Boron Polylactide Nanoparticles
Exhibiting Fluorescence and
Phosphorescence in Aqueous Medium
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ABSTRACT Difluoroboron dibenzoylmethane-polylactide, BF,dbmPLA, a biocompatible polymer—
luminophore conjugate was fabricated as nanoparticles. Spherical particles <100 nm in size were generated via

nanoprecipitation. Intense blue fluorescence, two-photon absorption, and long-lived room temperature

phosphorescence (RTP) are retained in aqueous suspension. The nanoparticles were internalized by cells and

visualized by fluorescence microscopy. Luminescent boron biomaterials show potential for imaging and sensing.
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ifluoroboron-based dyes, such as

BODIPY' and B-diketonate deriva-

tives,? exhibit large extinction coef-
ficients, high emission quantum yields,
large two-photon absorption cross-
sections, and in some cases, sensitivity to
the surrounding medium.® These excep-
tional optical properties make them useful
as imaging agents,* photosensitizers,® and
sensors.® Often dyes are combined with ma-
terial substrates to modulate properties, en-
hance stability, and reduce toxicity. Dye
leaching with associated toxicity and ambi-
guity in imaging and sensing schemes can
be minimized with dye-polymer conjugates
versus blends.” For example, active agents
such as Ru(ll) complexes®® or metallopor-
phyrins'® are embedded in polymer matri-
ces that act as protective shells and allow
their use in biological contexts with in-
creased stability and improved delivery
by passive'*'* or active targeting.'> Many
multifunctional imaging and sensing agents
combine controlled material synthesis with
nanofabrication.’®'” Nanoparticles based
on luminescent dye conjugates and quan-
tum dots'® are used to label intracellular
structures and pathways in fundamental
studies as well as for therapeutic and diag-
nostic purposes.’®2° Both fluorescence (sin-
glet) and phosphorescence (triplet) emit-
ters are widely used. Phosphorescence, in
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particular, is susceptible to oxygen quench-
ing via triplet energy transfer, serving as
the basis for oxygen sensing.?'~?* Good
oxygen permeability and fast response time
are important factors. Photodynamic
therapy, on the other hand, utilizes photo-
sensitizers in combination with oxygen or
other quenchers to generate reactive spe-
cies for selective tissue treatment.®*2°
Previously we reported that when boron
difluoride dibenzoylmethane (BF,dbm) is
combined with poly(lactic acid) (PLA), a bio-
compatible polymer,?” the intense blue
fluorescence is retained and new proper-
ties emerge, namely temperature-sensitive
delayed fluorescence and green oxygen-
sensitive room-temperature phosphores-
cence (RTP).28 (We are unaware of similar
multiemissive behavior for a single compo-
nent BODIPY system at room or elevated
temperatures.) The light emitting biomate-
rial, BF,dbmPLA, is readily processable as
films, fibers, and particles. As a first step in
exploring the potential of this class of mate-
rials for biological imaging, sensing and
photodynamic therapies, we fabricate
BF,dbmPLA as nanoparticles (<100 nm),
verify that the unique emission properties
persist in an agueous environment, and
demonstrate that cellular uptake of nano-
particles occurs without acute toxicity.

RESULTS AND DISCUSSION
Difluoroboron dibenzoylmethane poly-
lactide, BF,dbmPLA (Figure 1), was synthe-
sized by ring opening polymerization of lac-
tide using a hydroxyl-functionalized
BF,dbm initiator and tin catalyst as previ-
ously described.?® Nanoparticles were pro-
duced by the solvent displacement method
(i.e., nanoprecipitation)?®>° in which the
polymer is dissolved in a solvent miscible
with water (e.g., DMF) (oil phase), which is
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Figure 1. Chemical structure of BF,dbmPLA.

added to water, leading to the formation of droplets.
Solvent diffusion results in a supersaturated oil phase,
causing the formation of smaller droplets and a meta-
stable emulsion.?' This method of fabrication was se-
lected because nanoparticles of small size are typically
obtained, particularly when DMF is used as the organic
phase.>>>2 In addition, the nanoprecipitation method
avoids sonication that can damage the dye by shear
forces and surfactants that can compete with the
ligands, as we have observed previously for metal com-
plexes.>® After fabrication, the morphology, size, chemi-
cal integrity, and optical properties of the nanoparti-
cles were investigated. Preliminary cellular uptake
studies were also performed.

