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Interdisciplinary investigation at the interface of chemistry, engineering, and medicine has enabled the
development of self-assembled nanomaterials with novel biochemical and electro-optical properties. We
have recently shown that emissive polymersomes, polymer vesicles incorporating porphyrin-based
fluorophores, feature large integrated-emission oscillator strengths and narrow emission bands; these
nanoscale assemblies can be further engineered to fluoresce at discrete wavelengths throughout the visible
and near-infrared (NIR) spectral domains. As such, emissive polymersomes effectively define an organic-
based family of soft-matter quantum-dot analogs that possess not only impressive optical properties, but
also tunable physical and biomaterial characteristics relative to inorganic fluorescent nanoparticles. Here,
we expand upon our initial studies on poly(ethyleneoxide)-block-poly(butadiene)-based vesicles to examine
fluorophore membrane-loading in other polymersome systems. Through modulation of fluorophore
ancilliary group substituents and choice of polymer chain chemistries, we are able to predictably control
intramembranous polymefluorophore interactions; these phenomena, in turn, influence the nature of
fluorophore solvation, local dielectric environment, and emission quantum yield within emissive
polymersome assemblies. By utilizing different classes of vesicle-generating diblock copolymers, including
bioresorbable poly(ethyleneoxide)-block-pahgaprolactone) (PEO-b-PCL) and poly(ethyleneoxide)-
block-poly(y-methyl<-caprolactone) (PEO-b-PMCL), we ascertain general principles important for
engineering nanoscale optical vesicles. Further, this work heralds the first generation of fully biodegradable
fluorescent nanoparticles suitable for deep-tissue in vivo imaging.

Introduction compared to traditional organic fluorophof@4?they may

be of limited clinical utility, because their metallic composites

are inherently toxié*%> As such, the design of alternative

fluorescent nanoparticles is an area of active investigation

and aims to generate novel organic-based agents that possess

%arge-magnitude irradiance and high photostability.
Meso-to-meso ethyne-bridged oligo(porphinato)zinc(ll)-

based supermoleculePZn, compounds) define a family

of near-infrared fluorophores (NIRFs) that exhibit high molar

absorptivities throughout the visible and NIR regidfis;

Although conventional visible fluorophores are routinely
utilized for in vitro biological research, there has been
increasing interest in the development of near-infrared (NIR)
emissive agents suitable for deep-tissue in vivo imadifig.
To date, many investigators have focused on the developmen
of quantum dots (inorganic semiconductor nanocrystals) for
both in vitro and in vivo application&.!* Although quantum
dots exhibit vastly superior optical characteristics when
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large NIR fluorescence quantum yieR¥s! high photo- A

bleaching threshold®;?? and no chemical- or photo-based

in vitro toxicity.?® Through cooperative self-assembly with Hydrophilic PEO Head Groups
amphiphilic diblock copolymers, these electronically con- ) Hydrophobic
jugated porphyrinic NIRFs can be dispersed, noncovalently, | Eilayer Membrane
at high concentrations>10 mol/wt %) within the thick 5\ 0 = core thickness

synthetic membranes of polymersoffe® (50 nm to 5Qum
diameter polymer vesicled}.?° These NIR-emissive poly-
mersomes define a family of organic-based, soft matter
quantum dot analogues that are ideally suited for in vivo
optical imaging?’ Previous studies have focused upon the

delineation of a rich photophysical diversi§and quanti- B
fication of fluorophore membrane-loadiftjn these emissive PZn. A
assemblies; membrane incorporation of a wide range of o
related multiporphyrinic fluorophores has enabled precise
emission energy modulation over a broad domain of the PZn,B
visible and near-infrared spectrum (60800 nm)?"-28Here,
we expand upon our initial studies involving poly(ethyl-

PZn, C

eneoxide)-block-poly(butadiene)-based polymersomes that
dispersePZn, fluorophores, to develop a generalized meth- 0-0-0
odo_logy for engineering thg bulk optical properties of pther PZn,D R,=R,= >‘%nﬁvown/\<\/\/
emissive vesicle assemblies. Through rational design of -

fluorophore ancilliary group substituents and choice of PZn;E R=R,= l‘-trv°v\,/\|/

polymer chain chemistries, we show that intramembranous

polymer—fluorophore interactions can be extensively modu-  C PEO-PMCL

lated to influence the nature of fluorophore solvation, mean PEO-PBD %

electronic environment, and thus, tA&n, emission quantum _,,_, _,_. T

yield. —g—
We focus herein on the meso-to-meso ethynyl-bridged tris- 2 . . .

[porphyrinato]zinc(ll)-basedRZn;) fluorophore and examine Q Q o

the effects of substituent-drivéPZns-dispersion in various

polymersome environments, differing in both membrane core

: . " ) . PEO-PEE
thickness 4} and chemical composition (Figure 1), via steady-
state absorption and emission spectroscopies. Five related 0 0
PZns-based fluorophores that differ with respect to ancillary H " won

group substituentsPZn; A—E, Figure 1B) were utilized. PEO-PCL
By comparing each vesicular nanoscale compositions’ inte- Figure 1. Schematic of various meso-to-meso ethynyl-bridged tris-

grated steady-state emission intensity as a function of [porphyrinato]zinc(il)-basedRzns) fluorophores incorporated within dif-
membrane-loading concentration, we elucidated the role of ferent polymersome environments. (A) lllustratiorRatn; dispersion within

the vesicle’s hydrophobic bilayer membrane. (B) Chemical structures of
polymer chairPZns ﬂuorOphore local solvation effects in five PZns-based fluorophore¢Zns A—E) differing in ancilliary pendent-
group substituents. (C) Chemical structures of biocompatible (PEO-b-PEE
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PZn; fluorophores in PEg}-b-PBDys (/= 9.6 nm) vs PEG)- heated to 60C and stirred overnight under Ar. The reaction was
b-PBDi2s (/= 14.8 nm)-based vesicles was compared in order quenched with water, diluted with CH{land washed three times
to assess the effect of increasing the membrane core thicknes¥ith a9. NHCI. The organic layer was collected, dried withSa,

on relative fluorophore distribution and intermolecular spac- filtered, and evaporated. The residue was purified by flash chro-
ing, while maintaining a unifornPZn; solvation environ- ~ Matography on silica using CH&pyridine (99:1) as the eluent,
ment. Similar experiments comparin@zns loading in followed by gravimetric size-exclusion chromatography (Biobeads,

