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Protein triggered fluorescence switching of near-
infrared emitting nanoparticles for contrast-enhanced

imaging

Ragini Jetty,® Yuriy P. Bandera,® Michael A. Daniele,® David Hanor,? Hsin-l. Hung,*
Venkat Ramshesh,© Megan F. Duperreault,© Anna-Liisa Nieminen,© John J. Lemasters<
and Stephen H. Foulger*2?

Sub-100 nm colloidal particles which are surface-functionalized with multiple environmentally-sensitive
moieties have the potential to combine imaging, early detection, and the treatment of cancer with a
single type of long-circulating “nanodevice”. Deep tissue imaging is achievable through the
development of particles which are surface-modified with fluorophores that operate in the near-
infrared (NIR) spectrum and where the fluorophore's signal can be maximized by “turning-on” the
fluorescence only in the targeted tissue. We present a general approach for the synthesis of NIR
emitting nanoparticles that exhibit a protein triggered activation/deactivation of the emission.
Dispersing the particles into an aqueous solution, such as phosphate buffered saline (PBS), resulted in
an aggregation of the hydrophobic fluorophores and a cessation of emission. The emission can be
reinstated, or activated, by the conversion of the surface-attached fluorophores from an aggregate to a
monomeric species with the addition of an albumin. This activated probe can be deactivated and
returned to a quenched state by a simple tryptic digestion of the albumin. The methodology for
emission switching offers a path to maximize the signal from the typically weak quantum yield inherent

www.rsc.org/MaterialsB in NIR fluorophores.

1 Introduction

Optical imaging in medical applications is especially attractive
due to its noninvasive nature, though it can be hindered by
limitations of resolution and penetration depth which are a
result of the high absorption, auto fluorescence, and scattering
found in biological tissues. To circumvent some of these issues,
there is an interest in developing near-infrared (NIR) fluo-
rophores since there is a region of reduced absorption for this
wavelength range, providing maximum penetration of light and
facilitating deep tissue imaging." Unfortunately, the quantum
yield of organic NIR fluorophores is typically low (<0.2) in
physiological conditions>* and routes to achieve a higher tumor
to background signal ratio (TBR) are desirable. Achieving a
higher TBR can be accomplished by both preferentially
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accumulating the probe in a targeted tissue and, once seques-
tered, activating the probe's fluorescence only in this region.**®

A myriad of activation schemes have been proposed,>”
though the approach was initially demonstrated with polymeric
agents that emitted a signal after an enzymatic attack.*® The
underlying mechanism for activation is a conversion of an
aggregated quenched fluorophore back to its emissive mono-
meric state. To that end, the significant variations in the
emission spectra of photoluminescent dyes which are routinely
observed when they form supramolecular host/guest assemblies
or complex with biomacromolecules®** and have been exploited
in designing activatable contrast agents by this group'® as well
as others.™ As indicated earlier, in addition to activating the
emission only in the tissue of interest, to achieve maximum
TBR, the contrast agent must accumulate in the targeted tissue
while clearing rapidly from non-target organs and tissues. Small
molecule fluorophores are rapidly cleared because of a short in
vivo circulation life due to non-specific binding to proteins,”
thus improving the tumor to background ratio, but this also
reduces the absolute amount of accumulation at the target. This
weak accumulation is in addition to a limited aqueous solubility
which frustrates parenteral administration.™

Compared with conventional molecular scale fluorophores,
dye-doped particles have demonstrated improved in vivo
detection and enhanced targeting efficiencies through longer

This journal is © The Royal Society of Chemistry 2013
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circulation times, designed clearance pathways, and multimeric
binding capacities.'® Since the initial report on isolating fluo-
rophores through their encapsulation in a particle was pre-
sented,"” a multitude of efforts have been described, using both
polymeric'®*® and inorganic®*>® colloids. Sub-100 nm sized
colloidal particles that are functionalized with multiple moie-
ties have the potential to combine imaging, early detection,
prevention, and the treatment of cancer with a single type of
colloidal “nanodevice”.”=** Within the nanodevice conceptual-
ization, the design of a sub-100 nm particle that exhibits NIR
fluorescence that can be modulated on or off by specific
proteins within a cancer cell is of particular interest.****

In the current effort, poly(propargyl acrylate) (PA) colloids
were surface modified with an azide terminated squaraine-
based dye, a NIR emitting fluorophore, and polyethylene glycol
through a copper-catalyzed azide/alkyne cycloaddition per-
formed in water.** The placement of the fluorophore onto the
surface of the particles allows for the dye to form a guest/host
complex with available proteins and this feature was exploited
in achieving a fluorescence activation of the particles when in a
quenching aqueous medium. In addition, the removal of the
bound proteins from the particle was achieved through their
enzymatic digestion, resulting in a deactivation of the emission.
Reversibility may be a crucial feature if these probes are inten-
ded for real-time monitoring of in vivo events. These particles
described a “fluorescent switch” that can be modulated on or
off through the incorporation of simple proteins and/or
enzymes and are a promising platform for developing protein or
multi-protein complex sensitive contrast agents for biotech-
nology and biomedical applications.

2 Experimental
2.1 Reagents and solvents

All the commercial reagents were purchased from TCI America
and used without further purification. All the solvents were dried
according to standard methods. Deionized water was obtained
from a Thermo Scientific Barnstead NANOpure Water Purifica-

tion System and exhibited a resistivity of ca. 10"® ohm™" em™".

2.2 Chemical characterization methods

'H and *C NMR spectra were recorded on JEOL ECX-300
spectrometers (300 MHz for proton and 76 MHz for carbon).
Chemical shifts for protons are reported in parts per million
downfield from tetramethylsilane and are referenced to residual
protium in the NMR solvent (CDCl;: ¢ 7.26 ppm, DMSO-d6: ¢
2.50 ppm). Chemical shifts for carbons are reported in parts per
million downfield from tetramethylsilane and are referenced to
the carbon resonances of the solvent (CDCls: 6 77.16, DMSO-d6:
6 39.52 ppm). Coupling constants are reported in Hertz (Hz).
LC/MS mass spectra were obtained using Finnigan LCQ spec-
trometer and HP 1100 (HPLC). The IR spectra were recorded at
room temperature in the wavenumber range of 400-4000 cm ™"
and referenced against air with a Nicolet 6700 FTIR instrument.
A total of 32 scans were averaged for each sample at 2 cm ™!
resolution.