Particle morphology and size were assessed by
transmission electron microscopy (TEM) and dynamic
light scattering (DLS). Spherical and fairly homoge-
neous particles were observed by TEM (Figure 2). Dy-
namic light scattering measurements indicated that
suspended particles were 96 = 8 nm in size with a poly-
dispersity, Pd = 0.21 = 0.03 (average of four prepara-
tions) and that the fabrication method showed good re-
producibility. Because filtration can be important for
biological studies, nanoparticle size was also assessed
after passage through 0.2 wm nylon syringe filters. The
size decreased (89 * 8 nm) and the polydispersity in-
creased slightly (Pd = 0.23 = 0.07) under these condi-
tions. A significant decrease in the particle size (68 nm,
Pd = 0.23) was observed when an automatic syringe
pump was used for the controlled addition of a larger
volume of the polymer solution (20 vs 5 mL) to the wa-
ter (200 vs 50 mL). These parameters are not usually
cited in the literature as determinant of particle sizes,
whereas the polymer concentration in the organic sol-
vent and the volume ratio of the polymer solution to
the water are and were kept constant in all the
preparations.>%>*
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The chemical integrity of BF,dbmPLA after nanofab-
rication was assessed for a freeze-dried nanoparticle
sample subsequently dissolved in appropriate solvents
for gel permeation chromatography (GPC) and "H NMR,
UV—vis and fluorescence spectroscopies. GPC traces
for the starting material (M,, = 10400, PDI = 1.18) and
nanoparticle sample (M,, = 10400, PDI = 1.12) were
similar. Polymer stability was further confirmed by 'H
NMR spectroscopy, which also verified the efficient re-
moval of DMF by dialysis. The UV—vis (Figure 3) and
fluorescence (Figure 5) spectra for BF,dbmPLA in
CH,Cl, before and after fabrication are also similar
(UV—vis: N, = 396 nm, £ = 3.65 X 10° M~ "cm ™' (be-
fore), e = 3.54 X 10* M~ ' cm ™" (after); fluorescence:
Nem = 426 nm (before), A, = 426 nm (after)). Thus, the
covalently attached boron fluorophore is not damaged
during nanoparticle fabrication.

The optical properties of the nanoparticles in aque-
ous suspension were also investigated. UV —vis spectra
for the BF,dbmPLA particle suspensions are nearly
identical to spectra for CH,Cl, polymer solutions ex-
cept that for the suspension the peak at 383 nm is more
pronounced than the one at 398 nm (Figure 3). The
strong blue fluorescence is also observed for nanoparti-
cles in aqueous suspension (\,,, = 440 nm) (Figures 4
and 5). Compared to CH,Cl, solutions, a small red shift
is observed (Figure 5), which is similar to BF,dbmPLA
solids (films: \,,, = 440 nm, powders: \,,, = 442 nm).
The red-shifted spectrum may be indicative of dye-dye
interaction in a single nanoparticle.>® Thus, the fluores-
cence properties of the colloidal suspensions and solids
are in accord. Though suspensions can present chal-
lenges for optical measurements due to scattering, the
fluorescence quantum yield for the particles was none-
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Figure 3. UV—vis absorption spectra for the BF,dbmPLA starting ma-
terial (SM) and freeze-dried nanoparticles (NP) dissolved in CH,CI, (~2
M; top) and for the nanoparticles in aqueous suspension (~0.03 mg/

mL; bottom).
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Figure 4. Images showing fluorescence (left) and phospho-
rescence (right) of the nanoparticle aqueous suspension.
(Fluorescence under air; phosphorescence imaged under a
nitrogen atmosphere after the excitation source is turned
off. A, = 365 nm.)

theless measured and estimated as ¢ = 0.55. This
value is lower than for BF,dbmPLA in CH,Cl, (g =
0.89) but still higher than commonly used dyes.>®
The fluorescence lifetimes for the nanoparticles in aque-
ous suspension fit to a double exponential decay: 7, =
3.3 ns (96%) and 1, = 16.7 ns (4%). Double or multiex-
ponential decay is common for BF,dbmPLA and other
polymer-dye solids and may be attributable to fluoro-
phore interaction or heterogeneous polymer microen-
vironments. Two-photon absorption, valuable for cell
and tissue imaging with increased resolution and re-
duced damage®” and well documented for difluorobo-
ron diketonate dyes,? is conserved for the BF,dbmOH
initiator. Preliminary results also indicate that
BF,dbmPLA nanoparticles may be visualized using
multiphoton microscopy (A, = 790 nm).

