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ABSTRACT: A poly(glyceryl methacrylateflock-poly[(2-hydroxyethyl methacrylatean-(2-cinnamoyloxyethyl
methacrylate)plockpoly[(tert-butyl acrylate)ran-(acrylic acid)fan-(pyrenemethyl acrylamide)] or PGMA
P(HEMA—CEMA)—P(tBA—AA —Py) sample and a PGAMPCEMA—P(tBA—AA —Py) sample were synthesized.
Spherical micelles were prepared from the triblocks in water with a soluble PGMA corona, an insoluble PHEMA
CEMA) or PCEMA shell, and an insoluble P(tBAAA —Py) core. Photocrosslinking the P(HEMACEMA) or

PCEMA layer yielded nanospheres. Drivingihto the P(tBA-AA —Py) core led to pyrene fluorescence quenching.

The decrease in pyrene fluorescence intensity as a function of time after quencher addition was used to examine
how the rate of T diffusion changed with variations in the degree of CEMA crosslinking, in the degree of tBA
hydrolysis in the core, and with addition of the plasticizer tetrahydrofuran into water.

I. Introduction spherical micelles and nanospheres in water with an ideally

. layered structure as illustrated in Scheme 1. The diffusion of
With the PGMA block water soluble, the P(HEMACEMA) .
block photocrosslinkable and pe_rmeable to a wide range of ﬂ;ﬁgggﬁrer? ?;rgsviggiomgvviﬁfx? gﬁ;:r}?ué?e;h;nce
:ﬁ:tghzr:;trs)}l:Pe(i;tlcrﬁkzg@[?zl?ﬁ;;reoi?g[r?%dr;c:i/r?:grljé?eogrg(gferyl intensity decrease as a function of time after quencher addition.
cinnamoyloxyethyl methacrylateljlockpoly(tert-butyl acrylate) For IF%te(?tll'al appllﬁatlon f‘f bI.OCk ;:(()jpolymer dm|celles dml
or PGMA—-P(HEMA—CEMA)—PtBA is a very useful polymer. controlled delivery, release kinetics of drugs or drug mode

> ; compounds from the core of diblock copolymer miceiiés
We have, for example, prepared cylindrical micelles from such and vesicle®14 have been studied in the past. The diffusion
a triblock in water with PGMA as the corona, P(HEMA past.

CEMA) as the shell, and PtBA as the cdréhotocrosslinking process examined here is the opposite of the drug release process

and may be viewed as an analogue of the drug loading
of the P(HEMA-CEMA) shell led to structurally stable . . . .
nanofiberé and further izydrolysis of the PtBA blo)(/:k yielded process;which has been less studied. This work differs from

water-dispersible nanotubes with poly(acrylic acid) or PAA- prior research for the fact that past studies have been mainly

. oncerned with diblock copolymer micelles rather than ABC
lined cores. Such nanotubes were subsequently used as a host. : .

. . - riblock copolymer micelles. Furthermore, past studies were
or template for the production of catalytic Pd partiéles

superparamaanetic Fe0-3 or Ni particles? One can imagine  concerned with uncrosslinked micelles or vesicles rather than
uperp nagnetiere;Ls” or NI p: : - 9 crosslinked micelles or nanospheres. This study differs from
similar applications for spherical micelles prepared in water from ~ . di 0 by the fact th Id he diffusi
PGMA—P(HEMA—CEMA)—PtBA. Regardless of the end prior studies also by the fact that we could compare the diffusion
L behavior of I in both the solid PGMA-P(HEMA—CEMA)—
application of the PGMAP(HEMA—CEMA)—PtBA nano-
) o . P(tBA—AA —Py) nanospheres and the hollow PGMR(HE-
spheres or nanofibers, the permeability of the crosslinked . .
8 MA —CEMA)—P(AA—Py) nanospheres with the latter bearing
P(HEMA—CEMA) layer to external reagents, such as trifluo- structural resemblance to ABC triblock copolymer vesiéfed?
roacetic acid that catalyzes the hydrolysis of PtBA anéPd poly '

Fet, and N?' that are precursors to inorganic nanoparticles
is of critical importance. We report in this paper on how i
variations in structural parameters of the PGMRA(HEMA— Materials and Reagents.Hexane, methanol, and methylene
CEMA)—PtBA nanospheres, e.g., the degree of P(HEMA chloride were of reagent grade from Fisher Scientific and were used