This journal is © The Royal Society of Chemistry 2013
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2.3 Preparation of azide-modified squaraine derivative
chromophore (azSQ) (Fig. 1)

3-(3-Azidopropyl)-1,1,2-trimethyl-1H-benzo[ e]indolium
iodide (1). The solution containing 2,3,3-trimethyl-4,5-benzo-
3H-indole (1 g, 4.78 mmol) and 1-azido-3-iodopropane (2 g, 9.56
mmol) in acetonitrile (50 mL) was refluxed for 72 hours. The
solvent was evaporated under vacuum and the residue was
dissolved in dichloromethane (10 mL). This solution was added
drop-wise to diethyl ether solution (80 mL) to precipitate the
product. This purification step with diethyl ether solution was
performed 3 times and the solid obtained was filtered and dried
under vacuum (hygroscopic). Compound 1 was obtained as a
dark-brown solid (1.61 g, yield 80%). "H NMR (CDCl;) 6 1.87 (s,
6H), 2.37 (m, 2H, ] = 5.9 and 6.9), 3.25 (s, 3H), 3.76 (t, 2H, ] =
5.9), 5.00 (t, 2H, ] = 6.9), 7.70 (m, 3H, J = 8.6 and 1.4), 7.96 (d,
1H, J = 8.9), 8.10 (m, 2H, J = 8.6 and 8.9).
4-(1,1,2-Trimethyl-1H-benzo[ e]lindolium-3-yl)butane-1-sulfo-
nate (2). The mixture containing 2,3,3-trimethyl-4,5-benzo-3H-
indole (0.6 g, 2.87 mmol) and 1,4-butanesultone (1.17 g, 8.59
mmol) was heated at 120 °C for 2 hours. After cooling, the
crystallized product was washed with acetone, filtered and dried
to give the compound (2). White solid (0.92 g, yield 93%). 'H
NMR (DMSO0-d6) 6 1.75 (s, 6H), 1.78 (m, 2H, ] = 7.2), 2.03 (m, 2H
J = 7.6), 2.52 (t, 2H, J = 7.2), 2.95 (s, 3H), 4.61 (t, 2H, ] = 7.6),
7.69-7.80 (m, 2H, J = 8.3), 8.20 (d, 2H, J = 8.9), 8.27 (d, 1H, ] =
8.9), 8.36 (d, 1H, J = 8.3).
3,4-Diethoxy-3-cyclobutene-1,2-dione  (3) was
according to the method published.*
3-{[(2E)-3-(3-Azidopropyl)-1,1-dimethyl-1H,2H,3H-benzo[ e]-
indol-2-ylidene]methyl}-4-hydroxycyclobut-3-ene-1,2-dione  (4).
Pyridine (2 mL) was added to the solution containing
compound (1) (0.3 g, 0.71 mmol) and 3,4-diethoxy-cyclobut-3-
ene-1,2-dione (1 g, 5.9 mmol) in ethanol (10 mL) and refluxed
for 4 hours. After cooling, the green solution was evaporated
and the residue was dissolved in a mixture of methanol (20 mL)
and water solution of NaOH (3 mL, 0.9 mol). This mixture was
refluxed for 30 min. After cooling, the mixture was filtered and
evaporated. The residue was extracted with dichloromethane
and washed with water 2 times. The organic layer was separated,
dried with Na,SO, and filtered. The filtrate was evaporated and
the residue was dissolved in dichloromethane (2 mL) and added
dropwise to diethyl ether solution (20 mL) to precipitate a green
solid. This solid was separated by centrifugation and dried on
air to give a mix of compounds (4) and (5) with molar ratio 1 : 2.
This mixture (225 mg) was used in next step without further
purification. 'H NMR (CDCl;) 6 1.93 (s, 6H), 2.14 (m, 2H), 3.40 (t,
2H,J = 6.0), 3.98 (t, 2H, ] = 6.0), 5.72 (s, 1H), 7.20 (d, 1H,J = 8.5),
7.47 (m, 1H), 7.82 (m, 2H), 8.07 (d, 1H, J = 8.5).
2-{[(LE)-3-{[(22)-3-(3-Azidopropyl)-1,1-dimethyl-1H,2H,3H-
benzo[e]indol-2-ylidene]methyl}-2-hydroxy-4-oxocyclobut-2-en-1-
ylidene]methyl}-1,1-dimethyl-3-(4-sulfonatobutyl)-1H-benzo[e]-
indol-3-ium (6). The mixture of compounds (4) and (5) (225 mg)
(see synthesis of compound (4)) and compound (2) (140 mg, 0.4
mmol) was dissolved in butanol (15 mL) and benzene (15 mL).
This solution was refluxed with Dean-Stark apparatus for 18
hours. After cooling, the solvent was evaporated under vacuum

prepared
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and the residue was purified by flash column chromatography
(dichloromethane : methanol 9:1, silica gel). 120 mg of
compound (7) (a deep blue solid) was obtained. Rf = 0.2, yield
24% (recalculated to compound (1)). "H NMR (DMSO-d6) 6 1.80
(m, 4H), 1.96 (s, 6H), 1.97 (s, 6H), 2.02 (m, 2H, J = 6.6), 2.55 (t,
2H), 3.55 (t, 2H, J = 6.6), 4.26 (b.t, 2H), 5.89 (s, 1H), 5.90 (s, 1H),
7.45 (m, 2H), 7.62 (m, 2H), 7.69 (d, 1H, J = 9.0), 7.75 (d, 1H, ] =
9.0), 8.02 (m, 4H), 8.23 (d, 2H, J = 8.4). ">*C NMR (CDCl;) 6 22.45,
26.36, 26.60, 26.80, 29.81, 40.71, 43.77, 48.63, 51.22, 51.28,
86.12, 87.10, 109.88, 110.64, 122.45, 124.20, 124.36, 127.19,
127.34, 128.33, 128.61, 129.69, 129.97, 131.17, 131.44, 133.94,
134.59, 139.17, 139.55, 170.81, 172.53. ESI-mass (LC/MS) (m/z;
rel. intensity): 715.3 (M"; 100), 987.2 (8) 632.2 (8), 330.2 (17).