. SX-1, THF). The fastest moving band was collected. The product
PEQqoD-PBDi and PEQyb-PERrbased vesicles were .o purified a final time by flash chromatography on silica. Yield

ponductgd to gscertain the rol'es. that Iopal solvation and _ 137 mg (77 mol %, based on (5,15-dibromo-10,20-bis(F(3 -
interchain packing effects play in influencing the extent of trimethylhexyloxy)-ethyl)porphinato)zinc(il)JH NMR (500 MHz,
fluorophore-fluorophorez—z interactions and the degree cpCly): 6 10.56 (d, 4H,J = 4.15 Hz), 10.49 (d, 4H] = 4.05
to which the emitter is dispersed in the bilayer. Finally, Hz), 9.96 (s, 2H), 9.84 (d, 4H] = 0.3 85 Hz), 9.77 (d, 4H) =
membrane-loading studiesBZnz-based fluorophores intwo  4.45 Hz), 9.63 (d, 4HJ = 4.30 Hz), 9.32 (d, 4HJ = 4.10 Hz),
biodegradable vesicle systems (PEG-PCligs and PEQs- 5.38 (br-m, 12H), 4.63 (t, 12H] = 8.05 Hz), 4.57 (t, 12H) =
b-PMCLes) were preformed to evaluate how membrane 8.06 Hz), 3.74 (t, 12H) = 6.55 Hz), 3.69 (t, 12H) = 5.47 Hz),

crystallinity influencesPZn; solvation and mean electronic ~ 1-62 (m, 12H), 1.45 (m, 12H), 1.30 (m, 12H), 1.19 (m, 12H), 1.09
IVirONMent. (m, 6H), 0.87 (m, 54H). Vis (THF}imax (log €): 414.00 (5.17),

494 (5.42), 574 (4.22), 774 (5.03) nm. MALDI-TOF M&/z
2182.9642 (M) (calculated for GzoH164N1206ZN3, 2181.0771).

Vesicle Preparation.Formation of small €300 nm diameter)

Materials. PEQq-b-PBDys diblock copolymers under study were ~ €missive polymersomes followed procedures described previgusly.
purchased from Polymer Source Inc. (Dorval, Quebec). g0  Briefly, 1 mM diblock copolymer solutions and 1 mM solutions
PBD;,s PEQqyb-PER,, PEQsb-PCligs and PEQsb-PMCles of NIRF specieZn; A—E in 10% THF:CHCI, were combined
diblock polymer&®-32 as well asPZn; NIRF speciesh —C1923were in various molar ratios and uniformly coated on the surfaces of
synthesized following procedures described previously. roughened Teflon plates, followed by evaporation of the solvent

5,15-Bis|[3,-10,20-bis([11-ethyl-3,6,9-trioxapentadecane-1- under vacuum for 12 h. The Teflon plate consisted of a 1/16 in.
yllporphinato)zinc(ll)]ethynyl]-10,20-bis([11-ethyl-3,6,9-trioxa- th_|ck_ sheet_cut in1in. by 1 in. squares and_ machlr_le-roughened
pentadecane-1-yl]porphinato)zinc(ll) (PZn, D). (5-Ethynyl-10,- with |ndustr_|al grad_e sandpa}pe_r (60 grit, aluminum oxide) to cre_ate
20-bis(L1-ethyl-3,6,9-trioxapentadecane-1-yl)porphinato)zinc(ll) (46.2 macroscoplcally uniform digitations. Each dry Teﬂgn plate contain-
mg, 5.21x 10-5 mol) and (5,15-dibromo-10,20-bis(11-ethyl-3, 6, ing the polymer:fluorophore_ sample was placed in a 20 mL glass
9-trioxapentadecane-1-yl)porphinato)zinc(ll) (24.2 mg, 23705 vial; 2 mL of aqueous solution (e.g., DI water) were then added.

mol) were charged into a 100 mL Schlenk tube along with-Pd The vial was subsequently sealed, immersed in a bath sonicator,
dba (3 mg, 3.55x 1076 mol) and AsPh (10 mg, 2.84x 10°5 and heated at 60C for 1 h, leading to spontaneous budding of

mol). A previously degassed solution of THF:TEA (9:1) was medium sized{300 nm diameter) emissive polymersomes (mem-