L N . X without further purification. Stabilizer-free tetrahydrofuran (THF,
CEMA) crosslinking and the degree of PHEMA cinnamation

. e 99.9%) from Fisher Scientific was purified by filtration through
in the P(HEMA—-CEMA,) block, affect diffusion of T across 5 |nnovative Technology system. Pyridine (ACS reagent, Fisher

the P(HEMA-CEMA) layer and in the nanosphere core. Scientific) was refluxed and distilled over Catinder nitrogen.
This was done by first hydrolyzing a small fraction of the AnhydrousN,N'-dimethylformamide (99.8%, DMF), 1-pyrenem-
tBA units of the PtBA block into acrylic acid (AA) units and ~ ethylamine hydrochloride (95%), 1-hydroxybenzotriazole (95%,
reacting the resultant AA units with pyrenemethyl amine to yield HBT), N-(3-dimethylaminopropyIN-ethylcarbodiimide hydrochlo-
PGMA—P(HEMA—CEMA)—P(tBA—AA—Py) (structure is ride (c_omm_erual grade, ED_CI), potassium iodide (99%), trl_ﬂuo-
shown in Chart 1), where P(tBAAA —Py) denotes polyfert- roacetic acid (TFA, 99%), cinnamoyl! chloride (98%), and trieth-

butyl acrylate)ran-(acrylic acid)ran-(pyrenemethyl acryla- yIsiIa_me (99%) were purchased from Aldrich anq were used as
Yy Yy y Py y y received. Phosphate buffer at pH7.0 and a potassium phosphate

mide)]. The pyrene-tagged triblock was then used to prepare monohasic concentration of 0.050 M were purchased from Fisher
Scientific. PGMA-P(HEMA—CEMA)—PtBA and PGMA-PCE-
* To whom correspondence should be addressed. MA —PtBA were prepared following literature procedutés.
t Department of Chemistry. PGMA —P(HEMA —CEMA) —P(tBA—AA —Py). PGMA—P(HE-
* Department of Physics. MA —CEMA)—PtBA, 50 mg, was dispersed in 2.4 mL of gEl,.

' 1l. Experimental Section
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Scheme 1. Cross-Sectional View of the Ideal Structure of a
PGMA —P(HEMA —CEMA) —P(tBA—AA —Py) Nanosphere in
Water, the Yellow Stars in the Core Denote Fluorescent Pyrene

Groups
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To the dispersion was then added a2 of triethylsilane and 125

uL of trifluoroacetic acid. The dispersion was stirred for 5 min
before 0.5 mL MeOH was added, and the resultant mixture was
added into excess hexane to precipitate the polymer. The precipitat
was washed thrice by hexane before drying in a vacuum oven. NMR
analysis indicated that-2 mol % of the tBA groups were
hydrolyzed to AA groups.

Pyrenemethylamine hydrochloride or PyMHCI was reacted
with the AA groups via amidization catalyzed by EDCI. In an
example run, 30 mg of PGMAPCEMA—P(tBA—AA) and 5.4
mg of PyNH:+HCI were dissolved in 1.0 mL of DMF in a 50 mL
round-bottom flask. To it was added a mixture consisting of 0.2
mL of DMF, 7.7 mg of EDCI, 4.1 mg oN-hydroxysuccinamide,

60 uL of 0.050 M phosphate buffer at pH 7.0, and &0 of H,0.

The resultant solution was stirred at room temperature overnight
before it was dialyzed in a tube with molecular weight cut-off
(MWCO) = 12 000-14 000 against methanol changed 5 times over
3 days. The mixture was then concentrated by rota-evaporation to
~0.5 mL, precipitated in 3.5 mL of ether, and dried in a vacuum
oven.