2.4 Preparation of azide-modified polyethylene glycol
(azPEG)

The azPEG was prepared according to the method published.™

Mono-methoxy-PEG5000-methansulfonate. Methylsulfonyl
chloride (0.92 g, 8 mmol) in dichloromethane (5 mL) was added
dropwise at room temperature to the stirring solution of tri-
ethylamine (0.89 g, 8.8 mmol) and mono-methoxy-PEG5000
(20 g, 4 mmol) in dichloromethane (70 mL). The solution was

SR »
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Fig. 1 Reaction scheme for synthesis of azSQ.
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stirred at 20 °C for 4 hours, then washed with water and the
organic layer was dried with Na,SO, with further filtration. The
solvent was evaporated under vacuum to give the product as a
white solid. Yield: 20.3 g (97%). "H NMR (CDCl;) 3.07 (s, 3H),
3.36 (s, 3H), 3.48 (t, 2H), 3.53 (m, 2H), 3.62 (m, ca. 400H), 3.75
(m, 4H), 4.36 (m, 2H).

Mono-methoxy-PEG5000-azide. The mixture of mono-
methoxy-PEG5000-methansulfonate (20.3 g, 4 mmol) and
sodium azide (1.1 g, 17 mmol) in acetonitrile (80 mL) was
refluxed and stirred for 15 hours. After cooling, the mixture was
filtered and the solvent was evaporated. The residue was dis-
solved in dichloromethane and washed with water, organic
layer was separated, dried with Na,SO, and filtered. The solvent
was evaporated, the crystalline residue was washed with hexane,
filtered and dried in air to give the product as a white solid.
Yield: 19 g (94%). "H NMR (CDCl;) 3.35 (s, 3H), 3.38 (t, 2H), 3.62
(m, ca. 400H), 3.85 (m, 2H). FTIR (cm *): 1095 (s, C-O-C); 1340,
1465 (CH,); 2100 (N3); 2880 (s, CH,).

2.5 Preparation of the particles

Propargyl acrylate (PA) particles were prepared according to a
standard emulsion polymerization method published."

o %

Q.

.

BuOH, CgHg
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For a typical surface modification of the particles, for
example, the grafting of azSQ and azide-modified PEG chains
with molecular weight of 5000 (azPEG) onto the particles, 1 mL
PA particles and 3.94 mg azSQ were added to 2 mL of deionized
water. Solutions of 0.07624 g copper(u) sulfate (99.999%
Aldrich) in 10 mL deionized water and 0.3024 g sodium ascor-
bate (99% Aldrich) in 10 mL deionized water were made.
Initially, 0.5 mL of the CuSO, solution was added to the PA/azSQ
solution, followed by 0.5 mL of the sodium ascorbate solution.
The resulting mixture was maintained at a temperature of ca.
28 °C for 15 minutes and then the reaction was stopped by the
removal of unreacted azSQ, sodium ascorbate, and Cu(u)SO,
through a repeated particle washing procedure consisting of
centrifugation and redispersement in methanol. The cleaned
PA/azSQ (FPs) particles in water were subsequently utilized in a
secondary click transformation with 54.99 mg azPEG, and
previously presented CuSO, and sodium ascorbate solutions.
The reaction was allowed to run for 48 hours and then washed
to remove unreacted species as determined by photo-
luminescence measurements; these particles are referred to as
PA/azSQ/azPEG (FP,) particles.

2.6 Cell analysis

Human HepG2 and A549 cell lines were obtained from ATCC
(Rockville, MD). Human UMSCC22A head and neck squamous
carcinoma cell line was a gift from Dr Besim Ogretmen (Medical
University of South Carolina). HepG2 cells were cultured in
phenol red-free Dulbeccos modified Eagles media (DMEM)
containing 5% fetal bovine serum (FBS), 1% penicillin-strep-
tomycin, and supplemented with glutamine (Invitrogen, Carls-
bad, CA). A549 cells were cultured in F-12K media (Kaighn's
Modification of Ham's F-12 medium) containing 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin.
UMSCC22A cells were cultured in Dulbeccos modified Eagles
media (DMEM) supplemented with 1-glutamine containing 10%
FBS and 1% penicillin-streptomycin. Cells were cultured at
37 °C in a humidified atmosphere of 95% air 5% CO,.

2.7 Cytotoxicity assay

HepG2 cells & A549 (20 000 cells per well) were cultured on
96 well plates for 24 hours. Subsequently, cells were, exposed to
2 x 10°% 2 x 10", and 2 x 10" particles per mL. After 96 hours,
cell death was assessed with a MTS assay according to the
manufacturer's instructions (Promega, Madison, WI). Briefly,
medium was aspirated and a solution of 100 pL of DMEM
containing 10% FBS and 20 pL 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, salt
(MTS) and phenazine methosulfate (PMS) was added onto each
well. After 60 minutes, wells were scanned colorimetrically at
490 nm on a VersaMax spectrophotometer (Molecular Devices,
Sunnyvale, CA). The conversion of MTS into an aqueous soluble
formazan product is achieved only by dehydrogenase enzymes
which are present in metabolically active cells; the absorbance
at 490 nm from the formazan product is directly proportional to
the number of living cells in culture.

This journal is © The Royal Society of Chemistry 2013
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2.8 Confocal microscopy

UMSCC22A cells were cultured onto 35 mm glass-bottomed
Petri dishes (MatTek Corporation, Ashland, MA) at 150 000 cells
per dish and incubated for 24 hours. Subsequently, cells were
incubated with 1 pM PA/azSQ/azPEG (FP;) particles for different
time periods of 1, 2, 4, 8, 17, and 24 hours. At the end of the
incubation, the medium was aspirated and the cells were
incubated with 500 nM LysoTracker Green (LTG) for 1 hour.
Before imaging the concentration of the LTG dye was lowered to
100 nM. Dishes were placed in an environmental chamber at
37 °C on the stage of Olympus FV10i LIV laser scanning confocal
microscope. The images of LTG (473 nm excitation and 490-
540 nm emission) and FP;, particles (635 nm excitation and 660-
760 nm emission) were collected using a 63 x N.A. 1.4 oil
immersion planapochromat objective. Image] software was
used to post-process the images and calculate the co-localiza-
tion coefficients.