cannula-transferred into the reaction flask: the reaction mixture was Prane loaded at the prescribed polymer:fluorophore molar ratio)
then heated to 60C and stirred overnight under Ar. The reaction °ff ©f the Teflon and into the aqueous surroundings. Small
was quenched with water, diluted with CHCand washed three u_nlla_lme!lar polymersomes th_at possess appropriately narrow size
times with ag. NHCI. The organic layer was collected, dried with distributions were .pr.epare.d via progedgres analogous to thpse used
Na,SQ, filtered, and evaporated. The residue was purified by flash to formulatg small lipid vesicles (sonication, freezbaw extraction,
chromatography on silica using CH@lyridine (99:1) as the eluent, ~and extrusionf!
followed by gravimetric size-exclusion chromatography (Biobeads,  Steady-State Electronic Absorption Spectroscopy of Emissive
SX-1, THF). The fastest moving band was collected. The product Polymersomes that Disperse PZoA—E Fluorophores. Aqueous
was purified a final time by flash chromatography on silica. Yield suspensions (in DI water) of small, unilamellar NIR-emissive
= 48 mg (77 mol %, based on (5,15-dibromo-10,20-bis(11-ethyl- polymersomes (loaded at a 20:1 polymer:NIRF molar ratis; 5
3, 6, 9-trioxapentadecane-1-yl)porphinato)zinc(th.NMR (500 for each unique polymer:fluorophore formulation) were placed in
MHz, CDCls; 1 drop pyridine-g): ¢ 10.56 (d, 4HJ = 4.45 Hz), 10 mm quartz optical cells; electronic absorption spectra for each
10.50(d, 4H,J = 4.45 Hz), 9.98 (s, 2H), 9.87 (d, 4H,= 4.50 of the membrane-incorporated fluorophore species were recorded
Hz), 9.80 (d, 4HJ = 4.50 Hz), 9.66 (d, 4HJ) = 4.40 Hz), 9.33 (d, using an OLIS UV/vis/NIR spectrophotometry system that is based
4H,J = 4.35 Hz), 5.12 (t, 4H) = 7.50 Hz), 4.37 (t, 4H) = 7.26 on the optics of a Cary 14 spectrophotometer (On-line Instrument
Hz), 4.14 (s, 2H), 3.55 (t, 4H] = 4.01 Hz), 3.46 (t, 4H) = 4.84 Systems Inc, Bogart, GA). The solutions were then transferred to
Hz), 3.08 (t, 4HJ = 4.63 Hz), 2.89 (t, 4HJ = 4.64 Hz), 1.50(m, a glass vial, frozen in liquid N and lyophilized (FreeZone 4.5 L
42H), 1.28 (m, 69H), 0.89 (m, H). Vis (THR)nax (log €): 414 benchtop freeze dry system, Labconco Corporation, Kansas City,
(5.17), 494 (5.42), 574 (4.17), 774 (5.03) nm. MALDI-TOF MS MO; model 77500) for 24 h to destroy the vesicles and dry the
m/z 2623.3485 (M) (calculated for GugHoodN12018Z13, 2625.2978). polymer and fluorophore species. The dry samples were then taken
5,15-Bis[[3,-10,20-bis([3-(3,5 ,5 -trimethylhexyloxy)-ethyl]- up in the same volume of THF gnd theif a_lbsorption spectra were
porphinato)zinc(ll)]ethynyl]-10,20-bis([3-(3,5,5 -trimethylhexy- r_ecorded. NIRF concentrations in the orlglnal polymersome solu-
loxy)-ethylJporphinato)zinc(ll) (PZn 3 E). (5,15-Dibromo-10,20- tions were calculated via Beer's Law using the THF absorption
bis(3-(3,5,5-trimethylhexyloxy)-ethyl)porphinato)zinc(ll) (71 mg, ~ SPectra and the previously determined molar extinction coefficients

Materials and Methods

8.13 x 1075 mol) and (5-ethynyl-10,20-bis(3-(35, 5-trimethyl- (e, M1 cm_—l) for each emitter iq t.his solvent. Thes_e calculated
hexyloxy)-ethyl)porphinato)zinc(ll) (132 mg, 1.79 104 mol) concentrations, as well as the original NIRF absorption spectra in
were charged into a 100 mL Schlenk tube along withdBe; (25 aqueous polymersome solutions, were then utilized in order to
mg, 2.69x 10-5 mol) and AsPh (70 mg, 2.15x 104 mol). A determine the values for each polymersome-loaded fluorophore.

previously degassed solution of THF:TEA (9:1) was cannula-  Steady-State Fluorescence Spectroscopy of Emissive Poly-
transferred into the reaction flask; the reaction mixture was then mersomes that Disperse PZn A—E Fluorophores. Aqueous
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suspensions (in DI water) of small, unilamellar NIR-emissive ened Teflon surfaces (see the Experimental SectioH).
polymersomes (loaded at a 20:1 polymer:NIRF molar ratie; 5 Notably, our earlier work determined tHaZn; ancillary aryl
for each unique polymer:fluorophore formulation) were placed in group substituents influence not only interplanar torsional
10 mm quartz optical cells and steady-state emission spectra wereypgle distribution of fluorophore component PZn macrocyles,
obtained using a Spex Fluorolog-3 spectrophotometer (Jobin YVon 54 15 the magnitude of PZn-to-PZn conjugative interac-
?ncd EF?I\'/T%T;]Q;Lg?x?élgézg_?ncgif ZZ?GLSE?(TISCF; frr(]‘:]rz;atron tions?8 but also the relative fluorophore distribution within

. ' the hydrophobic bilayer of PEO-b-PBD-based vesicles. As

Sample concentrations were modulated so that the optical density L
at the excitation wavelength was0.05 O.D. All spectra were & result, we focused our current efforts on designing several

collected with the single excitation and emission apertures set at 5N€W PZns-based fluorophores with differing pendent ancil-
nm. Fluorescence spectra were corrected to account for thelary groups in order to identify key intramembranous
wavelength-dependent efficiency of the detection system that wasmolecular interactions that would enable optimization of
determined using the spectral output of a calibrated light source polymersome bulk optical properties.

obtained from the National Bureau of Standards. AlthoughPZn; A—E each possess an identical conjugated

Comparison of Relative Concentration-Dependent Fluores- chromophoric core, their ancilliary pendent groups vary
cence Intensities of PZg A and B. Suspensions (in DI water) of  (Figure 1), impacting the nature of the molecular interactions
small (<300 nm diameter) PEQD-PBDis, PEQyb-PBDLs, of these fluorophores with the polymer chains composing

PEQub-PER7, PEQsb-PClios, and PEQsb-PMClesbased o \agicles’ membranes. For example, we have previously
emissive polymersomes were generated by combining the respectlveshown that modulatina the amphiphilicity of these PZn-based
diblock copolymers with NIRF®Zn; A andB in various molar 9 phip ty

ratios of polymer:NIRF (500:1, 250:1, 100:1, 40:1, 20:1, 10:1, 5:1; {lUorophores affords control over their optical properties
note,n = 3 for each unique polymer:NIRF combination). Steady- Within PEO-b-PBD-based.polymersorr?ésNthough both
state absorption spectra for each of the solutions were recorded,PZNs A andB possess'&-disubstituted pendent aryl groups,
and 25QuL of each sample was transferred to black 96-well plates replacement oPZnz A’s 9-methoxy-1,4,7-trioxanonyl sub-
(n = 3 plates; Becton Dickinson Co,). stituents with 3,3-dimethyl-1-butyloxy units augments the