PGMA —P(HEMA —CEMA) —P(tBA—AA —Py) SpheresPG-

MA —P(HEMA—CEMA)—P(tBA—AA —Py), 30 mg, was dissolved

in 2 mL of pyridine. Under vigorous stirring, to it was added 2 mL
of water at~0.033 drop/s using a syringe having a PrecisionGlide
20G11/2 needle. This was followed by the addition of another 63
mL of water in one aliquot. The resultant solution was heated at
50 °C overnight before it was dialyzed in a tube with MWGO

12 000-14 000 against kD changed 20 times over 48 h. Nano-
spheres were obtained by irradiating the micellar solution with a
focused beam from a 500 W Hg lamp that had passed through a
bandpass filter centered at 298 nm with a peak transmission of 70%
and a half width of 2.5 nm at half transmission height until a desired
PCEMA double bond conversighwas reached as determined by
UV absorbance measurements at 274 nm. The nanospheres wer
then dialyzed in a tube with MWCG= 500 000 first against
methanol to remove small-molecule pyrene. Once the amount of
pyrene in the dialysate became negligible as determined by steady
state fluorescence analysis, the solution was dialyzed against wate
for solvent exchange. Nanospheres were stored in this solvated stat
under constant stirring until analysis. Hollow-spheres were produced
through hydrolysis of the remaining tBA units to AA following
procedures reported for the production of PGMRCEMA—PAA
nanotubed:*

CH,
2-|—]Hc
co Xdm

€
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Techniques. Size exclusion chromatography (SEC) was per-
formed on a Waters 515 system equipped with three columns (one
uStyragel 500 A and two styragel HR 5E columns) and a differential
refractometer (Water 2410), both equilibrated af@6The system
was calibrated by monodisperse polystyrene standards. The eluant
used was DMF containing 0.25% tetrabutylammonium bromide at
a flow rate of 0.4 mL/min. Proton nuclear magnetic resonafide (
NMR) spectra were recorded on a Bruker Advance 300 MHz
spectrometer with either deuterated chloroform or pyridine as the
solvent. Light scattering measurements were carried out on a
Brookhaven BI-200 SM instrument equipped with a BI-9000AT
digital correlator and a HeNe laser (632.8 nm) at ZZ. Dynamic
light scattering (DLS) measurements were done &t &0d samples
were clarified by filtration through 0.4am Titan2 regenerated
cellulose filters. The data were treated by the cumulant méthod
to yield particle hydrodynamic diametey and polydispersity,?/

Ka.

Tapping mode atomic force microscopy (AFM) studies were
performed on a Veeco multimode microscope equipped with a
Nanoscope llla controller using silicon tips with a force constant
and oscillating frequency at approximately 40 N/m and ap-
proximately 300 kHz, respectively. Specimens for AFM were
prepared by aspirating sample solutions onto freshly cleaved mica.
Transmission electron microscopy (TEM) measurements were
carried out on a Hitachi H-7000 instrument operated at 75 kV. The
specimens for TEM were prepared by aspirating the sample
solutions on carbon coated or nitro cellulose copper grids. The TEM
specimens were stained with Os@por fa 2 h oruranyl acetate
in methanol/HO (1:9 v/v) at a concentration of 0.05 g/mL for 30
min before observations. Excess uranyl acetate was removed by
dropping water on the specimen using a Pasteur pipet and sucking
it off with filter paper. This cleaning process was repeated 10 times

Fluorescence ExperimentsAll steady-state fluorescence mea-
surements were done in deionized water in Hellma quartz cells using
a Photon Technology International Alphascan spectrophotometer
with a 150 W xenon compact light source. For the Steviolmer
plots, the PyNH-HCI solution concentration used was %M.
Quencher solutions at 0.130 M were added in 1@L0aliquots
into 3.00 mL of PyNH-HCI solution. After the addition of each
quencher aliquot, the mixture was swirled rapidly on a Vortex
instrument for 30 s and equilibratedrf@ h before fluorescence
measurements. The excitation wavelength used was 342 nm, and
the excitation and emission slit widths used were 3.0 and 0.5 nm,
respectively.

A typical quencher diffusion kinetic experiment involved adding
150 uL of a 8.4 M KI solution into 2.60 mL of a nanosphere
solution at~0.14 mg/mL in either water or water/THF (at 99:1
v/v). The mixture was then shaken vigorously and quickly
transferred to the spectrophotometer for time-dependent fluores-
cence measurement. The excitation and emission wavelengths used
were 342 and 396 nm. To minimize photobleaching, the excitation
and emission slit widths used were 1.0 and 10 nm, respectively.
To examine the effect of quencher concentration variation, the above
experimental protocol was maintained except the concentration of

}he Kl stock solution used was changed from 8.4 to 8.0, 6.0, 4.0,
gnd 2.0 M, respectively.