2.9 Optical characterization methods

Absorption spectra were taken using a Perkin-Elmer Lambda
900 UV/VIS/NIR spectrophotometer. Photoluminescence (PL)
spectra were collected using a Photon Technology International
QuantaMaster 60 NIR with PMT spectrofluorometer and a
Thermo Oriel xenon arc lamp (Thermo Oriel 66902) mated with
a Thermo Oriel Cornerstone 7400 1/8 m monochromator
(Thermo Oriel 7400) and a Horiba Jobin-Yvon MicroHR spec-
trometer coupled to a Synapse CCD detector. Quantum yields (¢)
of the dyes and modified particles were determined relative to
the reference dye 1,1',3,3,3',3'-hexamethylindotricarbocyanine
iodide (HITCI) in methanol, which has a fluorescence quantum
yield of ¢ = 0.12,>**> employing established procedures.* It is
to be noted that the diameter of the particles used through out
the paper was 49.9 nm except for quantum yield measurement
where a couple of particles of diameter 88.5 nm were used.

3 Results & discussion

A schematic of the particles studied in this effort is presented
in Fig. 2. The poly(propargyl acrylate) (PA) colloids were
prepared using a standard aqueous emulsion polymerization
technique resulting in spheres with a diameter of 49.9 + 0.58
nm (mean and standard deviation). To functionalize the
surface of the particles, a multiple step copper-catalyzed azide/
alkyne cycloaddition (“click” transformation) was performed in
water®* to produce PA particles that had both squaraine and
polyethylene glycol (PEG) attached to their surface. Initially, an
azide-modified squaraine derivative (azSQ) was attached to
the PA particles through a “click” transformation. Squaraine
dyes are typically classified as a NIR dye though technically
their emission is in the far-red regime.*** Due to their high
fluorescent quantum yields compared to other NIR organic
fluorophores like indocyanine green,'**' squaraine dyes have
found a broad range of applications,**”** with the biomedical
community expressing an especially strong interest in this
class of dyes.3* %4344
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(b) fluorescent

albumin

“

on”: addition of albumin engulfs dye
and activates fluorescence

.
ci'; _f\’

“off”: addition of trypsin digests
albumin and restores quenched state

particles with aggregated
& quenched squaraine dye

P . .
€6 particles with separated

& emissive squaraine dye

Fig. 2 Schematic of 50 nm poly(propargyl acrylate) (PA) particles surface modified with an azide-terminated squaraine (azSQ) and polyethylene glycol (azPEG)
through an aqueous-phase “click” transformation in the (a) aggregated & nonfluorescent state and in the (b) albumin activated fluorescent state. Particles could be
deactivated and returned to the quenched state through a trypsin digestion of the albumin.

To attach the fluorophores to the particles, the azSQ was
initially clicked onto the particles for 15 min and then the
reaction was stopped by the removal of unreacted azSQ, sodium
ascorbate, and Cu(u)SO, through a repeated particle washing
procedure consisting of centrifugation and redispersement in
methanol. To reduce the grafting density of dye, the initial
amount of azide-modified dye used in the reaction was
decreased. The cleaned PA/azSQ (FPs) particles were subse-
quently utilized in a secondary click transformation with azide-
modified polyethylene glycol chains with molecular weight of 5k
(azPEG) that was allowed to run for 48 hours and then washed to
remove unreacted species; these particles are referred to as PA/
azSQ/azPEG (FP,) particles. The use of PEG to infer a hydro-
philicity to the particles has been found to be important for
directing protein absorption on the particles and achieving long
circulation times.'® The characteristics of the particles synthe-
sized for this study are presented in Table 1.

3.1 Emission spectrum

Fig. 3a presents the molar extinction coefficient and photo-
luminescence of the free azide-functionalized squaraine (azSQ)
dispersed in methanol. In this solvent, azSQ has a peak
absorption maximum at 663 nm, while the corresponding
emission peak is at 672 nm, for a relatively small Stokes shift of
9 nm. The symmetry for the absorption and emission spectra is
evident, though the absorption exhibits a small peak at 626 nm.
This lower energy absorption is often seen in concentrated
aqueous solutions of squaraine due to the formation of
H-aggregates;**** the appearance of this peak in the freshly
prepared dilute methanol solution of azSQ is due to the sulfo-
nate group which causes higher self-affinity.*

A structurally similar squaraine dye has been recently pre-
sented®” that was characterized by an absorption and emission
peak maximum of 672 nm and 678 nm, respectively, when
dispersed in toluene. In this solvent, this dye gave a fluores-
cence quantum yield of 0.51. In comparison, the relative fluo-
rescence quantum yield for azSQ in toluene differed by 0.1%

4546 | J. Mater. Chem. B, 2013, 1, 4542-4554

when measured in methanol (¢ = 0.101; c¢f. Table 1). Despite the
minor solvent-dependent changes in the spectra between this
latter squaraine dye and azSQ, the fluorescence quantum yield
of the azSQ is significantly lower at 0.101. The reduction in
quantum yield was speculated to be due to the substitution of
an azide to the chromophore and its ability to better facilitate
non-radiative deactivation to the ground state.*

In comparison, Fig. 3b presents the absorption and photo-
luminescence spectra of PA particles after they have been
surface modified with the attachment of azSQ chromophores
and azPEG chains (FP;) and dispersed in methanol. The
absorption spectra of the FP, particles indicate an absorption
peak maximum that is at a wavelength of ca. 672 nm, a 9 nm
bathochromic shift from the free dye. Utilizing the molar
extinction coefficient in the dilute regime for the free azSQ
particles in methanol (cf: Fig. 3a) allows for the estimation of the
number of chromophores attached to the particles. Following
this approach, the FP; particles had a grafting density of 0.49
azSQ per nm* when analyzed over the wavelength range of
615 nm to 685 nm. The grafting density of the azPEG to the
particles was not assessed but the contact angle of the PA
particles to water changed from 6 > 70° to ¢ < 10° after the

Table 1 Fluorophore grafting density and fluorescence quantum vyield (¢) of
surface functionalized PA particles; fluorophore and particles dispersed in
methanol

Fluorophore grafting Quantum yield

Compound density (azSQ per nm?) (@)

azSQ — 0.101
FP, PA/azSQ 0.05 0.051
Fp, PA/azSQ 0.09 0.033
FP, PA/azSQ 0.12 0.039
FP; PA/azSQ 0.17 0.039
Fp, PA/azSQ 0.28 0.034
FPs PA/azSQ 0.49 0.024
FPg PA/azSQ/azPEG 0.09 0.031
FP, PA/azSQ/azPEG 0.49 0.012

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 (a) Molar extinction coefficient (green) and photoluminescence (red) of
azide functionalized squaraine derivative chromophore (azSQ; 6.98 uM in
methanol); (b) absorbance (green) and photoluminescence (red) of PA/azSQ/
azPEG (FP) particles in methanol. Excitation energy at a wavelength of 630 nm.

attachment of the azPEG indicating that their surface was
hydrophilic.