Near-infrared fluorescence from each well in the plate was then fluorophore’s hydrophobicity. As a resuRZn; B's relative
detected and quantified with an eXplore Optix imaging system (GE membrane localization is shifted away from the environment
Healthcare). The instrument used the following experimental defined by the interface of the hydrophilic PEO and
parameters: 785 nm excitation laser, 7855 nm band-pass hydrophobic PBD block fractions (location BZn3; A) and
excitation filter, 850+ 50 nm band-pass emission filter, 0.1 s facilitates its predominant dispersion into the hydrophobic
integration tim.e, 1 mm step size, and%.stage temperature. The  core of the PBD membrarf&.Further, varying aryl group
fluoresr_:ence intensity from each ;olutron weII in the plate was g pstitution from a 35-(PZn; B) to a 2,6-substitution
normalr;ed by the laser power using anelysrs softwa_rre provided pattern(PZn; C) converts overall chromophore geometry
by the instrument manufacturer (Analysis WorkStation 1.1.3.0, . . .

from a biconcave wedge to a cylinder and influences the

Advanced Research Technologies, Quebec, Canada). Finally, theI | f di | hai ithin th
normalized integrated-emitted-photon counts from each sample well ocal arrangement of surrounding polymer chains within the

were divided by the NIRF concentration at the excitation wave- Vesicle membran€.
length (determined from the steady-state absorption spectra obtained Given these earlier observations with PEO-b-PBD-based
for each emissive polymersome sample), compared, and dividedemissive polymersomes, we synthesized two rfein;
by the largest sample value. The average values for normalizedfluorphores PZns; D and E) that lack 10- and 20-pendent
emission fromPZn; A andB are plotted against the calculated  gry| groups; these species possess, respectively, 11-ethyl-
fluorophore eoncentratlon in the .polly.mersome membrane and 3,6,9-trioxapentadecane-14@Zn; D) and 3-(3,5,5-trim-
reported in Figures 46; note, the individual values determined ethylhexyloxy)-ethyl(PZn; E) ancilliary substitutents, di-
for each sample in a plate varied by less than 10% from the reported -
average-normalized-emission intensity for each unique emissive rectly “_n_ked to thePZn; qompon_em macrocyd_e 10- and
polymersome formulation. 20-p0e|t|ons. These design variations were intended to
potentially augment fluorophordluorophore intermolecular
spacing by minimizing both the disruption of polymer chain
packing and the requireBZns-dissolution volume within
Design of PZry A—E. We have previously demonstrated the vesicle membrane. Likewise, the differences between
that meso-to-meso ethynyl-bridged tris[porphinato]zinc(ll) PZns D andE's ancilliary substitutent groups were expected
(PZns) f|uoroph0res possess not 0n|y strong near-infrared to affect their relative membrane dispersion in a fashion
absorption bands: (> 100 000 att = 767 nm¥51°but also similar to that evinced in earlier experiments involving the
large NIR fluorescence quantum yield&T,. = 806 nm,  comparison oPZn; A andB.?®
¢r = 22 4+ 3%Y! in tetrahydrofuran (THF) solvent. More- Electronic Absorption Spectra of PZrs A—E in Various
over, these hydrophobRZnsz-based fluorophores are readily Polymersome Environments Although PZns-based fluo-
dispersed in aqueous solution when incorporated within the rophoresA —E differ with respect to the nature and location
thick membranes of synthetic polymer vesicles. Emissive of their ancilliary group substitutents, they display nearly
polymersomes, dispersing PZn-based fluorophores at precisadentical absorptive and emissive spectral characteristics in
membrane concentrations, are self-assembled through arHF solvent (Figure 2). The same fluorophores, however,
simple and quantitative method involving aqueous hydration show marked spectral differences depending on the poly-
of dry, uniform thin films of amphiphilic polymer and mersome environment in which they are noncovalently
fluorophore deposited in prescribed molar ratios on rough- incorporated (Figure 3). When comparing the absorptive and

Results and Discussion
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Figure 2. Steady-state electronic absorption and emission (inset)
spectra of PZnz-based fluorophoreA—E in tetrahydrofuran solvent.

Compound color scheme corresponds to that displayed in Figuré:18;
510 nm.
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emissive signatures d¥Zn; A—E in aqueous suspensions
of PEO-b-PBD (Figure 3A) and PEO-b-PEE-based (Figure
3B) vesicles to their THF solution spectra (Figure 2), it is
readily apparent that ancilliary group substituents alter the
nature ofPZn; dissolution in a polymersome-specific man-
ner. For example, althougRZns-based fluorophore®
(light blue) andE (dark blue), which lack pendent aryl

groups, display spectral features consistent with extensive

fluorophore aggregation within PBD-based membranes (Fig-
ure 3A), they are more effectively dispersed in the fully
saturated PEE-based bilayers (Figure 3B). In particBidn;

D shows a significant decrease in spectral heterogeliety?®
signaling a narrower PZnPZn torsional angle distribution
about a diminished mean torsional angle, within these
PEO-b-PEE-based vesicles (Figure 3B) relative to that
manifest within other polymersome environments (Figure 3A,
C, and D).

As seen in Figure 3B, relative dissolution BZn; A
(green),B (red), andC (crimson) within PEE-based mem-
branes is similar to that observed previously for the same
fluorophores dispersed in PBD (Figure 3A). Namely, the
relative proportion of ancillary 3,3-dimethyl-1-butyloxy and
9-methoxy-1,4,7-trioxanonyl aryl-substituents affects the

emission energy, as well as the spectral breadth of the low-

energy absorptive and emissive transitions, of these super
molecular fluorophores. Hydrophobic 3,3-dimethyl-1-buty-
loxy groups preferentially disper§¥Zns-based fluorophores
into the core of the bilayer membranBZn; B), whereas
increasing numbers of 9-methoxy-1,4,7-trioxanonyl groups
enhance the extent to which these chromophores are dis

persed at the membrane environment defined by the interface

of the hydrophilic (PEO) and hydrophobic (PBD or PEE)
block fractions PZn3 A).?82°