Ill. Results and Discussion

Triblock Preparation and Characterization. A PGMA—
PCEMA—-P(tBA—AA—Py) sample, P1, and a PGM&(HE-
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Table 1. Characteristics of the PSMA-PCEMA —PtBA Sample Three types of nanospheres were prepared from P1 and P2.

dn,/dc LS My, SEC Nanosphere type 1 or N1 was prepared from P1. With
(mL/g)  (g/mol)  Mw/Mn  NMR n/ml n M I dependence on the CEMA double bond conversionN1
0117 21x10F 135 1:0.21:0.25 760 160 190 spheres were divided further into N1-24% and N1-32% spheres,

where the numbers after the hyphens denotedgthelues.
Nanosphere type 2 or N2 was prepared from P2. Fivalue
in this case was also 32%. Type 3 nanospheres were derived
from N1-32% nanospheres after the quantitative hydrolysis of
the core tBA groups following a method used extensively in
our research groufl: 23

Figure 1 shows a TEM and an AFM image for N1-32%
nanospheres. The TEM image shows that most of the particles
have a light core and a dark shell or a coshell structure.
Averaging over all of the coreshell particles in the TEM image
in Figure 1, we obtained a corashell diametedrgy of 30 +
P(HEMA—CEMA)—P(tBA—AA). The polymers were subse- 3 nm and a shell thickness of 5 nm. We further determined
quently reacted with PyN{HCI in DMF containing aqueous  an AFM diameterdary of 59 + 4 nm for the nanospheres. The
p_H 7.0 buffer to attach pyrene to a fraction of the AA units t0 56t thatd Aev Was substantially larger thadvem and only the
yield P1 and P2. Addition of an aqueous phosphate buffer to pcgma layer should be stained by Osénd appear dark in a
DMF in amidization was of critical importance because EDCI 1gpm image suggests that the nanospheres possessed a-P(tBA
could also catalyze esterification between the hydroxyl groups AA—Py) core, a PCEMA shell, and a PGMA corona that was
and carboxyl groups of PGMAPCEMA—P(tBA—AA) or not visible by TEM but by AFM. The coreshel-corona
PGMA—P(HEMA—-CEMA)—P(tBA—AA) in the absence of gy cure assignment is reasonable because only PGMA is water
water. The selective amidization under our experimental condi- soluble, PCEMA and PtBA are immisicib¥#25 and the
tions in the presence of water is well documented for proteins gggregation of the terminal PtBA block into the core rather than
and enzymes and was experimentally verified for our systems he shell is favored entropically. Furthermore, one should also
by the observation that both the molar masses or molar massyegjize that we have previously prepared cylindrical micelles
distributions of P1 and P2 remained essentially identical to those i, water from a similar PGMA PCEMA—PIBA triblock and
of their precursory PGMAPCEMA—P(tBA—AA) and PGMA— the core-shell-corona assignment was established unambigu-
P(HEMA—CEMA)—P(tBA—AA). We removed the unreacted  oygly there by our ability to process the micelles to yield

PyNH-HCI by prolonged dialysis and the amount of pyrene nanotubes and then load Pd or Ni into the cores of the
groups attached was estimated from Wsible absorbance [ 5notubed.

analyses to be 2.56 mg/g polymer and 2.16 mg/g polymer for . o
. . ) We further determined a hydrodynamic diamefgvalue of
P1 and P2 with the degrees of cinnamation of 100% and 85%,89 + 1 nm from DLS for this sample. This value was larger

respectively. than dapm because AFM and DLS probed the size of the

MA —CEMA)—P(tBA—AA—Py) sample, P2, were used in this
study. To synthesize P1 and P2, we first reacted PSMA
PHEMA—PtBA with an excess and a controlled amount of
cinnamoyl chloride to yield PSMAPCEMA—PtBA and PS-
MA —P(HEMA—CEMA)—PtBA.120 The polymers were then
stirred in THF containing 6.0 M hydrochloric acid to hydrolyze
PSMA to yield PGMA-PCEMA—-PtBA and PGMA-P(HE-
MA —CEMA)—PtBA. Further treating the polymers in GEl,
containing 5 vol % of TFA for 5 min hydrolyzed-2 mol %
tBA units to yield PGMA-PCEMA—P(tBA—AA) and PGMA—

We fully characterized PSMAPCEMA—PtBA to yield the

n, m, andl numbers for P1 and P2 (see Table 1). The triblock

was characterized in the PSMACEMA—PIBA form for the
analogous solubility of PSMA, PCEMA, and PtBA. All three
blocks of PSMA-PCEMA—PtBA dissolve, for example, in
butanone, tetrahydrofuran (THF), chloroform, axi-dimeth-
ylforamide (DMF), etc. In contrast, PGMA dissolves only in

polar solvents such as water and methanol in which PCEMA is

insoluble. The specific refractive index incrememt/dc and
light scattering (LS) weight-average molar masl, were

nanospheres in their dry and solvated states, respectively.