As previously demonstrated for films,*® BF ,dbmPLA
nanoparticle suspensions also exhibit long-lived room
temperature phosphorescence (RTP) and consequently
high sensitivity to oxygen quenching, making this sys-
tem attractive for oxygen sensing applications. This
may be contrasted with metal complex luminophores
(such as Ru, Ln) that are sensitive to static and dynamic
quenching in aqueous environments due to water co-
ordination or O—H vibration.?®3° The delayed emission
spectrum for BF,dbmPLA nanoparticles is similar to
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Figure 5. Normalized emission spectra for BF,dbmPLA in CH,CI, solu-
tion and as an aqueous nanoparticle suspension (at 22 °C, unless other-
wise specified).
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that of the film (RTP, \.,, = 509 nm; delayed fluores-
cence, A, ~450 nm) (Figure 5). At body temperature
(37 °Q), the phosphorescence is conserved, an impor-
tant prerequisite to the use of these nanomaterials in
biological contexts. The thermally repopulated delayed
fluorescence at ~450 nm?2 is increased slightly at el-
evated temperature, as expected. Preliminary studies
suggest that nanoparticles in aqueous suspension (15
min Ar purge) and BF,dbmPLA films under vacuum ex-
hibit similar phosphorescence lifetimes (~200 ms). In
both cases, data fit to triple exponential decay, and life-
times decrease with increasing oxygen concentra-
tion.*® Compared to existing oxygen sensing systems
(Ru(ll)-tris(4,7-diphenyl-1,10-phenanthroline)**, 5.3 us;
Pt(Il)octaethylporphine ketone, 0.06—0.09 ms;*® Pd(ll)
porphyrin ketone, 0.48 ms*'), BF,dbmPLA nanopatrticles
exhibit longer lifetimes and therefore enhanced sensi-
tivity to oxygen quenching. Because PLA is permeable
to oxygen, response times can be fast.***

PLA nanoparticles are known to degrade over 2
years time because of acid-catalyzed ester hydrolysis.
The polymer molecular weight decreases slowly for 5
weeks, then more rapidly thereafter.***> To assess the
shelf life of boron nanoparticles in aqueous suspension,
their stability was monitored over time using GPC, 'H
NMR, UV—vis, and fluorescence spectroscopies, and
DLS. After 1, 5, and 11 weeks, aliquots were removed
and freeze-dried. GPC analysis shows that the molecu-
lar weight decreases and the PDI broadens very slightly
over time (after preparation, M,, = 10400, PDI = 1.12;
1 week, M, = 9600, PDI = 1.20; 5 weeks, M,, = 8,700,
PDI = 1.22; 11 weeks, M,, =7500, PDI = 1.37). After 11
weeks, the NMR spectrum shows a resonance at 6.8
ppm that is characteristic of the ArC(O)CH=C(OH)Ar’
proton in the free dbmPLA macroligand, suggesting hy-
drolysis of “BF," from the dbm binding site for a frac-
tion of the sample. However, the associated dbmPLA
ArC(O)CH=C(OH)Ar' enol proton peak at 16.98 ppm is
not evident in BF,dbmPLA particle samples after 11
weeks; it was only observed in NMR spectra for samples
analyzed after 5 months. A decrease in the UV—vis ex-
tinction coefficient, e (M~ 'ecm™") at 396 nm over time is
also consistent with degradation of the boron center
(1 week: 3.40 X 10% 5 weeks: 2.78 X 10% 11 weeks: 1.94
X 10%). Though the absolute intensity of the fluores-
cence emission necessarily changes with dye degrada-
tion, the emission maximum for boron nanoparticles
does not vary over time when samples are analyzed in
aqueous suspension or in CH,Cl, solution after freeze-
drying. Hydrolysis of BF,dbmPLA leads to a nonemis-
sive dbmPLA degradation product, with little effect on
nanoparticle emission spectra. Even after 8 months, the
blue fluorescence is intense and room temperature
phosphorescence is still evident for nanoparticle aque-
ous suspensions. As previously described,** the nano-
particle size shows no significant change after 11 weeks
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Figure 6. Fluorescence and bright field microscopy image overlay (A) of CHO cells incubated for one hour with a filtered
BF,dbmPLA nanoparticle suspension (405 pg/mL before filtration) and images of one cell showing the perinuclear localiza-
tion of the fluorescent nanoparticles (bright field (B), fluorescence (C), and overlay (D) microscopy images; false color image).

(after preparation, 68 nm, Pd = 0.23; 11 weeks, 67 nm,
Pd = 0.18).