3.2 Quantum yield

It is well known that when fluorophores are dispersed in a
solvent that a limiting concentration can be found where the
dye-dye separation becomes small and statistical closely spaced
pairs and larger aggregates are formed.*® Once excited, these
aggregates can find non-radiative routes to lower their energy,
thereby reducing the observed luminescence quantum yield.
Once the chromophores are attached to the surface of particles,
the “local” concentration of the emitters is elevated due to the
two-dimensional nature of the attachment. This elevated
concentration of emitters results in an enhanced propensity for
aggregate formation and non-radiative routes for the excited
emitters to return to their ground state. Therefore, the counter
intuitive speculation is that a reduced number of chromophores
grafted to a particle's surface will result in a higher quantum
yield. Table 1 and Fig. 4 presents the quantum yield for the
“free” azide-functionalized squaraine derivative dye and the
modified particles with varying fluorophore grafting densities.
In addition, Table 1 presents a subset of the PA/azSQ particles
clicked with an azide-modified PEG.

As indicated earlier, the free azSQ dye exhibited a quantum
yield of ¢ = 0.101. Once the chromophores are attached to a
particle, the observed quantum yield was significantly dimin-
ished relative to the free dye's value (¢f. Fig. 4). The PA/azSQ
particles (FPs; ¢f. Table 1) with a dye grafting density of 0.49
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Fig.4 Quantum yield of azide functionalized squaraine derivative chromophore
(azSQ) with variation in grafting density to PA particles (methanol). Excitation
energy at a wavelength of 650 nm.

groups per nm?” exhibits a 76% drop in quantum yield relative to
the free dye, while the PA/azSQ particles (FP;; ¢f: Table 1) with a
grafting density of 0.09 groups per nm” exhibits a 67% drop in
quantum yield. The particles may act as quenching centers of
fluorescence for chromophores that are adsorbed onto their
surface since (1) the planar surface offers a constrained
2-dimensional region on which the chromophores can
dimerize** and (2) a non-radiative energy transfer can occur
from the excited molecules to the particle.*® As speculated
earlier, the reduction of the number of fluorophores grafted
onto the particle's surface results in an increase in quantum
yielld (cf: Table 1). For the PA/azSQ particles, a 37% reduction in
grafting density, from 0.49 to 0.09 groups per nm?, results in a
38% increase in quantum yield. The azSQ dye can be roughly
approximated as an ellipsoid with a long axis of 21 A and a cross
section of 10 A x 5 A. At a grafting density of 0.49 groups per
nm?, the inter-dye separation distance on the surface of the
particle would be statistically 16 A. This distance is sufficiently
close that two dyes could approach one another to partially
dimerize and reduce the quantum yield of emission. In
contrast, a grafting density of 0.09 groups per nm’ gives a
separation distance of ca. 38 A, a distance sufficiently large
enough to frustrate dye-dye aggregation.

It is well established that PEG polymers, when attached to
the surface of particles, provide steric stabilization and reduces
protein absorption in biomedical applications.* Protein
absorption promotes opsonization, which can lead to aggrega-
tion and clearance from the bloodstream. The resultant rapid
removal is due to phagocytosis by the mononuclear phagocyte
system (MPS) in the liver and splenic filtration.*® Nonetheless,
the addition of PEG chains to the surface of the particles
reduces the quantum yield of the particles. Table 1 presents the
fluorescence quantum yield of the particle with varying grafting
densities and PEGylation. At higher grafting densities, the
quantum yield of the FP;, particles was half of the PEG-free FP;
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particles, while at the lower grafting densities (FP; & FPg), the
PEGylation did not effect the yield significantly. This suggests
that the attachment of the PEG chains increases the non-radi-
ative transfer of energy when excited, and hence influences the
emission characteristics of the attached squaraine.

3.3 Squaraine/protein complexation

The utilization of an azSQ-modified particle for any in vivo or in
vitro imaging application will require the particles to be
dispersed in an aqueous environment. The replacement of
methanol for a PBS solution in the FP;, particles resulted in a
total quenching of fluorescence (cf. Fig. 5a). Due to the hydro-
phobic nature of the dye, the employment of PBS is speculated
to force the bound azSQ to sequester to the particle surface and
dimerize.?>"*

It has been established that the fluorescence quantum yield
of squaraine dyes can change when the dye is adsorbed onto
macromolecules such as proteins and enzymes,****> and this
response can be employed as a fluorescent diagnostic probe in
medical and biological applications. Previous studies have
established that squaraine adsorption occurs on the ca. 10 nm
sized human albumin protein and that dye adsorption will
dominate over dye dimerization when the dye number density is
less than a few times the protein number density.”* In the
current system, the FP, particles in water were mixed with
bovine serum albumin (BSA) at concentration of 0.05 mM. The
emission intensity in Fig. 5a exhibited an immediate increase
within the first 30 minutes that accounted for ca. 25% of the
total increase in intensity followed by a long-term gradual
increase. Even though the emission turn-on occurred in just a
few minutes, the change in intensity was monitored over a 4 day
incubation period to insure it had plateaued. At BSA
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concentration of ca. 0.05 mM, the number of BSA molecules is
approximately equal to 15.4 times the total number of azSQ in
the system. There was a 1991% increase in output intensity at
the peak wavelength of 687 nm, while the total integrated
intensity was ca. 10 times greater. As indicated in Fig. 5a, the
study was also performed with human serum albumin (HSA)
instead of BSA and the fluorescence enhancement with the
human variant was identical to the bovine version. A similar
study was performed with the enzymes, lysozyme and trypsin,
and with the surfactant, sodium dodecyl sulfate (SDS). The
surfactant was successful in breaking up the aggregation of the
fluorophores and activating the fluorescence of the particles,**
while the lysozyme and trypsin were not (¢f ESIt). Serum
albumin is a major protein constituent of blood plasma and this
protein facilitates the disposition and transport of a variety of
exogenous and endogenous ligands to specific regions. The
delivery of ligands originates from two (BSA) and one (HSA)
structurally selective binding site(s) where the binding affinity
originates from a combination of hydrophobic, hydrogen
bonding, and electrostatic interactions. The observed increase
in fluorescence intensity with BSA and HSA binding likely
results from the ability of the protein to “dissolve” hydro-
phobically aggregated azSQ on the surface of the particles.**** In
addition, tight binding to the protein environment, possibly at
the hydrophobic pockets, may increase the molecular rigidity
of the dye, which reduces the vibrational modes and further
raises the fluorescence signal.”