We also obtaineddrem, darm, and dn as well as DLS
polydispersitiek,2/K, for the other samples with results shown
in Table 2. Data in the table show that neither the size nor the
size distribution changed significantly among the different
particles. This size and size distribution invariance tis in
agreement with our prior observation that PCEMA photo-
crosslinking did not perturb but only locked in the structure of
the block copolymer micelle¥.

determined in butanone because it had the lowest refractive We see in the TEM image also some smaller particles, as
index among butanone, THF, chloroform, and DMF, and its marked by arrows. These particles do not possess the-core

use afforded a sufficiently largenddc value to reduce measure-
ment errors in d/dc and M,,. The size exclusion chromatog-
raphy (SEC) polydispersity indekl,/M, was determined in

shell structure but only a dark core. The presence of such smaller
particles, although small in number, is seen also in the AFM
images. We suspect that these particles were derived from the

DMF based on polystyrene standards, and the number of repeagontaminating diblock PGMAPCEMA, which should be
unit ratiosn/nvl were determined from comparing intensities Present as judged from the high polydispersity index of 1.35
of characteristic peaks of the three blocks frifiNMR spectra ~ for PSMA—PCEMA—PtBA. We did not exhaust our means to
measured in CDGI Combining the LSW,, and NMRn/nvl we separate the diblock contaminant because we suspected that
obtained the weight-average number of repeat units of 760, 160,these particles did not contain the P(tBAA —Py) block and
and 190 for PSMA, PCEMA, and PtBA, respectively. should thus not contribute to the fluorescence data. Furthermore,
NanospheresNanosphere preparation from P1 and P2 first this study has been only exploratory and is semiquantitative in
invoked micelle formation in pyridine/water with 97 vol % of  nature.
water. The micellar samples were annealed atG@vernight While PtBA and PCEMA should segregate, the block
before the pyridine was removed by dialysis against deionized segregation should definitely not be as sharp as what is depicted
water at room temperature. Nanospheres were obtained aftein Scheme 1. As mentioned before, we estimated from the TEM
CEMA crosslinking under UV irradiation. To minimize pho- image of Figue 1 a core diameter of 16 nm. On the basis of
todamaging of pyrene, the irradiation was done with light that this number, the model of Scheme 1, and the mass ratio of 1.7
passed through a bandpass filter centered at 298 nm wherebetween PCEMA and PtBA, we calculated a shell thickness of
pyrene absorbed relatively weakly and CEMA absorbed strongly. 3.2 nm by assuming densities-ofl g/mL for the two polymers.
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Figure 1. TEM (left) and AFM (right) images of nanosphere N1-32%.

Table 2. Characteristics of
PGMA —P(HEMA —CEMA) —P(tBA—AA —Py) Micelles and

Nanospheres
CEMA
double bond
conversior dh (Nm) K2%K4 drem (NM) darm (NM)
P1 Micelles or Nanosphere Type 1
0 89+1 0.05+ 0.03 29+ 2 58+ 4
24% 89+ 1 0.04+ 0.03 31+ 3 59+ 6
32% 89+ 1 0.04+ 0.02 30+ 3 59+ 4
P2 Micelles or Nanosphere Type 2
0% 88+ 1 0.04+ 0.03 30+ 3 57+ 6
32% 88+t 1 0.06+ 0.04 31t 4 56+ 3
Nanosphere Type 3
32% 91+ 1 0.05+ 0.03 30+ 3 60+ 5

The significant difference between 3.2 nm ané=5 nm can
be partially attributed to errors in the determined value df 7
5 nm. This was caused more likely by the incomplete phase

separation between PCEMA and PtBA and thus a diffuse stained

PCEMA layer at the PCEMA and PtBA interface. For PS and
poly(methyl methacrylate), the interface thickness was found
experimentally to be 4.9 nth and a comparable value is
expected for the interface between PCEMA and PtBA.
Pyrene Emission. Figure 2 compares the fluorescence
emission spectra of PyNHHCI, nanosphere N1-32%, and
hollow nanosphere N3-32% in water. The intensity of excimer
emissior® between 440 and 600 nm is low for every sample,
confirming the low pyrene content in the nanosphere cores.
Compared with PyNBtHCI emission, the peaks of the nano-
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Figure 2. Comparison of fluorescence spectra of PyMNHCI (red),
hollow nanosphere N3-32% (blue), and nanosphere N1-32% (green).

