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Diffusion exchange of dextran with molecular weights 4.4 and 77 kDa through polyelectrolyte
multilayer (PEM) hollow capsules consisting of four bilayers of polystyrene sulfonate/
polydiallyldimethylammonium chloride has been investigated using two-dimensional
nuclear-magnetic-resonance methods: diffusion—diffusion exchange spectrd&K$Y) and
diffusion—relaxation correlation spectroscopfDRCOSY). Results obtained in DRCOSY
experiments show that the diffusion process of dextran 77 kDa exhibits an observation time
dependence suggesting a diffusion behavior restricted by confinement. We find evidence for both
single capsule and capsule aggregate states, with a partitioning of the 77-kDa dextran between the
free and capsule states much larger than that suggested by volume fraction alone. Results from
DEXSY experiments show that dextran 77 kDa is in diffusive exchange through the capsules with
an exchange time of around 1 s. In contrast, the capsules have no detectable influence on the
diffusion process of the dextran 4.4 kDa. This quantitative information may be used in designing
PEM capsules as drug carriers.2005 American Institute of PhysidDOI: 10.1063/1.19247Q7

I. INTRODUCTION kDa) and Al particlesﬁ. Scanning force microscopy images
have shown that holes up to 100-nm diameter are present on
Release-tailored encapsulated drugs have a number gfe capsule surface when exposed to acidic solution, and that
advantages over conventional drug forms. For example, thexfter transferring the same capsule into an alkaline solution
can prolong the time of activity, protect sensitive drugs fromof pH 10 the holes disappe%ﬂ'he imaging techniques pro-
human immune system and deliver drug to a specific site iNide direct evidence that the permeability of the capsule wall
human body, etC. Various microstructures such as lipo- is sensitive to the molecular weight of the solvent molecules
somes, microgels, microemulsions, polymer micelles, anénd is tunable by changing the pH value, however, more
colloids have been widely employed as drug carrteRe-  quantitative information on the time scales associated with
cently, a novel microencapsulation technology, based ofovement of macromolecules through the walls and within
layer-by-layer  assembly  of  oppositely chargedthe capsules is needed.
polyelectrolyte$ onto dissolvable colloidal templatd4,has In order to directly determine the time scale of the ex-
been established. Unlike liposomes, the polyelectrolytehange of macromolecules through the capsule wall and the
multilayer (PEM) microcapsules are tough, uniform in size, mopility of macromolecules within different domains of the
and with selective and tunable permeability. macromolecule/capsule dispersion, we apply diffusion ex-
This specific permeability of the capsule wall is of par- change and correlation two-dimension&D) nuclear-
ticular interest in the design of release-controlled drugs. Lamagnetic-resonand®&MR) techniques to study the diffusion
ser confocal images have shown 20-nm thick-walled polystyhehavior of dextran of two very different molecular weights,
rene sulfonate/polyallylamine hydrochloridéPSS/PAH 4.4 and 77 kDa, through four bilayer-thick~20 nm,
capsules exclude PSS with a molecular weight bigger thagog-nm  diameter template polystyrene  sulfonate/
4.4 kDa, but are permeable to small ions andpolydiallyldimethylammonium chloride(PSS/PDADMAQ
6-carboxyfluoresceir(6-CP.> Confocal images have also capsules. Dextran is a water-soluble, biopolysaccharide that
shown that the same type of capsule may be reversibly anghay be formed using enzyme technology, is commercially
sharply switched by tuning the pH value between an operyajlable, and is currently used as drugs. Certain grades of
(pH<6) and a closedpH>8) state to dextrafi75 and 2000  gextran are used as blood plasma volume expanders, and
iron-dextran is used to combat iron-deficiency anemia.
¥Electronic mail: paul.callaghan@vuw.ac.nz NMR techniques are often limited to volume samples
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due to intrinsic insensitivity. However, systems with micro-
structure have extremely large surface areas/volume ratios,
enhancing NMR sensitivity on surface features and conse- G J
quently, NMR has become a powerful tool in surface é
researcH.NMR research on PEM capsules is limited. Exist- @ A T
ing investigations have focused on the formation of the

PEMs on particled=° *H solid-state NMR investigation us-

ing magic angle spinningMAS) has been used to directly

)
)é
observe charge complexation in the system PSS/ GE é loo
) A

et}

s z
|2 |2

_mﬂm]ﬂ%
5N

afH
SE]