The most commonly used NIR probes, organic fluorescent
dyes, are often chemically unstable and susceptible to bleaching
by the attack of nucleophiles that are abundant in biological
environments.> An approach to overcome this deficiency is
through steric protection of the fluorophore by forming a
rotaxane with the dye*”**** or encapsulation inside a
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Fig. 5 (a) Photoluminescence of FP; particles dispersed in: PBS (—), PBS and 0.05 mM BSA (green), PBS and 0.05 mM HSA (red). Particles were incubated with serum
albumin for ca. 4 days to insure increase was invariant with time, though 25% of the increase occurred within the first 30 minutes. (b) Photoluminescence spectra of FPs
particles in PBS with 15 mg BSA initially at 20 °C (O), at 70 °C (@), after 70 °C anneal then cooled to 20 °C (A ), after 70 °C, cool to 20 °C, heated to 70 °C (V' ), and after
70°C, cool to 20 °C, heated to 70 °C, then cooled to 20 °C (—). Inset presents the intensity ratio at 682 nm (red) for the thermal cycles relative to the initial emission and
the intensity ratio (green) of the J-aggregates (745 nm) to the monomeric emission (682 nm). Excitation energy at a wavelength of 630 nm.
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particle. The former approach requires sophisticated
chemistry to thread the dye through the macrocyclic cavity,
usually resulting in a low yield, while the latter approach
negates the prospect of forming beneficial guest/host assem-
blies with the fluorophore. The simpler and more versatile
approach is the physical entrapment of the hydrophobic fluo-
rophore inside the hydrophobic pockets of an aqueous
dispersible protein or vesicle.*® Fig. 6 presents the normalized
change in fluorescence intensity of the free azSQ dye and FP,
particles incubated with BSA, all dispersed in water, with
exposure to hydrogen peroxide, an effective nucleophile. The
drop in observed fluorescence intensity of the free dye is due to
the degradation of the fluorophore by the hydrogen peroxide,
while the fluorophores that are within the hydrophobic pocket
of the BSA (or merely engulfed) continue to fluoresce even at
much higher concentrations of hydrogen peroxide. It appears
that the fluorophore/protein complex that activates the fluo-
rophore's emission is possibly preventing the ingress of the
hydrogen peroxide to the dye or acting as a scavenger for the
peroxide.?>¢

BSA has been indicated to initiate irreversible unfolding at
temperatures greater than 60-70 °C.>” Below this temperature,
in the folded state, the protein exhibits global translational and
rotational diffusion, but when above this temperature, the
protein undergoes structural changes which are accompanied
by changes in the protein dynamics.’®*® Fig. 5b presents the
increase in fluorescence when the FP; particles that are
dispersed in PBS, have been incubated with BSA and undergo
thermal cycling at temperatures above the irreversible unfold-
ing temperature of BSA. At temperatures in the denaturation
regime, the proteins initially unfold and extend, and if the
proximity to one another is sufficiently high, the unfolded
protein chains can entangle and potentially partially cross-
link.*® As indicated earlier, the incubation of the aqueous-phase
particles with BSA results in a dramatic turn-on in emission
intensity of 1.2 x 10> counts per second at 682 nm (cf, Fig. 5a).
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Fig.6 Change in fluorescence intensity at wavelength of 671 nm with exposure
to hydrogen peroxide of free azSQ dye (@) and FP; particles incubated with BSA
(O). Aqueous solution with excitation energy at a wavelength of 630 nm.
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Raising the temperature to 70 °C results in a 35% enhancement
of the emission, though once the particles are cooled to 20 °C,
the emission increases by 105% (at 682 nm). An addition
annealing cycle results in a total increase in emission intensity
of 125% (cf Fig. 5b inset). The absolute increase in emission
with annealing is dependent on both the ratio of azSQ to BSA as
well as their thermal history. Nonetheless, there is a significant
change in the emission characteristics with annealing.

In comparison to the “monomeric” absorbance, squaraine
dyes that are dispersed in aqueous solutions tend to form
aggregates that exhibit an absorbance that has a bathochromic
(J-aggregates) or hypsochromic (H-aggregates) shift. These
aggregates also affect the emission properties, with H-aggre-
gates usually being poor emitters and J-aggregates often giving
efficient fluorescence.* The inset in Fig. 5b presents the
intensity ratio of the J-aggregates (745 nm) to the monomeric
emission (682 nm) and suggests a conversion of the aggregates
to the monomeric form with thermal cycling; a conclusion that
is corroborated with the absorption characteristics (¢f. ESIt).
Due to the steric limitations of the azSQ being tethered to the
surface of the particle, J-aggregates are characterized structur-
ally as having only one end of the azSQ aligned with the end ring
of the other azSQ. The large fluorescence turn-on associated
with the conversion of the surface-attached azSQ fluorophores
from “aggregate to monomeric species” may be attributed to the
inclusion of the dye into the hydrophobic pocket of BSA when in
its native folded form. The fluorescent enhancement of the
particles when they are thermally cycled above the denaturing
temperature of BSA suggests that other factors than just a
pocket-based complexation is operative in converting the dye
molecules from their non-emissive aggregate states to the
fluorescent monomeric form. The unfolded state may offer
opportunities of the protein to bind to additional fluorophores
on the surface of the particle, reducing the non-radiative decay
rate of the fluorescent molecules and raising the fluorescence
signal.®>®* The PEGylated particles, FPs & FP, did not exhibit
such a dramatic increase in photoluminescence with annealing.
The FP; particles exhibited a modest 13% increase in integrated
intensity with annealing and it is speculated that the PEG
chains are effective in preventing the unfolded BSA from
finding, adhering to, and destroying fluorophore aggregates.