460

32% and 1.42 for N1-32% spheres, suggesting the increasing
polarity when the core was changed from P(tBAA —Py) to
P(AA—Py).

Selection of PyNH-HCI Fluorescence Quencherl~ and
TI* are known to undergo collisional quenching of fluorescence
of many chromophores due to the heavy atom effeahd they
guenched PyNHHCI fluorescence as expected. Analysis of the
dependence of PyNfHCI fluorescence intensity in deionized
water as a function of concentration using the Stérnlmer
equation for the two quenchers yielded theo values of 2.8
x 1% and 7.8x 10* M~ for TI™ and I, respectively. Since
the lifetime o of PyNH,-HCI in air-saturated water should be

spheres are red-shifted by 1.5 nm and the peak positions of the™~100 nsi? the quenching rate constarkgfor TI* and I are
N1-32% and N3-32% spheres coincide with each another. Sincethus ~2.8 x 10° and ~7.8 x 10° M~* s™* with the latter

the pyrene groups were surrounded by mostly tBA groups in

approaching the diffusion-controlled quenching constant of

the N1 nanospheres and by AA groups in the N3 spheres, thePyrene fluorescence by £3Because of the lower quenching
insignificant peak position differences in these two cases suggesefficiency of T and also for the much lower solubility of

the low solvachromic effect of the pyrene chromophore, a result
in agreement with previous observatidfs.

Pyrene has typically five prominent emission peaks between
~370 and~400 nm3° The relative emission intensity between
the first and third vibronic peaks/l3, has been traditionally
used to provide a measure for the local polarity of pyréne.

TINO3 than Kl in water, we did not use TINgbut only Kl as
a quencher for the nanospheres.

Acquisition and Treatment of Quencher Diffusion Kinetic
Data. As mentioned in the Introduction, the main objective of
this study was to establish a method probing kinetics of reagent
diffusion across the P(HEMACEMA) layer and in the

For PyNH:-HCI, its second vibronic band is not obvious and nanosphere core. Using the targeted nanospheres with structure
the first and third peaks occur at 374.5 and 384.5 nm, shown in Scheme 1, we could probe quencher diffusion via a
respectively, withli/l3 = 2.68.1,/I3 changed to 1.61 for N3-  simple experiment as described in the Experimental Section.
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Figure 3. Data of pyrene fluorescence intensity decrease as a function @S @ function of time after Kl addition at 0.11 (top), 0.22 (second from
of time after KI addition to N1-32% (red data points and green fit) top), 0.33 (third from top), and 0.44 M (bottom), respectively.

and N2-32% (blue data points and yellow fit) nanospheres in water . ) ) ) )
and N1-32% in water containing 1 vol % of THF (green data and red achieved because the mathematical solution for diffusion

fit). equations in such coreshell spheres or more precisely cere
shell spheres with a diffuse boundary layer of an unknown
thickness and varying diffusion coefficients in different regions

Such an experiment involved addition of into a nanosphere  of the particle is a very formidable task.

solution at timet = O and then the monitoring of pyrene For the above reason, we have treated the experimental data

fluorescence intensity decrease with time. Figure 3 shows threeon|y by the following phenomenological expression:

sets of such data.

While getting data of the type shown in Figure 3 was trivial, F)=F,+F,e M+ F,e™ 1)

getting data that genuinely belonged to the nanospheres required

attention to details. For example, in the early stage of this project whereF., is the residual fluorescence intensity at timne> o

we noticed~2 s after I” addition, a pyrene fluorescence intensity under a given set of experimental conditions &andF; are

decrease that was-3} times more than what could be accounted fluorescence intensities quenched with rate constargadk,,

for by the dilution effect. This suggested the presence of small- respectively. Thus, the ultimate efficiency of pyrene fluorescence

molecule pyrene in the aqueous phase and prompted us to cleaquenching at a given bulk quencher concentration is

the samples more by subjecting the nanosphere solutions to

further dialysis against methanol in a tube with MWGO :i

500 000. The further treatment helped eliminate the unwarranted F, tF +F,

instantaneous intensity drop almost completely and thus re-

moved small-molecule pyrene species.