PDADMAC, and has led to the conclusion that the structure
of the PEMs is identical to that of the bulk PE compfed (b
NMR investigations usingd, relaxation have shown for the
system PSS/PDADMAC a linear increase of relaxation ratd!G- 1. (@ Diffusion exchange pulse sequent®EXSY) based on two

. . . collinear pulsed-gradient stimulated-eqRGSTH sequences and separated
R, with the n.umber of.layers,. _refI?Ct'ng a constant m_CreaS%y a mixing timer,, (b) Diffusion correlation pulse sequen¢BRCOSY)
of the hydration water immobilization with the adsorption of combined a PGSTE and a multiecho sampling-type CPMG sequence.
each layer, consistent with the increase of the thickness of
the muItiIayef? For the system PSS/PAH, involving a weak
polyelectrolyte, it is found that while adsorption of a positive

layer leads to an increase Bf, a decrease d®, is observed
fter th ti f tive | ting that th .
after the adsorption of a negative layer, suggesting tha The DEXSY“'lSpuIse sequence used here and shown in

internal water mobility is controlled by the sign of surface Fig. 1(s) consists of two pulsed-gradient stimulated-echo

charge and is thus oscillating. It has been pointed out th LT )
this reversible swelling behavior can be due to uncomper?gPGSTE sequences separated by a mixing timgin which

sated charges within the intenal layei®., not only the the gradient pulse pairs may be changed independently. The

_ . Iting NMR signal functi f th lied pulsed

outer layey of the multilayer assembﬁ/,and that internal resuting | signat-as a function of the applied puise
. ’ ) field gradientsy; andq, is given by
rearrangements are responsible for this behavior.
In a recent paper, Adalsteinssat alt? report on a , ,

pulsed-gradient spin-echPGSB NMR study of dextran M(c2,q2)/Mq =, p(Dy,D,)e AP1Ae P24 (1)
diffusion in the hollow capsule PSS/PDADMAC system.
Their measurements showed clearly the existence of mo
than one diffusion coefficient, and a biexponential mode

was used to fit the spin-echo attenuation data. The two diféignal fromD; andD,. q=(yG3), wherey, G, and s are the

fusion coefficients so obtamgd were ascribed to the free dexgyromagnetic ratio, gradient strength, and gradient duration,
tran and to the dextran confined in the capsules. By a”alyzr'espectively.
ing the intensities of these components, allowing for 1o pRCOSY pulse sequence shown in Figh)1con-
relaxation effects in the process, evidence was found for @ists of a combination of PGSTE and a multiecho sampling
considerable enhancement of the dextran concentratiofsyr_pyrcell-Meiboom-Gil[CPMG) sequencé’ The key
within the capsules, over and above what would be expectegifference in the current DRCOSY over that previous
on an equal portioning based on volume fraction alone. ublished® is that an echo train is acquired rather than a last
The work presented here considerably extends that Stucg‘cho in the CPMG part of the sequence. The advantage of
by using new types of measurements of diffusion and spifhjs |atest DRCOSY is that the experimental time may be
relaxation in the dextran, which allow for model-free analy-greaﬂy reduced, since tHB, domain is sampled within one
sis. Recently developed pulsed-gradient spin-eGSE  excitation through an echo train instead of carrying out the
2D NMR techniques have significant advantages over theigxperiment many times while increasing the loop counter. As
one-dimensional1D) counterparts. Even though it is pos- a result, the data need to be processed in the time domain
sible to determine, by 1D pulsed-field gradiéRFGQ NMR instead of the frequency domain. The resulting signal is
methods, both the exchange timg., and the probability given by
distribution of spins undergoing an exchange process
diffusion—diffusion exchange spectroscof®EXSY)***° al-
lows a model-free approach that directly determines quanti-
tative information about exchange processes for a given mix-
ing time 7, in a single 2D experiment. Similarly diffusion— where p is the joint probability of the contribution to the
relaxation correlation spectroscofpRCOSY)'® may be  signal fromD andT,.
used to directly correlate diffusion coefficients relaxation The relationships expressed in Eq4) and (2) are
times of multiple phases in a single 2D experiment for alLaplace transformations from theto M domains. In order
given diffusion observation time. Both DEXSY and to obtainp from M, inverse Laplace transformation is re-
DRCOSY make overlapping diffusion and relaxation rates inquired. Such procedure for processing 2D NMR data has
multicomponent systems more easily distinguished througheen introduced by Venkataramaretral X and Songet al®

separation in the second dimension. Furthermore, probability
distributions for spins with each diffusion component may be
getermined.

