.45 mg/mL) in HEPES buffer was added to about 1 million cells in 5 mL medium in the
individual flow tubes. The mixture was incubated at 37 °C or 4 °C in a cell incubator for
various time periods. After incubation, the cells were centrifuged, washed twice with fresh
medium, and then suspended in fresh medium again. Fluorescence was determined by
counting 10,000 events.

3. Results and discussion

3.1. Syntheses of polymers

Two series of random copolymers were synthesized (Scheme 1). The first series of polymers
(series 1), P1to P5, were synthesized by a copolymerization of MATMA, AIEM, and
HPMA through a fixed molar ratio of MATMA to HPMA with a tuning of AIEM. The
molar ratio of MATMA to HPMA was kept constant at 14:100 (Scheme 1), while the AIEM
molar ratios to the sum of HPMA and MATMA were increased from 1:114 for P1to 16:114
for P5. The second series of polymers (series 2), PF1 to PF5, were synthesized by a
copolymerization of MATMA, AIEM, TFEMA, and HPMA through a fixed molar ratio of
MATMA and AIEM to HPMA while a tuning of TFEMA.. The molar ratio of MATMA and
AIEM to HPMA was kept constant at 15:100 (Scheme 1), while the TFEMA molar ratios to
the sum of HPMA, AIEM, and MATMA were increased from 8:115 for PF1 to 173:115 for
PF5 (Scheme 1). In the series 1 polymers, we tried to achieve high quantum yield through
increasing AIE fluorophore molar fractions in the polymers. In series 2 polymers, we
explored the use of a small percentage of AIEM to achieve high quantum yield through the
increase of TFEMA fractions. The molar fraction of AIEM used in series 2 polymers was
only 1-mol% of HPMA.

The polymers have very good solubility in DMSO and DMF with a concentration of at least
50 mg/mL. After dispersing the DMSO solution into water or HEPES buffer and removing
the DMSO using dialysis, the polymers, except for PF5, can be dissolved in agueous
solutions with a concentration of at least 10 mg/mL. The solubility of PF5 in water is less
than 1 mg/mL because of the high 1°F content.

3.2. Photophysical properties

Figure 1A showed the typical absorbance and emission spectra of PF4 in DMSO and in
DMSO/H,0 (2:98 by volume). The polymer in DMSO had almost no emission with
quantum yield of 0.02%. At the same polymer concentration, with the increase of water
fraction in DMSO, the absorbance decreases and the fluorescence intensity increases (Figure
1B). These phenomena were observed in other AIE materials, 1114 suggesting the typical
AIE characteristics. The quantum yield of PF4 in DMSO/H,0 (2:98 by volume) increased
to 38%, which is 1900 times greater than in pure DMSO. Figure 1C and 1D showed the
typical quantum yields of the polymers P1-P5 and PF1-PF5 at the DMSO/H,0 mixtures,
indicating material dependent photophysical properties, which were summarized in Table 1.

All the polymer segments, PHPMA, PMATMA, PAIE, and/or PTFEMA have very good
solubility in DMSO. The AIE fluorophores can rotate freely in DMSO to lose their energies
resulting in their extremely weak emission intensities. With the addition of water into the
polymer solutions in DMSO, the hydrophobic AIE fluorophores started to self-assemble
with the hydrophilic PHPMA and PMATMA polymer chains, possibly through the
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formation of micellar nanostructures. The hydrophobic PAIE segments aggregate together as
the hydrophobic cores, limiting or restricting the intramolecular rotations of the AIE
fluorophores to increase the fluorescence intensities. With more water fractions, the
aggregations became more compact. This is the typical characteristic of AIE phenomenon.
Investigations revealed that the AIE phenomenon was caused by the restricted
intramolecular motions of the luminogens in their aggregate states, which blocked the
nonradiative decay channels and thus enhanced fluorescence intensities.1%¢4 As shown in
Figure 1C, for the polymers with more hydrophobic PAIE segments, the aggregations of the
PAIE segments started earlier with lower water fractions. At the same DMSO/H,0 fraction,
the polymers with higher AIE fractions exhibited higher quantum yields. When the AIE
fluorophore’s fraction reached a certain level, for example over the molar fraction of P4, the
quantum yield change was not significant with the further increase of AIE fractions. For P5,
the percentage of PAIE reached 16-mol% of PHPMA, only 10% quantum yield was
achieved. For the fluorine-containing polymers, although only a small percentage of PAIE
(1-mol% of PHPMA\) was used, high quantum yields of about 40% could be achieved using
PF4 and PF5 (Figure 1D). This was attributed to that PTFEMA provided hydrophaobic
environment for AIE fluorophore to facilitate its aggregations. Therefore, we have
demonstrated that the aggregations of AIE fluorophores could be manipulated and high
quantum yields could be achieved using only a small percentage of AIE fluorophores by
integrating PTFEMA-containing segments.