We also debated if ©should be removed in the florescence k,F; + kF,
quenching experiments and decided not to remoydoDthe “FE.*F. 3)
following reasons. First, we reasoned that the presence;of O 1 2
might change the fluorescence quenching efficiency result  physical Significance of Equation 1We chose eq 1 to treat
somewhat for a given sample but should have a minimal effect the experimental data purely out of convenience. Despite the
on the quencher diffusion result, which was the key information arbitrariness on our part, such an equation has been used in
that we sought. Second, we are more interested in diffusion ratetreating fluorescence quenching data of carboxyfluore$taimn
variation trends rather than the absolute diffusion coefficients Cds® encapsulated in the core of lipid vesicles by protons and
because of the difficulty to treat the quenching data quantita- penzyl alcohol diffusing through the membrane layer. In such
tively as will be discussed later. The consistent presence;of O cases, theé; and k, values were assigned physical meanings
in every one of a series of samples should not change theand used to calculate permeability constants of quenchers across
variation trends in neither the diffusion rates nor the quenching the vesicle membranes.
efficiencies. Third, results from this study were to be used to If k; andk, are real rate constants in our case, they should
help understand the process of loading into nanospheres ofpe quencher concentration independent. Figure 4 compares N1-
potentially useful reagents such as'NiPd**, and drugs. The 329 fluorescence intensity decrease data as a function of time
loading of these reagents is normally done under ambient after KI addition at final concentrations of 0.11, 0.22, 0.33, and
conditions and not in the absence of, @nd the fluorescence  0.44 M, respectively. The data show clearly that the extent of
quenching experiments should thus be performed to reflect thesefluorescence quenching at a given time increased expectantly
experimental conditions. as the quencher concentration increased.

Data such as those in Figure 3 can in principle be treated Unfortunately, the shape of the quenching kinetic curves
with rigor. For example, one can assume the validity of classical changed with KI concentration as well. This thus suggests that
diffusion equations in such coreshell composite spheres and thek; andk; values are not concentration independent and are
solve for quencher concentration profilgér.t) at different times not directly related to intrinsic properties of the system such as
t and distances from the particle centet®3® Assuming a the diffusion coefficients of the 1 and the radius of the
reasonable relation betweeny(r,t) and the efficiency of nanospheres.
fluorescence quenching, one can further obtain theoretical While the meanings df; andk, are ambiguous, it is easy to
expressions for pyrene fluorescence intenbift) change as a  understand why a significant fraction of fluorescence- 1
function of time. This task is, however, more easily stated than may not be quenched for the N1 and N2 spheres even at

)

and the average rate constant for quencher diffusion is
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Table 3. Quencher Diffusion Kinetic Results Obtained from Pyrene Fluorescence Quenching Experiments, the Final KI Concentration Was

Always 0.46 M
sample solvent ki x 108 (s ko x 104 (s™h) ¢ (%) &Ox 10* (s}
N1-32% HO 2.53 2.94 27.1 7.1
N1-32% HO 1.50 2.90 28.5 5.2
average 2.0% 0.51 2.92+ 0.02 (27.8+0.7) 6.1+ 1.0
N1-24% HO 217 1.74 39 9.5
N1-24% HO 2.75 2.53 39 12.2
average 2.46-0.19 2.13+0.40 (39+1) 10.8+ 14
N1-32% HO/THF 7.8 2.73 53 44
N1-32% HO/THF 7.4 33 53 46
average 7.6-:0.2 3.0+ 0.3 (53+1) 45+ 1
N2-32% HO 55 2.65 a7 32
N2-32% HO 10.0 33 43 65
average 7823 3.0+ 0.3 (45+£ 2) 49+ 17
N3-32% HO 16.5 34 97 115
N3-32% HO 14.4 34 97 93
average 15510 34+ 1 97+ 1) 104+ 11

infinitely long times at a given bulk quencher concentration. regions. The increase i andk can be accomplished also by
First, a certain portion of the nanosphere cores may be simply retaining some of the HEMA units in the P(HEMACEMA)
inaccessible. Second, the concentration of the quencher in theblock. This explains why we had trouble loading?Nand Pd*
accessible part of the nanosphere P(tB¥A —Py) cores may into PGMA-PCEMA—PAA but not PGMA-P(HEMA—