"¥hereM is the echo amplitudeyl, is the initial echo ampli-
ude, andp is the joint probability of the contribution to the

M(t,gd/Mo= >, p(D,T,)e ¢PAe T2, ®)
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Il. EXPERIMENT
) ) cutoff at 3%
The capsule stock solution was prepared following

a protocol described earlier for the formation of multi-
layer-coated colloidal silica particles using a repeated
adsorption—centrifugation methdd® PDADMAC (M,
—-100.000-150.000 g/mpivas purchased from Aldrich and
used without further purification, while PSSM,,
=70.000 g/mol, Sigmawas purified by filtration, followed @) .
by lyophilization.
After the deposition of four bilayers of PSS/PDADMAC 1

onto 520-nm diameter monodisperse colloidal silica (b) Nt NMJM
(Geltech, Ing, the silica core was dissolved: 10-ml disper- 6 55 5 45 4 35 3 25
sion of wt % of such coated colloids was added drop wise to 8/ppm

20-ml, 1.0-M HF solution while stirring for 40 min in cen- _ _ _
trifugation tubes to remove the silica cores. The sample wag_'G' 2. High-resolution spectra of dextran 77 kDa(® hollow-capsule
. . ispersion andb) D,O solution.
centrifuged at 4025 ¢5000 rpm for 30 min. 30-ml water
was added after the HF acidic supernatant was removed and
the above centrifugation process was repeated. After discardion and the pure dextran solution at the position between 3.3
ing the first water wash, the capsules were redispersed iand 4.2 ppm suggests that protons sited within capsule ma-
28-ml water and then, while stirring for 20 min, 2-ml 10-M terials do not contribute to the NMR signals. However, the
HF was added. The samples were centrifuged, and the aciburce of the largest contribution in the raw proton NMR
wash was discarded in excess(O#), solution. The cap- spectra is HDO, which originates from the impurity of the
sules were then washed with water using centrifugation-b,0 solvent used for the sample preparation and/or from an
decant—dilution cycles until the pH of the solution wasexchange with the dextran protons. Note that the line broad-
around 5-6 and no CaFormed when discarding the de- ening of the HDO signal caused by the capsules leads to a
canted liquid. Four samples prepared as above were conpaseline contribution at the spectral position of the dextran
bined and diluted to 20 ml. Assuming the density of silica ismolecules. In consequence, even when the signal is acquired
2 mg/ml, the final concentration of capsule dispersion isfrom the spectral window of the dextran some water contri-
maximum 1% v/v, which is the capsule stock solution.  bution remains and must be suppressed accordingly. The
Four NMR samples were prepared as follows. 3-ml capspectra for dextran 4.4 kDa are similar to the spectra of dex-
sule stock solutions were centrifuged in an Eppendorff vial atran 77 kDa, therefore, are not shown here.
2600 g (6525 rpm for 15 min. After the supernatant was Diffusion experiments were performed using a Bruker
discarded, the capsules were redispersed in 99.95% isotop@iX300 NMR spectrometer at #H resonance frequency of
purity D,O and the samples were centrifuged and th®©D 300.14 MHz at room temperatur@?2 °C). T, relaxation
supernatant was discarded again. ThigODwash was re- times of dextran for all samples were found to be around 1 s,
peated for four times. Finally, the capsule dispersion wasind therefore, in the 1D diffusion experiments, the greatest
concentrated to 20@l. 100-ul 10-mg/ml dextran in BO  was chosen to be 500 ms. One-dimensioi) diffusion
solution was added. In the final 3Qd-sample, the volume measurements were carried out using a Bruker Micro2.5
ratio ¢ of capsules in RO is 10% v/v and the concentration probe (maximum gradient strengtls,,,,=0.937 T/m, and
of dextran in QO is 3.3 mg/ml. Two dextrans were em- employing a PGSTE pulse sequence over a series wl-
ployed as probe molecules: 4.4 and 77 kB&drich). Inthe  ues. This gradient strength was sufficient for measurement of
further sections of this paper, these two NMR samples withdiffusion over timesA in excess of 100 ms. The NMR signal
capsules are referred as “dextran 4.4-kDa capsule dispersiowas in the form of a free-induction decélyID), which was
and “dextran 77-kDa capsule dispersion.” Two other NMRFourier transformed with the dextran peaks integrated in the
samples are 3.3-mg/ml dextran in,@ solutions and are frequency domain. The resulting intensities were subse-
referred as “dextran 4.4-kDa solution” and “dextran 77-kDaquently treated with inverse Laplace transformation to yield
solution.” These four NMR samples were transferred intothe 1D distributions of diffusion coefficients.
5-mm diameter NMR tubes. For the DEXSY and DRCOSY experiments, where
High-resolution spectra of dextran of the above fourshorter values ofA were used, a Bruker Diff60 probe
NMR samples were obtained using a Varian300 NMR spec{G,,,,=36 T/m) was used. The maximum gradient employed
trometer. The spectra of dextran 77 kDa(a& capsule dis- was limited to 9.12 T/m. This higher gradient strength al-
persion and(b) dextran solution are shown in Fig. 2. The lowed us to fully attenuate the signal to zero, a significant
peaks between 3.3 and 4.2 ppm on the right-hand side of thedvantage in subsequent data processing with the 2D inverse
H,O peak(4.79 ppm, cut off at 3%originating from protons Laplace transformation. In order to avoid any possible influ-
at different sites of the dextran molecule are integrated anédnce of 50-Hz hum in the main power supply via the diffu-
employed in the data analysis whenever data is required tsion probe, the gradient amplifier was blanked during acqui-
be processed in frequency domain. The fact that there is nsition and observation times were only chosen as multiples
major difference between the spectra of the capsule dispeof 20 ms between 60 and 300 ms. In the series of DRCOSY
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experiments, measurements were performed in a random or- Lo ' '
der of A to avoid any systematic drift of experimental con- Dextran 77 kDa