Given the unique optical properties and good stabil-
ity exhibited in aqueous suspension over time, further
studies exploring the potential of BF,dbmPLA nanopar-
ticles and related derivatives for biological imaging,
sensing, and photodynamic therapies are merited. Cel-
lular uptake and evidence for the lack of acute toxicity
are important to some of these applications. As a pre-
liminary test, the cellular uptake of BF,dbmPLA nano-
particles was verified in vitro with Chinese hamster
ovary (CHO) cells. The cells were treated with an aque-
ous suspension of filtered and unfiltered nanoparticles
(unfiltered: size = 97 nm, Pd 0.19; filtered/0.2 pm: size
= 78 nm, Pd 0.24) at different concentrations. For a
concentration as low as 81 pg/mL, nanoparticle in-
ternalization was observed by fluorescence micros-
copy after 1 h, as is typically noted in the
literature.>>*® Fluorescent nanoparticles were evi-
dent in the perinuclear region of the cells (Figure 6).
After 3 days, fluorescence was still observed and a
significant fraction of the cells were still viable. These
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preliminary observations indicate typical cell uptake
behavior and the lack of acute toxicity for boron
nanoparticles, verifying that further investigation
and materials optimization is merited.

CONCLUSION

In summary, multiemissive BF,dbmPLA was fabri-
cated as nanoparticles. The preparation of nanoparti-
cles with this single component material results in a
well-defined, controllable product. The fabrication is
easy and the covalent attachment of the active agent
to the polymer matrix avoids more rapid dye hydroly-
sis and leaching. Optical properties for nanoparticles in
aqueous suspension are similar to the solid polymer; in-
tense fluorescence and long-lived room temperature
phosphorescence conferring sensitivity to low oxygen
levels were observed. Bright fluorescence and phospho-
rescence are retained for suspensions kept on the shelf
for months even with normal degradation of the biode-
gradable polyester chains and gradual hydrolysis of the
luminophores over time. Cell internalization and imag-
ing without acute toxicity, as demonstrated here, com-
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bined with the unusually long-lived phosphorescence
still present at 37 °C, raise the possibility of optical sens-
ing in anaerobic environments or in hypoxia model sys-
tems. Future work will focus on the effect of polymer

METHODS

Materials and Instrumentation. All chemicals were obtained from
Aldrich. Syringe filters (13 mm, disposable filter device, nylon fil-
ter membrane) were obtained from Whatman. "H NMR (300
MHz) spectra were recorded on a Unitylnova 300/51 instrument
and referenced to the signal for residual protio chloroform at
7.26 ppm. Molecular weights were determined by GPC (THF, 20
°C, 1.0 mL/min) versus polystyrene standards on a Hewlett-
Packard instrument (series 1100 HPLC) equipped with Polymer
Laboratories 5 um mixed-C columns and connected to UV—vis
and RI (Viscotek LR 40) detectors. Data were processed with the
OmniSEC software (version 4.2, Viscotek Corp). A correction fac-
tor of 0.58 was applied to all data, as previously described.*”

UV —vis spectra were recorded on a Hewlett-Packard 8453 diode-
array spectrophotometer. Fluorescence emission spectra of opti-
cally dilute samples (abs < 0.1) were recorded on a FluoroLog
fluorometer (Jobin Yvon-Horiba). Photographs in Figure 4 were
taken in the dark using a Canon PowerShot SD600 Digital Elph
camera with the automatic setting (no flash).

Nanoparticle Preparation. BF ,domPLA (200 mg, M,, = 10400) dis-
solved in DMF (20 mL) was added dropwise to H,O (200 mL) us-
ing an automatic syringe pump. The water was stirred during
the addition and the resulting homogeneous suspension was
stirred for an additional 30 min. The suspension was then dia-
lyzed in dialysis tubing (Spectra/Por, 12— 14 kDa MWCO, Fisher
Scientific) under slow stirring against distilled water following
the procedure described in Ataman-Onal et al. for complete DMF
removal.*® The suspension was analyzed as is or freeze-dried
for further characterization.

Nanoparticle Size Determination. Nanoparticle sizes were deter-
mined by dynamic light scattering (90° angle) on a Photocor
Complex (Photocor Instruments Inc., MD) equipped with a
He—Ne laser (Coherent, CA, model 31-2082, 632.8 nm, 10 mW).
Size and polydispersity analysis were performed using DynalLS
software (Alango, Israel). The suspension was analyzed as such
or diluted (0.5 mL) with Millipore water (9.5 mL). No significant
difference of the size and polydispersity was observed in the di-
luted and undiluted samples although in some measurements
larger size species appeared in the samples that were not diluted
due to multiscattering.

Transmission Electron Microscopy (TEM). Drops of the diluted nano-
particle suspension (20 wL/10 mL deionized water) were depos-
ited directly on carbon-coated electron microscope grids and
were allowed to dry. Transmission electron microscopy was per-
formed with a JEOL 200CX, tungsten filament, operated at 200
kV using low dose conditions required by the beam sensitivity of
the material. Brightfield images were taken using a CCD camera
(AMT).