In dilute THF solution, the position of the ancillary aryl
3,3-dimethyl-1-butyloxy substituent does not impact fluo-
rophore optical properties: chromophores havirgs'2
disubstituted aryl ringsRZns C, Figure 2 crimson) exhibit

the same absorptive and emissive signatures as those tha

feature 35'-disubstituted aryl group$¢ns B, Figure 2, red).
By comparison, however, within PEO-b-PEE and PEO-b-

PBD-based polymersome environments, chromophores bear

ing 2,6'-di(3,3-dimethyl-1-butyloxy)phenyl rings display
fluorescence band hypsochromic shifezf; C, panels A

Chem. Mater., Vol. 19, No. 6, 200313

and B of Figure 3, crimson), whereas the same chromophores
possessing a' %' -substitution pattern exhibit bathochromi-
cally shifted emission band$’Zns; B, panels A and B of
Figure 3, red) relative to that observed in THF solvent (Figure
2). Note thatPZn; B and C display low energy absorptive
and emissive bands with decreased oscillator strengths and
augmented spectral breadths within PEO-b-PEE-based vesicles,
relative to that observed in PEO-b-PBD-based vesicles, likely
because of PEE polymer-chain-packing effects that drive an
augmented PZnPZn torsional angle distribution about a
larger mean torsional angle; such a perturbation to the
conformational heterogeneity disrup®Zn; symmetry as
manifest in PBD-based bilayers (Figure 3Axnd makes
more probable fluorophore aggregation within PEE mem-
brane environments.

In comparingPZn; membrane incorporation in the two
biodegradable vesicle systems, PEO-b-PCL (Figure 3C) and
PEO-b-PMCL (Figure 3D), thé?Zn; B absorption and
emission spectra differ substantially with respect to those
determined in biocompatible PEO-b-PBD- (Figure 3A) and
PEO-b-PEE (Figure 3B)-based polymersomes. In the capro-
lactone-based membrané®¥/n; B, as well asPZn; C—E,
exhibit reduced dissolution, broadened absorptive spectral
manifolds, and substantially bathochromically shifted emis-
sion bands, indicative of aggregate formatiénVithin all
polymersome environments (Figure 3R), PZns A displays
uniquely conserved spectral properties that are largely
identical to those that it exhibits in THF solvent (Figure 2).
This is attributed toPZnz A’s relative localization at the
membrane hydrophobic-block/hydrophilic-block interface,
where its dissolution and dispersion are less sensitive to
PZns-substitutent-group/hydrophobic-polymer-chain interac-
tions that normally dictate fluorophore solvation and the
nature of the local dielectric environment within the bilayer
core.

PZn; Fluorescence as a Function of Membrane-Load-
ing Concentration. We next compared the relative concen-
tration-dependent fluorescence intensities of Rims-based
fluorophores A and B) within a variety of different poly-
mersome environment$2Zn; A was selected because it
universally disperses within each vesicle system examined,

independent of membrane chemical composition. Because
of its similar 3,5'-aryl substitution patterrRZn; B was also
examined in order to help elucidate the importanc@oif;

A’s 9-methoxy-1,4,7-trioxanonyl substituents, which localize
PZnz A fluorophores within a smaller membrane volume

element relative to those sampled BYn; B—E emitters,

in determining the steady-state integrated emission intensity
as a function of membrane-loading concentration. Fluoro-
phore membrane-loading was varied between 0.2 and 20 mol
% (corresponding to vesicles formed from 500:1 and 5:1
polymer to fluorophore molar ratios, respectively). For each
unique emissive polymersome formulatiom € 3 experi-
rpents for each polymer:fluorophore combination), steady-
State integrated-emission intensities were measutgd=

785 nm,Aem = 800—-900 nm), normalized by total emitter
numbers in suspension (determined via a Beer’s law calcula-

(33) Turro, N. J.Modern Molecular Photochemistryniversity Science
Books: Sausalito, CA, 1991.
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Figure 3. Steady-state electronic absorption and emission (inset) spedZngfbased fluorophore&—E when incorporated within different polymersome
environments. Compound color scheme corresponds to that displayed in Figure 1B. (A) Aqueous suspensions of PEO-b-PBD-based vesicles. (B) Aqueous
suspensions of PEO-b-PEE-based vesicles. (C) Aqueous suspensions of PEO-b-PCL-based vesicles. (D) Aqueous suspensions of PEO-b-PMIgk-based vesi
Experimental conditionsT = 25 °C, DI water,Aex = 510 nm.

Table 1. Polymersome-Forming Diblock Copolymers 1 .L
polymer composition Mw /(nm) E,- ;
PEQy-b-PBDys 3800 96 8 _ 0.8 1
PEQy-b-PBDyos 10400 14.8 E®M
PEQo-b-PEE; 3900 8.0 w06
PEQis-b-PClyos 14000 225 83 "
PEQiz-b-PMClLss 10300 16.6 oG 0.4 %Y
-ﬁ = Cla i ER
. . [ .
tion), and plotted on a relative scale vs the calculated ﬁg 0.2 .
concentration of emitters within the polymersome membrane. g )
The fluorophore concentration (mM) within the mem- S P I s,

brane’s polymer matrix was calculated from the following 0 1'0 20 30 40 50

derived expression Fluorophore Concentration in Membrane / mM

7 .(2 o2 Figure 4. Relative steady-state normalized-fluorescence-emission intensities
- 1x 102 X(d + (d 2/)) of PZns-based fluorophore®\ (green) andB (red) as a function of

Che= ' \ \9L ;
dye membrane-loading concentration, in agueous suspensions GiHBEB Dy

gSpNA/ %dz - :—23/11 +/2 (dotted) and PEg-b-PBD2s (solid) vesicles. Experimental conditions:
T = 25°C, DI water,Aex = 785 nm.
Here,y is the molar ratio of fluorophore/polymed,is the
vesicle’s diameter~300 nm=+ 100 nm as determined by
dynamic light scattering)S, is the interfacial area per
polymer chain £1 nn? for each of the examined poly-
mers)3* N, is Avogadro’'s number, andis the membrane
core thickness (nm). Key metrical parameters of each of the
vesicle-forming diblock copolymers examined in this study
are compiled in Table 1.