A number of reports have demonstrated the “activation” of
NIR particles through the embodiment of a guest/host
complexation on the surface of the particles.’*** Recently,
particles surface functionalized with azadipyrromethenes had
their emission turned-on when mixed with either an anionic or
nonionic surfactant, as well as a phospholipid.** Our laboratory
has recently demonstrated the BSA activation of indocyanine
green (ICG) functionalized particles.”® These studies both
accomplished the activation of emission through the formation
of a guest/host complex, yet there has been no methodology to
deactivate the emission. To this end, the use of a protein in our
studies allows for its digestion once on the particle and a route
to deactivate the fluorescence. Fig. 7 presents the fluorescence
activation/deactivation of FPs. These particles were equilibrated
with 0.025 mM BSA in a Tris-HCI buffer of pH 8, then annealed
at 65 °C and cooled to 20 °C. The annealing step was repeated
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Fig. 7 Variation of photoluminescence spectrum of FPs particles in PBS incu-
bated with BSA (sequence 0), with four annealing cycles (sequence 1-5), with
introduction & incubation of trypsin (sequence 6-10), reintroduction & incuba-
tion of BSA (sequence 11-13) and with four annealing cycles (sequence 14-17).
Excitation energy at a wavelength of 630 nm. An annealing cycle consists of
raising the sample temperature to 65 °C for 20 min and then returning the
temperature to 20 °C.

four times. As demonstrated previously (¢f. Fig. 5b), the
annealing resulted in a significant enhancement in the emis-
sion intensity. Mixing the particles with trypsin (0.143 mM), a
standard enzyme used for the digestion of albumin, and incu-
bating the mixture at 37 °C for 15 hours resulted in a 71% drop
in emission, while after 64 hours the decrease was 85%
complete. With 184 hours of incubation there was an almost
complete cessation of emission. The majority of the emission
turn-off was complete in a few minutes, the reaction was
monitored over a substantial incubation period (ca. 7.6 days) to
insure a plateau was reached. Trypsin catalyses the hydrolysis of
peptide bonds so that albumin is broken into smaller peptides
and its speculated that the fragments from BSA are unable to
effectively “coat” the azSQ and these chromophores again coa-
lesce and quench on the surface of the particles. Performing the
same digestion study with particles that had not been annealed
resulted in a similar response, though the fluorescence deacti-
vation was not as complete. It is speculated that the BSA is more
structurally open after annealing and trypsin is more effective in
digesting the denatured protein.®*** Once again adding an
excess of BSA to the FPs particles after the trypsin digestion
results in a return to the approximate initial emission intensity
after 48 hours of incubation, though the trypsin was not
removed from the system and would continue to digest the BSA,
preventing a full return to the initial emission characteristics. In
addition, an UV/Vis absorption study confirmed that the parti-
cles could not recover all of their initial emission intensity after
an annealing & digestion study due to a slight degradation of
the fluorophores (cf ESIT).”” The repeated turn-on and turn-off
of the fluorescence is demonstrated in Fig. 7, which presents
the change in the photoluminescence spectrum with annealing
of the FPs particles with BSA to activate and enhance the
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emission, exposure to trypsin to deactivate the emission, and a
subsequent introduction of BSA again to reactivate the emis-
sion. The annealing resulted in a 48% increase in the number of
active emitters and an increase in the relative quantum yield to
0.036 from 0.024, while the trypsin digestion turned-off 97% of
the emitters and dropped the relative quantum yield to 7.2 x
10~*. Similarly, the PEGylated particles, FP5 & FP;, exhibited an
almost complete cessation of emission with tryptic digestion of
the BSA. The FP; particles exhibited an eleven-fold increase
integrated intensity with BSA activation, that was improved 13%
with annealing. The introduction of trypsin returned the
particles to a quenched state within just a few hours of the
enzyme addition.

3.4 Invitro co-localization

In medical diagnostics, one of the problems limiting the use of
many small molecule fluorophores is the difficulty in preparing
pharmaceutical formulations that are amenable to parenteral
administration.*

The majority of organic chromophores that are of interest
are not soluble in water and cannot be simply injected. To
remedy this, a number of different approaches, including
encapsulation of the fluorophore in colloidal carriers such as
oil-dispersions, liposomes, and polymeric particles, have been
investigated.*>***** The encapsulation in an aqueous dispers-
ible particle allows for the straightforward insertion of the flu-
orophore into the patient but prevents the formation of any
advantageous guest/host complexes with the chromophore and
a target protein.

The surface-attachment of the fluorophore onto the particle
insures its accessibility to proteins but may alter the ability of
the particles to penetrate cells of interest. To that end, the
cellular uptake and intracellular trafficking of the FP, particles
(¢f Table 1) were studied by live cell confocal laser scanning
microscopy. In addition, cell viability studies were carried out
with the A549 and HepG2 cell lines and the FP, particles were
deemed not cytotoxic at the concentrations used in this study
(¢f: ESIY).

The particles were incubated with UMSCC22A head and neck
cancer cells and confocal images of the cells were collected after
1, 8, and 17 h of incubation with particles (¢f Fig. 8); the
particles' fluorescence was activated by fetal bovine serum (FBS)
in the culture medium. We labeled the lysosomes with Lyso-
Tracker Green (LTG), which stains acidic compartments such as
late endosomes and lysosomes, to study the co-localization
between the lysosomes and particles. The fluorescence of the
particles co-localized with the LTG (Fig. 8), indicating that the
particles were taken up by the cells through endocytosis and
accumulated into the lysosomes. The FP, particles were also
incubated with A549 cells which are a human alveolar adeno-
carcinoma cell line. These cells synthesize lecithin with a high
percentage of disaturated fatty acids and are believed to be
responsible for pulmonary surfactant synthesis.*® Fig. 9 pres-
ents a confocal image of the FP, emission channel overlayed on
the transmitted image of the A549 cancer cells. The particles
were incubated with the cells without FBS and were initially
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PA/azSQ/azPEG

overlay

Fig. 8 Confocal images of FP; particles (1 pM) incubated with UMSCC22A cells
for 1, 8, and 17 hours. One hour before imaging, cells were loaded with Lyso-
Tracker Green (LTG) to image lysosomes. LTG (green, 473 nm) is left image, PA/
azSQ/azPEG particles (red, FP;) is the center image, and the right image is their
overlay.