ditions erroneously contributing t vs A changes, for ex-
ample, due to the settling of the hollow capsule into clusters
in the sample within the experimental time. Data from
DRCOSY measurements, which involved CPMG echo 0.6} {
trains, were processed in time domain to obtain 2D matrices i
of signal intensities. During the inverse Laplace transforma-
tion, the signal from the very first few gradient steps was 0.4
discarded in order to suppress any signal from water, which
has a much higher diffusion coefficient than dextran. Note

08

p(D)

that the probability distributions present in final DRCOSY 02
maps were corrected fdr, decay by taking into account the /\
calculable signal attenuation for th@j during the PGSTE 0.0 ‘ .
part of the pulse sequence. In the two DEXSY experiments, 0.001 0.01 ., 5, ! 1
A was chosen to be 60 ms. @ D707 m’/s)
In the DEXSY sequencksee Fig. 18)], the second gra- 1.0 \
dient pairs are incremented first while the first gradient pairs Dextran 4.4 kDa
are kept at a constant value; hence, after the inverse Laplace 0s

transformation, the vertical axis in the 2D DEXSY map rep-
resents the initial diffusion coefficient obtained by the first
gradient pairs, while the horizontal axis stands for the final 06
diffusion coefficient of the molecules measured by the sec-
ond gradient pairs. By contrast with DRCOSY, where multi-
CPMG echo trains are acquired, the NMR signals for 04
DEXSY are acquired as FIDs, enabling subsequent Fourier
transformation to the frequendgpectral domain. This per-

D)

mits a spectral analysis so that the contribution of the water 021 ; |
signal could be separated. However, as noted earlier even

with the spectral selection at the position of the dextran peak 0.0 x ‘

a large contribution of the water “tail” appears in the NMR 0.001 0.01 0.1 1
signal amplitude, leading in turn to a dominant peak (b) D/(10° m’s)

>99%) in the 2D diffusion coefficient distribution. In order o e . : .

. . . %) it t IG. 3. Distributions of diffusion coefficients obtained though inverse
to investigate the _dex_tran signak1%) it was nezcessa'y O | aplace transformation of the echo decays measured using PGSTE se-
subtract the contribution of the water in thqﬁ,qz) domain  quence, observation time At=100 ms for both{a) dextran 77 kDa an¢b)

prlor to the 2D inverse Laplace transformation via dextran 4.4 kDa samples. The solid lines stand for capsule dispersion
samples and dashed lines stand for pure dextran solution samples.