Effects of Increasing Membrane Core Thickness of
Fluorophore Dissolution. We first examined membrane-
loading of PZn; A and B within two different poly-
(ethyleneoxide)-block-poly(butadiene)-based polymersomes

to assess the effects of increasing membrane core thickness
(A on relative fluorophore distribution and interfluorophore
spacing. AlthoughPZns; A and B display nearly identical
steady-state absorbance and fluorescence spectra within both
PEQsg-b-PBDys (/= 9.6 nm) and PEg}-b-PBD;,s (/= 14.8
nm)-based vesicles, they exhibit different concentration-
dependent fluorescence intensities (Figure 4). In bothzEO
b-PBDys (dotted) and PEg3-b-PBD;,s-based polymersomes
(solid), PZn3; B (red) manifests more intense fluorescence
at a given membrane concentration relative Rdns; A
(green) (Figure 4). Further, at a specific intramembranous
fluorophore concentration, the effects of increasing mem-
(34) Won, Y. Y. Brannan, A. K. Davis, H. T.: Bates, F.5Phys. Chem. brane core thickness upon augmentation of integrated
B 2002 106 3354-3364. fluorescence intensity (comparing dotted to solid lines for
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Figure 5. Relative steady-state normalized-fluorescence-emission intensities .

of PZnz-based fluorophore\ (green) andB (red) as a function of
membrane-loading concentration, in aqueous suspensions @EBEBD,g
(dotted) and PE@-b-PEE;7 (solid) vesicles. Experimental conditiong:
= 25 °C, DI water,lex = 785 nm.

each fluorophore in Figure 4) are more profound Fains;
B. These results are consistent with previous observafions
that hydrophobic 3,3-dimethyl-1-butyloxy groups are ex-

pected to preferentially disperse these PZn-based fluoro-

phores into the core of the bilayer membram¥ii; B),
whereas increasing numbers of 9-methoxy-1,4,7-trioxanonyl

Chem. Mater., Vol. 19, No. 6, 200315

PBD-based vesicle®Zn; A’s relative localization near the
membrane hydrophobic-block/hydrophilic-block interface is
consistent with the fact that its steady-state spectral features
are unchanged when dispersed in either PEO-b-PBD- or
PEO-b-PEE-based vesicles (panels A and B of Figure 3,
green). At high membrane-loading concentration§ (M),
PZns A (green) exhibits nearly identical concentration-
dependent emission intensities within both PEO-b-PBD-
(dotted) and PEO-b-PEE-based polymersomes (solid) (Figure
5). As a result, its local dielectric environment can be
assumed to be relatively unchanged and the fluorophore is
likely similarly solvated when incorporated within either
vesicle membrane. At lower membrane-loading concentra-
tions (<5 mM), however,PZn; A shows, interestingly, a
significant difference in the integrated fluorescence intensity
between the two membrane environments (Figure 5, green
dotted vs solid).

These results suggest that changes in local membrane
dissolution of the?Zn3 A fluorophore occur with increased
loading. At low membrane-loading concentrationd(mM),

PZnz; A may be more homogeneously distributed throughout
the bilayer core, in a fashion similar to that previously
established foPZn; B. At higher loading concentrations &

groups should enhance the extent to which these fluoro-mM), althoughPZnz; A’s emission intensities are identical
chromes are dispersed at the membrane interface of thewithin both polymersomal environments (Figure 5, green
hydrophilic PEO and hydrophobic PBD block fractions dotted and green solid lines), the integrated fluorescence is
(PZnz A). Thus, increasing membrane core thickness tendsless than that observed fBZn3 B (Figure 5, red dotted and

to augment the available volume fBZns B dissolution to
a greater extent relative to that for tR&nz A fluorophore,
thereby enlarging mean fluoropheruorphore intermo-

red solid lines). This is consistent with other data that indicate
that PZn3 B is dissolved uniformly throughout the hydro-
phobic core at all membrane loading concentrations; in

lecular distances and membrane-localized emissive outputcontrast, increasing membrane-disperB&m; A concentra-

for this fluorochrome.

Fluorophore Loading Within Saturated and Fully
Unsaturated Branched-Polymer Membranes.We next
compared vesicle loading &fZn; A and B within related

tions results in localization of greater numbers of fluoro-
chromes to a more limited dissolution volume near the
vesicles’ aqueous/membrane interface. At low membrane
loading levels, as the steady-state integrated-emission inten-

branched poly(butadiene) and poly(ethylethylene)-basedsities are larger for botPZns A and B in PEO-b-PBD

membranes. Diblock copolymers of PEk-PBDy and
PEQ-b-PER; were utilized to generate polymersomes of
similar membrane core thicknes&< 9.6 vs 8 nm, respec-
tively).2° By comparing relative normalized emission intensi-
ties forPZn3; A (green) and (red) within these two related

relative to PEO-b-PEE-based membranes, the PBD solvation
environment more effectively minimizes aggregation of
emitters relative to that which exists in the more electroni-
cally insulating PEE-based bilayers.

Fluorophore Loading Within Biodegradable Capro-

vesicle systems (Figure 5), we can assess the importance ofactone-Based Vesicle MembranesWe have recently

interchain packing effects and fluorophetftuorophorer—m
interactions in determining vesiculRZn; emissive output.

described the generation of biodegradable vesicles formed
through spontaneous self-assembly of pure diblock copoly-

Reexamination of the Figure 3 steady-state absorbance andners of poly(ethyleneoxide)-block-pokttaprolactone)

emission spectra shows thaZn; A exhibits nearly identical
spectral features within both PEO-b-PBD- (Figure 3A, green)

(PEO-b-PCLY! When compared to degradable polymer-
somes formed from blending “bioinert” and hydrolyzable

and PEO-b-PEE-based vesicles (Figure 3B, green), whereagomponents (wherery,; releasé3¢ ~ ty, circulatior’
PZn; B (red) shows a slight decrease in its Q-state absorption~ tens of hours), PEf-b-PClLiosbased vesicles possess

manifold intensity and a relative bathochromically shifted
fluorescence banth,x within PEE @max= 801 nm) vs PBD
(Amax = 818 nm)-based membranes. MoreoVegn; B’s

much slower release kinetics,f release~ days), offering
potential advantages for future in vivo applications.
Moreover, their large membrane core thicknesses (22.5

relative normalized emission intensities were lower when 2.3 nm) afford the opportunity for facile incorporation of
incorporated within PEO-b-PEE (solid) relative to that PZn-based fluorophores, enabling the generation of NIR-
observed for PEO-b-PBD (dotted)-based polymersomes
(Figure 5).