Fluorescence Lifetimes. Time-resolved fluorescence measure-
ments were performed by exciting the nanoparticle suspension
under air with 160 fs pulses at 390 nm, the doubled output of a
Coherent RegA Ti:Sapphire amplifier operating at 250 kHz. The
resulting fluorescence was spectrally resolved with a Chromex
250is Imaging Spectrograph and temporally resolved with a
Hamamatsu C4770 Streak Scope. Data were processed using
Hamamatsu, Matlab, and Origin software. Emission data were
collected twice for each sample to ensure reproducibility. Re-
ported lifetimes represent an average of two runs, fitted for the
entire emission curves.

Quantum Yields. The fluorescence quantum yield, ¢, for the
nanoparticle aqueous suspension under air was calculated ver-
sus anthracene in EtOH as a standard, as previously described*®
using the following values: & anthracene = 0.27,°° ny?° EtOH =
1.36, np?° H,0 = 1.333. The optically dilute nanoparticle suspen-
sion and the EtOH solution of the anthracene standard were pre-
pared in 1 cm path length quartz cuvettes, and absorbances (A <
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molecular weight on emission properties,®® oxygen
sensitivity,® and toxicity of these multiemissive par-
ticles, along with further optimization and testing of
these materials for biological applications.

0.1) were recorded using a Hewlett-Packard 8453 UV/vis spec-
trometer. Steady state emission spectra were obtained from a
custom-built Photon Technology Instruments fluorimeter in-
stalled with a Hamamatsu R928 photomultiplier tube and a 150
W Xe excitation lamp. PTI Felix 32 software was used to process
the data (\., = 355 nm; emission integration range: 362—700
nm). Emission data were collected three times and averaged. The
average spectra were used in the quantum yield calculation.

Multiphoton Microscopy. BF,dbmPLA nanoparticles may be visu-
alized upon excitation with a femtosecond mode locked Ti:sap-
phire laser (A, = 790 nm) (Coherent, Inc.; pulse width, < 150 fs;
repetition rate, 76 MHz; X-wave optics; pumping laser, Verdi,
532 nm, 5 W) using a Nikon PCM2000 laser scanning confocal
coupled to a TE-200 epifluorescence microscope, using Simple
PCl software.

Phosphorescence Spectra. The aqueous nanoparticle suspension
(~5 mL) in a vial was capped with a rubber septum and purged
with N, for ~15 min. Emission spectra were recorded with an
OceanOptics USB2000 fiber optic spectrometer using a hand-
held UV lamp (\., = 365 nm; long wavelength setting). For the
delayed emission at 37 °C, the purged sample vial was placed in
a temperature controlled Pyrex water bath, the temperature
was allowed to equilibrate for ~10 min, and then the spectrum
was recorded.

Phosphorescence Lifetimes. Measurements were performed us-
ing instrumentation and methods previously described for
BF,dbmPLA films®® with the following exceptions. An aqueous
nanoparticle suspension (~2 mL) was placed in a quartz cuvette
sealed with a screw cap containing a septum (Hellma). The sus-
pension was sparged with argon containing variable amounts of
oxygen (~0 to 1%) for 15 min, before lifetime data were
recorded.

Cell Culture. Chinese hamster ovary cells (CHO-K1; P10) were
seeded with a complete growth media Dulbecco’s Modified Es-
sential Medium (DMEM) (1X) liquid (low glucose) (Gibco) contain-
ing 1,000 mg/L p-glucose, L-glutamine, pyridoxine HCl, and 110
mg/L sodium pyruvate and supplemented with 10% fetal bovine
serum, 1 mM nonessential amino acids, and T mM penicillin-
streptomycin. The cells were trypsinized and plated on
fibronectin-treated (2 pg) glass-bottom 35 mm tissue culture
dishes and allowed to spread for 2 h. The nanoparticle suspen-
sion (1, 10, 100, and 500 L) was diluted in complete media (1
mL) and plated on the cells for 1 h incubation at 37 °C and 8.5%
CO,. After incubation, the cells were rinsed twice with 1X PBS
and replaced with CCM1 media for imaging. Nanoparticle cellu-
lar uptake was observed with a Nikon 1X 300 brightfield and fluo-
rescence microscope. The images were obtained with a Retiga
camera with the Metamorph Imaging Software (DAPI filter/cube
(ex 330—380/em 435—485); 1000 ms exposure).
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