Photostability of the fluorophores were studied. The polymers in pH 7.4 HEPES buffers
were exposed continuously under 405 nm laser (0.2 mW/cm2) for 2 hours. A decrease of
about 5.1% of fluorescence intensity was observed. This may be due to the photobleaching
of the fluorophores by light, which is a common problem of many organic fluorophores. The
fluorescence intensity decrease of the AIE fluorophores was higher than that of fluorescein
(~ 3.1%). Designing new AIE fluorophores to improve the photostability is necessary.

3.3. Nanostructures

In order to determine whether these polymers can form nanostructures, the polymer
solutions were measured using dynamic light scattering (DLS). Small particles with
diameters of around 7 to 9 nm for P2—P5 and around 21 to 25 nm for PF1-PF5 in DMSO/
H,0 (2:98 by volume) were observed (Table 1 and Figure 2A), suggesting the polymers’
aggregated nanostructures. Confirmation of the micellar nanostructures was visualized under
AFM, using PF4 as an example. Small spherical micelles (Figure 2B) with an average
diameter of 36 + 10 nm were observed, which is larger than that measured by DLS (22 nm).
This difference is probably attributed to the flattening of the micelles on the mica surface
during the drying process.

Some random copolymers with both the hydrophilic and hydrophobic units were reported to
form micelles with the hydrophobic segments as the micellar cores and hydrophobic chains
as the shells.28 Critical micellar concentration (CMC) is an important factor for
determination of micelle formation. For the fluorescent polymers, CMCs can be determined
by the measurement of the concentration dependent fluorescence in aqueous solutions.26?
When the polymer concentration is extremely low, the polymers are in the forms of unimers
in the solutions. At this condition, the polymers did not self-assemble to form micelles.
Therefore, there are no obvious aggregations of the AIE fluorophores and very week
fluorescence was observed. When the polymer concentrations are over their CMCs, the
polymers will form micelles to enable the aggregations of the hydrophobic AIE segments in
the micellar cores. This will result in the observation of strong fluorescence. Meanwhile, the
fluorescence intensities after CMC increased with the increases of concentrations.
Fluorescence intensities were plotted against the polymer concentrations in double distilled
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water (Supporting S-Figure 1 and 2). It was found the CMCs of P1 to P5 are from 0.033 mg/
mL to 0.006 mg/mL (Table 1), decreasing with the increase of AIE fractions. This result
showed that hydrophobic AIE segments played a significant role for the self assembly of the
series 1 polymers. However, CMCs of series 2 polymers did not depend on hydrophobic
segments fractions and the CMCs of series 2 polymers are close to that of P1; however they
are higher than others of series 1. Most likely, the long segment of AIE fluorophore played a
key role for reducing the CMC, not the short trifluoroethyl segments.

It has been known that the CMC values depend on polymer structures, molecular weights,
and the fractions of hydrophobic segments to hydrophilic segments. Some random
copolymers were reported to have high CMCs of 2.0 mg/mL.282 Some other random
copolymers were reported to have much lower CMCs of around 5.3 x 10~ mg/mL.28¢ Qur
polymers’ CMCs fell within the reported ranges.

3.4. 19F NMR, T1, and T2

The micelles derived from polymers PF1-PF3 exhibited a single, narrow resonance by 19F
NMR spectra, with a half-width of approximately 100 Hz (Figure 3A). The micelle of PF4
exhibited a broad and weak 19F resonance peak. When there are more fluorine-containing
hydrophobic segments in the micellar cores, the motions of fluorine atoms are more limited,
resulting in the broadening effects of 19F signals and decreasing of its intensity. For the
same polymer, the increase of concentration results in an increase of its 1°F signals (Figure
3B). For PF3, its detection limit by 19F NMR at our experiment condition is 1 mg/mL,
corresponding to 1°F at a molar concentration of 4.33 mM.