nonfluorescent, but after 30 minutes of incubation the particles
were fluorescent as they collected onto the cell membranes (cf:
Fig. 9); the fluorescence is clearly evident by 1 hour of incuba-
tion as the particle begin to be engulfed by the cells. In this
study, no FBS was utilized in the medium and the fluorescence
was activated by constituents of the cells. This fluorescence
turn-on is speculated to be due to the phospholipids in the cell
membrane, specifically lecithin, and is mechanistically similar
to the use of the surfactant SDS to activate the fluorophores.™

For the co-localization study with the UMSCC22A cancer
cells, the Manders' co-localization coefficient M; and M, (ref. 67)
for the FP, particles and LTG increased in a time-dependent
manner and after 17 hours, the co-localization coefficient has
risen to ca. 0.75 (¢f. Fig. 10). The relative equivalence of the
coefficients (M; or M,) at any sampled time suggests that the
particle/LTG emitter ratio is not changing significantly, though

View Article Online

the slight increase (0.07) in M, (red channel) relative to M;
(green channel) at longer times could indicate a reduction in
the number of emitting FP, particles. Since the lysosomes
constitute the intracellular digestion compartment, the
observed co-localization between the lysosomes and the FP,
particles should result in the degradation of the fluorescence
activating FBS that is absorbed on the particles and result in a
return of the particles to a quenched state. Fig. 9 presents
confocal images of the FP, emission channel overlayed on the
transmitted image of the A549 cells. As discussed earlier, since
no FBS was added to the cell's media, the fluorescence activa-
tion of the particles was accomplished by the phospholipids in
the cell membrane, specifically lecithin production of the cells
binding to the fluorophores and reducing their aggregate-based
quenching. At 2 hours of incubation (¢f. Fig. 9), the FP; particles
have migrated into the lysosomes and there is a high density of
FP, emitters in the cells. Over the course of an additional
22 hours of incubation (¢f. Fig. 9), the number of FP, emitters
appears to be diminishing, consistent with the trypsin digestion
study of Fig. 7. In order to estimate the number of emitters per
cancer cell, images of the cells at 17 and 24 hours had a
common threshold applied to the red channel and the number
of pixels above the threshold were counted. Following this
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Fig. 10 Manders' co-localization coefficient M, (green channel) and M, (red
channel) from Fig. 8 of FP; particles incubated with UMSCC22A cells.

Fig. 9 Confocal images of FP; particles (1 pM) incubated with A549 cancer cells depicting the activation of fluorescence with incubation time (0.5-1 h) and
subsequent reduction in fluorescence with incubation time (2-24 h) as particles enter lysosomes. Media did not contain FBS and excitation laser power was constant

between images.
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Fig. 11 (a) Confocal images of FP; particles (1 uM) incubated with UMSCC22A cells for 2 hours (left image) and with the addition of the raft/caveolae endocytosis
pathway inhibitor filipin (FIL) (right image) and corresponding (b) Pearsons' co-localization coefficient between LTG and FP; particles. An asterisk indicates statistical
significance from the control by ANOVA followed by Tukeys multiple comparisons test (p < 0.01).

procedure, the cells incubated for 17 hours had 691 pixels per
cell above the threshold, while the cells incubated for 24 hours
had only 167 pixels per cell, a 75% reduction. All in vitro studies
with the particles indicate that the rapid emission turn-off is not
due to merely dye degradation. Similarly to the previously
described tryptic digestion study, we speculate that the phos-
pholipids which are sequestered on the particles are being
removed once the particles localize in the lysosomes and the
adherent can no longer prevent the chromophores from
aggregating and quenching their emission.

There are multiple mechanisms of endocytosis that can be
utilized for penetration of nanoparticles into cells. A pharma-
cologic approach was used to determine which mechanism of
endocytosis was involved in cellular uptake of the FP;, particles
in UMSCC22A cells. A number of compounds, when incubated
with mammalian cells, disrupt specific routes of endocytosis.
For example, cytochalasin D inhibits macropinocytosis, chlor-
promazine inhibits clathrin-mediated endocytosis by inhibiting
disassembly of clathrin-coated pits and inhibiting receptor
recycling to the plasma membrane, nocodazole inhibits cla-
thrin- and caveolae-independent endocytosis by disrupting
microtubules, and filipin III inhibits caveolae-mediated endo-
cytosis by sequestering cholesterol available for lipid rafts.
When cytochalasin D, chlorpromazine, and nocodazole were
initially added to the UMSCC22A cells 30 min before the addi-
tion of the FP; particles, no change in the final Pearsons' co-
localization coefficient between LTG and the FP; particles were
seen. In contrast, filipin (FIL) had a significant influence on the
coefficient. Fig. 11a presents confocal images of the cells incu-
bated with the FP, particles without the inhibitor of the raft/
caveolae endocytosis pathway and with the compound (FIL).
Confocal images revealed patches of nanoparticles bound to the
plasma membrane in filipin-treated cells (arrows), indicating
that filipin prevented FP, particles from entering cells. The
inclusion of the filipin decreased the Pearsons’ co-localization
coefficient by ca. 50% (cf. Fig. 11b). The results indicate that the
nanoparticles are taken up by the cells through caveolae-
mediated endocytosis for a final intracellular destination at the
lysosomes. A number of studies have found that nontargeted
particles follow a caveolae-mediated endocytosis route from
early endosomes to late endosomes and lysosomes.®*~°
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4 Conclusions

The 50 nm poly(propargyl acrylate) particles which were surface
modified through the copper-catalyzed azide/alkyne cycloaddi-
tion of an azide-terminated squaraine derivative, a near-
infrared emitter, and polyethylene glycol exhibited a protein
triggered activation/deactivation of the emission. When
dispersed in PBS, the initially nonfluorescent particles exhibi-
ted an albumin-based activation which resulted in an eleven-
fold enhancement in integrated intensity. Deactivation with the
addition of trypsin to cleave the albumin resulted in a complete
return to the initial quenched state. Quenched NIR emitting
particles which can have their emission activated by their
exposure to a specific protein, then deactivated by exposure to
another protein, are a potentially valuable nanodevice for the
fight against cancer. A new generation of photonic imaging
systems will be created from adaptive & responsive contrast
mechanisms using highly specific fluorescent agents, such as
activated fluorescent probes described in this effort, when these
probes are leveraged with the recent advances in illumination &
detection schemes, tomographic principles, and mathematical
models that describe photon propagation in tissues.”™
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