be much lower than that in the solvent phase for unfavorable CEMA)—PAA nanotubeg:*

|~ partition. In the cores of such spheres with lowdiffusivity, Both thek and¢ values increased drastically for the hollow
we suspect that the pyrene fluorescence is quenched dayly PGMA—PCEMA—P(AA—Py) spheres relative to the solid
if pyrene is within distances defined by a quenching sphere of PGMA—PCEMA—-P(tBA—AA —Py) spheres. The¢ value should
volume ».3° The Sterr-Volmer equation under such circum- increase because [(3hould increase inside the water-swollen

stances is then core of PAA, which was obtained by removing ttest-butyl
groups or 44.5 wt % of the matter from PtBA, for the improved
[Ql.vN4 compatibility between PAA and-land for the new void space
FO)/F., = exA— 500 4) available. The hydrolysis of PtBA should also increase the
diffusivity of 1~ inside the core significantly and turn on the
with F(0) being pyrene fluorescence intensity at time zétp,  collisional quenching mechanism. Tievalue did not go to

being Avogadro’s number, and [Qbeing the equilibrium 1 99%+% because we did not subtract the background fluorescence

concentration in the accessible part of the core. Equation 4 showsP' Scattering from the nanospheres themselves, which have been

clearly thatF(0)/F. takes finite values if [Q]is small. shown to be weak but present for a PGMRCEMA—PtBA
Diffusion Kinetic Results. Despite ambiguity in the physical ~ "anosphere sample.

meanings .ofklland ko, th(.ay.should be useful for viewing | conclusions

quencher diffusion rate variation trends when they are measured

at a given quencher concentration for different samples. Shown - - o =
in Table 3 are quencher diffusion kinetic results obtained for P(HEMA—CEMA)—P(tBA—AA—Py) and a PGMA-PCEMA

: : P(BA—AA —Py) sample. Spherical micelles were prepared from
different nanosphere samples from data treatment using eq 1'th(e olvmers i);)watepr andpwere then irradiated g SV liaht to
Results of Table 3 reveal the following features. Figstan cros[;lir)(k the P(HEMA-CEMA) or PCEMA shelly to yi(gld
Egl :v?/tig(%neg e\évc')t:: dhlt%]Z gizzﬁﬁgn?gldew; %rrokz 'Zntgfkléa"y nanospheres. Pyrene emission from the core of such nanospheres
and in particular fok; is unfortunately significantly larger with \;vasr:(ijgrtéﬂzé;e:eOifnthtﬁ:XCIrrT;er:epZﬁL(i.sggﬂltliﬁ?eggi}? lzﬂéoto
error margin up tat30%. While errors inp were most likely d'f? . i h Fr:y Th hi yk' .
caused by our instrument’s inability to correct for excitation Ifiusion of I Into the nanosphere core. The guenching kinetic

light intensity fluctuation and drifting, the large errorkpwas data were fitted by a double exponential function to yield

probably due to our inability to capture the fast diffusion event diffusion r_ate cons;a_nﬂsl andk, average rate constaii] as
represented by in whole. well as ultimate efficiency of pyrene fluorescence quenching

Factors Affecting |~ Diffusion. Despite the low precision by ™. A comparison of t.hékDandgs values of different samples
in the k values, we can conclude with confidence the follow- concludes that 1 d|ffu5|o_n was mcreasgd by decreasing th_e
ing: First, decreasing the degree of PCEMA crosslinking or degree of CEMA crosslinking, d_ecreasm_g_CEMA content in

- the P(HEMA-CEMA) block, adding plasticizer THF for the

the conversior of PCEMA double bonds from 32% to 24% P(HEMA—CEMA) shell and the P(BAAA —p q
increased not only but alsok. Thek increase with decreasing ( . ) shell an € ( y) core, an
B can be due to increased Hiffusion coefficientD. The ¢ _hyd_r(_)lyzmg the PtBA core. While these trends are _expec_tgd
increase, according to eq 4, suggests that the equilibrium | intuitively, results of this study have enabled a semiquantifi-

concentration [Q] inside the P(tBA-AA—Py) core may cation of these effects.

increase with decreasing Acknowledgment. We thank NSERC for sponsoring this
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