T1 and T2 of the polymers were investigated in both 2% DMSO aqueous solutions and 10
mM HEPES buffers (pH 7.2) at a polymer concentration of 10 mg/mL. Data were
summarized in Table 1. T1 values of these polymers are in a small variation in percentages
from 237 to 276 ms. T2 values are in a large variation percentages from 11 to 65 ms.
Solvents of 2% DMSO aqueous solution and 10 mM HEPES buffer affected the T1 and T2
values slightly. Nurmi et al.22P reported that T2 was more sensitive to environments and
fluorine contents in the statistical copolymers. Our results showed that the fluorine moieties
not only affected the quantum yields of the AIE fluorophores in the polymers but also
affected the T1 and T2 values of the amphiphilic polymers.

3.5. Fluorescence bioimaging

All the polymers were taken up by two cell lines (U87MG and CP-A). Figure 4 showed the
confocal fluorescence microscopy images of one typical polymer, PF3, for two cell lines
(UB7MG and CP-A) after 24 hours of internalization with cells at 37°C. Green emission was
observed, which was randomly distributed in the cytoplasma area of the cells, showing the
polymer was successfully taken up by the cells. The cellular uptakes of the polymers were
further confirmed by fluorescence measurements using flow cytometry (Supporting S-Figure
3).

PF3 was used as a typical polymer for more detailed investigation of the subcellular
colocalizations. Figure 5 showed the subcellular distributions of the polymer in live CP-A
cells. The green emissions from the polymer have only minimal co-localizations with blue
emissions from nuclei stained by Hoechst 33342 (A, B, and C), further confirming its
distribution in cytoplasm region. Significant overlays of the green emissions with the red
emissions of LysoTracker Red® (D, E, and F) and of MitoTracker Red® (G, H and ) were
observed. The yellow colors in F and | indicated the same subcellular localizations of the
LysoTracker Red® or MitoTracker Red® with PF3, respectively. The corresponding
Pearson’s sample correlation factors 29 were calculated to be 69% for the co-localizations
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with lysosomes and 55% for the co-localizations with mitochondria, respectively. These
results showed that the polymer was randomly distributed in the cytoplasm and did not have
specific localizations in the organelles like lysosomes and mitochondria.

3.6. Time and temperature dependent flow cytometry

In order to understand the possible cellular uptake mechanism, flow cytometry was used to
measure the fluorescence of the cells after internalization with the polymers. PF3 was used
as a typical polymer. Figure 6A and 6B gave the time dependent fluorescence of the
polymer internalized with cells at 37 °C. The fluorescence, which was due to the cellular
uptake of the polymer, became stronger under longer cellular internalization time. This
result suggests the cellular uptake of the polymer is time dependent. Figure 6C gave the time
dependent fluorescence of the polymer internalized with cells at 4 °C by CP-A cells.
Comparing Figure 6B with Figure 6C, it can be found under the same cellular internalization
time, more polymers were taken up by cells at a higher temperature (37 °C) than at a lower
temperature (4 °C). These results showed that the cellular internalization of the polymer is
energy dependent. This characteristic suggests the endocytosis mechanism of the cellular
internalization with polymers, which is time and energy dependent.3°

3.7. Cytotoxicity evaluation using MTT assay

MTT assay is based on the intracellular reduction of a tetrazolium (MTT) dye to a formazan
product measured spectrophotometrically and is used for high-throughput screening.3!
Figure 7 showed the typical cell viability of two polymers of P1 and P4 for U87MG and CP-
A cells after 24 hours internalization. For P1, concentration and time dependent cytotoxicity
was observed. While for the other polymers, no significant cytotoxicity was observed using
a polymer concentration of 1 mg/mL after cellular internalization of 24 hours. It has been
reported that polymers with positive charges may be toxic to cells. P1 probably has the
highest charge density, resulting in its significant cytotoxicity to cells. Our results suggested
that controlling charge density is an important factor for reducing materials toxicity. For the
polymers PF1 and PF4, we studied the cytotoxicity to cells at high concentrations up to 10
mg/mL (Figures 8 and 9). Results showed that all the four polymers have slight toxicity at a
polymer concentration of 10 mg/mL after 24 hours cellular internalizations. Cell viability
was > 70% compared to untreated control. This observation suggests these polymers may
have potentials for /n vivo applications.