Although it is difficult to isolate the etiology of these
phenomena, it could potentially implicate differences in local
intramembranous dielectric environments between PEE- and

(35) Ahmed, F.; Hategan, A.; Discher, D. E.; Discher, B. Mingmuir
2003 19, 6505-6511.

(36) Ahmed, F.; Discher, D. El. Controlled Releas2004 96, 37—53.

(37) Photos, P. J.; Bacakova, L.; Discher, B.; Bates, F. S.; Discher, D. E.
J. Controlled Releas2003 90, 323—-334.
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PZn; displayed relatively greater fluorescence within the
smaller-volume PMCL-based environment (Figure 6, red
solid).

These differences iRZnz; A andB membrane distribution
and dissolution within the two different biodegradable vesicle
systems are likely derived in large part from substituent-
driven intermembraneous interactions involving fluorophore
aryl group substituents and polymer chains that dictate
fluorophore solvation. Replacement &Zn; B’s central
mesearyl ring 3- and 53-3,3-dimethyl-1-butyloxy substitu-
ents with 9-methoxy-1,4,7-trioxanonyl groupRZn; A)
augments chromophore amphiphilicity and drives its dis-

Figure 6. Relative steady-state normalized-fluorescence-emission intensities SOlution into relatively more polar environments. At low

of PZnz-based fluorophore\ (green) andB (red) as a function of
membrane-loading concentration, in aqueous suspensions a6BETL; s
(dotted) and PE&-b-PMClLss (solid) vesicles. Experimental conditions:
T = 25°C, DI water,Aex = 785 nm.

fluorophore-loading levels within PCL-based membranes (
mM), PZnsz A is likely more homogeneously distributed
throughout the bilayer core, as attributed to its larger
relative concentration-dependent emission intensities when
compared to its dissolution within PMCL-based bilayers

emissive polymersomes that are not only biocompatible (Figure 6, dotted green vs red). At higher fluorophore loading
but also fully biodegradable. Vesicles generated from pure |evels, incorporation ofPZn; A within PCL membranes

diblock copolymers of PEO-b-PCL possess solid (crystalline-
phase) membranés, whereas those assembled from
poly(ethyleneoxide)-block-poly¢methyl<-caprolactone)
(PEO-b-PMCL) have fluid-phadgbilayers. As such, we
compared relative concentration-dependent
intensities of PZn; A and B within two biodegradable
polymersome systems based on RE®PCLigsand PEQs-
b-PMClLgg, in order to evaluate how membrane crystallinity
influencesPZn; solvation and mean electronic environment
(Figure 6).

resembles that within PMCL-based systems, consistent
with incremental incorporation of larger numbers of fluo-
rophores predominantly to the vesicles’ aqueous/membrane
interface. As compared to the more hydroph#iZns A,

emissionPzn; B is uniformly distributed throughout the membrane

core of the relatively apolar PMCL-based membrane (Figure
6, solid red vs green lines); as a result, its concentration-
dependent fluorescence is larger than that observed for
PZn; A within PEO-b-PCL-based systems at all loading
levels (Figure 6 red solid vs green dotted lines). Find¥n;

As polycaprolactone-based vesicles possess membraneB’s fluorescence is predominantly quenched within PCL-

that have dielectric environments that differ substantially
from those derived from branched poly(ethylethylene) and
poly(butadiene), intramembrano®Zn; distributions for a
given fluorophore need not be identical within these two
classes of vesicle®Zn; A’s (green) steady-state absorption
and emission spectra look identical within both PEO-b-PCL-
(Figure 3C) and PEO-b-PMCL-based vesicles (Figure 3D),

based membranes at all but the most dilute concentrations
(Figure 6, dotted red line), consistent with significant
aggregation of this hydrophobic fluorophore within this
more polar caprolactone-based membrane environment (Fig-
ure 3C, red).

Comparison of PZns-Loading Within Various Poly-
mersome Systemsln considering the entire set of steady-

resembling those observed in THF and other polymersomestate spectra foPZn; A—E (Figures 2 and 3), as well as

environments.PZn; B’s spectra in both biodegradable
environments (panels C and D of Figure 3, red), however,
are consistent with significant intermolecular fluorophore

the relative concentration-dependent emission intensities for
PZn; A and B within the various polymersome systems
(Figures 4-6), it is evident that th®Zns-based fluorophore

interactions and notably possess fluorescence bands that arg displays robust optical properties regardless of its solvation
substantially broadened and bathochromically shifted asenvironment. Figure 7 compar®Zns A’s relative concen-
compared to those observed for the same fluorophore in THFtration-dependent fluorescence in aqueous suspensions of

or within other emissive vesicle systems (panels A and B of
Figure 3). Further, at low loading levels mM), PZn; A

exhibited significantly greater concentration-dependent emis-

biocompatible PEg-b-PBDys- and PEQy-b-PEE7 as well
as biodegradable PE&b-PCLos and PEQsb-PMClge-
based polymersomes. Consistent with earlier discussion, at

sion intensities within crystalline PCL-based membranes high intramembranouBZnz; A concentrations>10 mM),

(Figure 6, green dotted), relative to those derived from fluid
PMCL (Figure 6, green solid). At higher membrane-loading
levels 5 mM), PZn3 A’s relative concentration-dependent
fluorescence was identical within both membrane environ-
ments.PZnz B’s emission, however, was uniformly greater
within fluid PMCL-based vesicles (Figure 6, red solid)
relative to that within PCL polymersomes (Figure 6, red
dotted). Finally, although PE@b-PCLios-based polymer-
somes possess a larger membrane core thickdes22.5
nm) than those comprised of P&-PMClLgs (/= 16.6 nm),

the normalized emission is nearly identical within each
vesicle environment. Along with its conserved steady-state
spectral features, these data indicate that the fluorophore is
similarly solvated, likely located predominantly in a region
near the vesicles’ hydrophobic-block/hydrophilic-block in-
terface. At lower loading levels<(10 mM), fluorescence
emission is highly dependent upon the dielectric environment
of the membrane matrix. Low-level, nearly concentration-
independent emission (over the range of examined fluoro-
phore loadings) is evinced in apolar PMCL-based bilayers
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0.5 - red) are greater than identical vesicles incorporabZam;