4. Conclusions

Two new series of PHPMA based random copolymers with hydrophobic AIE fluorophores
were prepared. The increase of the molar fractions of the hydrophobic AIE fluorophores
and/or the trifluoroethyl moieties results in the higher quantum yields of the AIE
fluorophores in aqueous solutions. Using 1-mol% of AIE fluorophore with the tuning of the
molar fraction of TFEMA, 40% quantum yield was achieved. Compared to the polymers
without the TFEMA segments, less than 10% quantum yield was obtained. This is the first
time to integrate the AIE fluorophores with fluorinated polymers to manipulate the quantum
yields of the AIE fluorophores. Because of the introduction of the hydrophobic AIE
fluorophores and/or TFEMA segments in the polymers, the polymers can self-assemble to
form small micelles. All the polymers are cell permeable and located in the cellular
cytoplasma area. Cellular uptake was demonstrated to be through endocytosis mechanism,
which is time and energy dependent. Although the AIE fluorophore and TFEMA segments
are water insoluble, their chemical conjugation with biocompatible polymers such as the
PHPMA enables its application in biological conditions. The polymers also showed
reasonable T1 and T2 values. Thus besides the fluorescent bioimaging, we expect that the
polymers are applicable for 1°F MRI.
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A) The absorbance and emission spectra of a typical polymer PF4 in DMSO and 2% DMSO
aqueous solution (0.1 mg/mL). B) The emission intensity change of PF4 in the mixture of
DMSO and water. Emission spectra were excited at 405 nm. C) Quantum yields of the series
1 polymers P1-P5 in DMSO and water mixtures. D) Quantum yields of the series 2
polymers PF1-PF5 in DMSO and water mixtures.
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Figure2.

A) Typical DLS of PF2 and PF4 in 2% DMSO aqueous solutions. B) AFM image of PF2
(2.5 pm x 1.5 pum).
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Figure 3.

A) 19F NMR spectra of PF1 to PF4 in H,0 and DMSO (98:2 by volume) at 10 mg/mL.
Chemical shift is referenced to CF3COOH. B) 19F NMR spectra of PF3 at different
concentration in the 2% of DMSO aqueous solutions.
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Figure4.
Confocal fluorescence images of PF3 for UB7MG (A and B) and CP-A (C and D). A and C
are fluorescence images. B and D are bright field images. Scale bar is 10 pm.
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Figureb5.

Confocal fluorescence images of PF3in CP-A cells co-stained with nuclei staining Hoechst
33342 (A, B, and C), LysoTracker Red® (D, E, and F), and MitoTracker® (G, H, 1),
respectively. A, D, and G represent the green channels from the AIE fluorophores. B is from
the blue channel of the nuclei staining agent of Hoechst 33342. E is from the red channel of
the lysosome specific LyosTracker Red®. H is from the red channel of the mitochondria
specific MitoTracker Red®. C is the overlay of A and B. F is the overlay of D and E. | is the
overlay of G and H. The scale bar represents 10 um. For better resolution, C, F, and | were
magnified and given in supplementary figures of S-Figure 4, 5, and 6.
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A) Time dependent flow cytometry of PF3 by U87MG cells at 37 °C. B) Time dependent
flow cytometry of PF3 by CP-A cells at 37 °C. C) Time dependent flow cytometry of PF3

by CP-A cells at 4 °C.
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Scheme 1.
Synthesis of AIE fluorophore-containing amphiphilic copolymers.
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= 13800 , M,/M,, = 1.37 , a:b:c:d = 100:
= 37300 , My,/M,, = 1.29 , a:b:c:d = 100:
= 34700 , M,,/M, = 1.18 , a:b:c:d = 100:
= 21500 , My/M, = 1.37 , a:b:c:d = 100:
= 14300 , M,/M, = 1.29 , a:b:c:d = 100:
= 18600 , M,/M, = 1.24 , a:b:c:d = 100:
= 12700 , My/M, = 1.27 , a:b:c:d = 100:
= 20000 , M,,/M, = 1.87 , a:b:c:d = 100:
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