5 A (Figure 8, green). Further, among vesicles incorporating
2 04 the samé®Zn; fluorophore (eitheA or B), emissive output
uEJ {.n:‘ tends to correlate with membrane core thickness: emission
o 0.3 4 from PEQqy-b-PBD,,s-based polymersomes (Figure 8, solid
i %‘ 0.2 lines with square) is greater than those vesicles comprised
°s of PEG;o-b-PBDys (Figure 8, dotted lines with square) or
% =E_ 0.1 PEQy-b-PER; diblock copolymers (Figure 8, dotted lines
E with diamond), which possess thinner bilayers. Finally, the
S 0 ] : G M o] LY : total vesicular emissive outputs from Plg®-PCLios-based

0 10 20 30 40 50 polymersomes incorporatirigZns A (Figure 8, dotted green

Fluorophore Concentration in Membrane / mM line with circle) are near!y identical to thpse of PRM-

Figure 7. Relative steady-state emission intensitiedPdhs-based fluo- PMC,LBB_ba_Sed V_eSICIeS dlsDerSlﬁ@m B (Flgl_"re 8, dotted
rophoreA as a function of membrane-loading concentration, in aqueous red line with circle), because of appropriately matched
Euspensi(ons OfI P)Es@b(-iPBDae(k'):iiamond),(PEG)fb-)PCLlosI(Circle), PEQ¢ | fluorophore substituents driving polymer-membrane solva-

-PEEy (triangle), and PEG-b-PMClLss (square) vesicles. Experimenta PR ; : ; _

conditions: T = 25 °C. DI water. ey — 785 nm. tion; consistent Wlth thgse resul3Zns A. d|§play_s a low
level of concentration-independent emission within apolar
PMCL-based membranes (Figure 6, solid green line),

1- - "ﬁdﬂ whereas hydrophobi®Zn; B displays similar aggregate-
It like behavior (Figure 6, dotted red line) within more polar
0.8 .ﬂ” PCL-derived polymersomes.
0.6 - Hrrofy Conclusions

We have demonstrated that the nature of intramembranous
polymer—fluorophore physicochemical interactions pro-
foundly influences the bulk optical properties of NIR-
emissive polymersomes. Specifically, appropriate selection
of fluorophore ancilliary aryl group substituents and choice
0 10 20 30 40 of polymer chain chemistries modulate fluorophore solvation,

Fluorophore Membrane Loading / mol% mean electronic environment, and concentration-dependent
Figure 8. Comparison of the relative integrated-steady-state emission of fluorescencePZnz-based fluorophores with’ 3'-disubsti-

. ~Or ; . )
arous emissvepobmersome ysterts 23 uncton of ol o membrane-tued_pendent aryl groupsPEn; A and B) are more
25°C. DI water, iog = 785 nm. effectively membrane-dispersed than identical fluorophores

that possess & ,8'- substitution patterngZn; C) or those
incorporatingPZns A (Figure 7, square). Markedly greater that lack 10,20-phenyl rings PZn; D and E). Further,
normalized integrated-emission intensity is observed for appropriate selection of ancilliary aryl group substitutents
PZn;z A dispersed in polymersomes derived from electron- drives fluorphore solvation into membranous regions with
rich PBD (Figure 7, diamond). Finally, its relative concentra- matching dielectric properties.
tion-dependent fluorescence intensities in aqueous suspen- Within biocompatible PEO-b-PBD- and PEO-b-PEE-based
sions of PCL- (Figure 7, circle) and PEE-based vesicles polymersomes, hydrophobRzZn; B exhibited the highest
(Figure 7, triangle) are similar, indicative of its incorporation per molecule fluorescence at all membrane-loading
within isotropic electronic environments. levels. Emissive output was further augmented within

Optimization of Steady-State Fluorescence from NIR- thicker vesicle membranes comprised of the more electronic-
Emissive Polymersomedor future biological applications, rich PBD-based matrix, relative to that manifest in poly-
it is necessary to optimize the total-integrated vesicular- mersomes featuring PEE-derived hydrophobic block frac-
emission of polymersomes incorporatiRgn,-based fluo- tions. PZn; emission within the two biodegradable vesicle
rophores. Choosing the appropriate polymer:fluorphore molar systems, PEO-b-PCL and PEO-b-PMCL, was also similarly
loading level, which dictates the effective intramembranous incumbent on specific ancilliary aryl group substitution.
fluorophore concentrations and hence mean intermolecularHydrophobicPZn; B exhibited larger normalized emission
spacing, involves a tradeoff between larger relative emissionintensities within the relatively apolar PMCL-based mem-
per fluorophore and greater fluorophore copy numbers per brane environment, whereRZns; A’s increased amphiphi-
vesicle. Figure 8 displays the total integrated vesicular licity enabled its effective dissolution within more polar PCL-
emission ofPZn; A- andPZn; B-based biocompatible and  based bilayers.
biodegradable emissive polymersomes. Emission ofggEO The optimization of NIR-emissive polymersomes re-
b-PBDy,sbased vesicles incorporatirgZns B (Figure 8, quires: (1) elucidation of fluorophore photophysics in order
solid red line with squares) is greatest and maximized at anto design emitters with appropriately large NIR extinction
approximately 2.5 mol % loading level. In general, total coefficients and fluorescence quantum yields, (2) the regula-
integrated emission intensities of polymersomes incorporatingtion of the average fluorophotdluorophore interspatial
the more hydrophobiPZn;-based fluorophor8 (Figure 8, separations in order to facilitate fluorophore emission, and

7

i

(Intensity/ABS)
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]

Integrated Vesicular Emission
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