. lll. RESULTS AND DISCUSSION
Mo 01,62) = Minead 07, 02) ~ Muater €XP(~ GiDuate) A. One-dimensional diffusion measurements
X exp(= Dyt ) Figure 3 shows 1D distributions of dextran self-diffusion
coefficients obtained by inverse Laplace transformation.
These diffusion results were obtained usitig100 ms, with
whereMpeosis the measured intensity in the 2D matrix in the dashed lines for the dextran solutions and solid lines for the
(0f,05) domain. Dy is the known diffusion coefficient of dextran capsule dispersions. It is clear that in the case of
water, whileM, 4, is adjusted until the disappearance of thedextran 4.4 kDa, the presence of the capsules has no signifi-
diffusion peak corresponding to water in the final 2D diffu- cant effect on the free diffusion of dextran. By contrast, for
sion distribution obtained M. dextran 77 kDa, the presence of the capsules results in the
The areas under the dextran peaks in the spectrum coulihpearance of a more slowly diffusing dextran component on
then be integrated, resulting in a 2D intensity matrix dependthe order of several I8 m?/s. The diffusion coefficient of
ing ong? in each domain. The contributions assigned to thethe fast component agrees, while the slow component is
peaks in 2D DEXSY maps are calculated from integrals offound to be higher as compared to the previous 1D redults
the volume under the surface of each peak in the 2D prob{2.5+0.9 X 101 m?/s and 3x 10 m?/s, respectively
ability distributions. The experimental error in these prob-However, this discrepancy arises from the fact that the dif-
ability distribution contributions is estimated to be 3%. Note,fusion coefficients reported here and in the previous Work
however, that this error represents only 0.03% of the totatloes not characterize the same class of diffusing molecules,
proton signal contribution, if the water contribution were to as we will show later. Moreover, the limitation of the gradi-
be included. ent system used for the 1D PGSTE measurements affects
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0.25 a phasej], and(e) 77-kDa dextran confined inside capsule ag-
0.20 gregates. Peak@®), (b), (c), and(e) all correspond to a site
0.15 on the dextran molecule with the longest relaxation time, i.e.,

0.10
0.05

p»(D,T,)

the site for which the free dextram, relaxation time is
around 120 ms, and for which a relaxation time of 113 ms
was determined beforé.Now, with the 2D methods, how-
ever, far more detail about the molecular behavior of this site
is obtained.
The region encompassing peals, (b), (c), and(e) is
FIG. 4. A three-dimensional presentation of raw data obtained usingdisplayed in Fig. 5. We argue that these peaks arise from a
DRCOSY pulge sequence after_ inverse L_aplace trea_tme_nt. The peaks staag)mmon dextran sitébased on the maximum value fﬁﬁ),
for dextran with different diffusing behaviofa) free-diffusing dextran in . .
solution (Dye0), (b) dextran confined inside capsulBo, e, () dextran  PUt for different dextran molecular behaviors. Note, as men-
with a diffusion coefficient between the free-diffusing phase and the contioned in the Experiment section, the probability distribu-
fined phaséD; a0, (d) free-diffusing dextran with a smallét, relaxation  tions have been processed to correct for the Idgalecay,
time, and(e) dextran trapped inside hollow capsule clusters. which results from the gradient-encoding period associated
with the PGSTE part of the 2D pulse sequence. Figure 6
already the slow component by shifting it towards highershows dependence on diffusion observation tithe of
ValueS, while fractions of the Sample with even smaller dlf-DRCOSY results obtained using the dextran 77-kDa Capsu|e
fusion coefficients do not appear at all in the diStribUtiondispersion_ AA increasesy peaKﬁ) and (C) retain constant
after the inverse Laplace transformation. diffusion coefficients, while peakb), the confined phase,
We shall argue that the capsule does not influence thehifts to smallerD values. This is in agreement with the
diffusion process of dextran 4.4 kDa, preSUmably because qssignment thd‘a) and (C) result from free]y diffusing mol-
the free and rapid eXChange of this small dextran between th&;lﬂeS, Wh||e(b) represents a molecule in confinement. Fur-
bulk and the Capsule interior, an effect we attribute to thqher discussion will follow below. In the case of pe(w the
much smaller size of the 4.4-kDa dextran by comparisonyata are less conclusive, but does suggest a decreasing de-
with the capsule pore size. By contrast we argue that dextrapendence oD asA increases. The diffusion coefficients of

77 kDa, on entering the capsule, may be confined sufficientlgach phase agree with results obtained in 1D PGSTE experi-
for a distinctly slower diffusing component to be seen. Thements in Fig. 8a).

0.01 01

10 =
D/ (1072 m¥s % 1000 1

remainder of this paper concerns only the 77-kDa system.  Finally, similar DRCOSY experiments were carried out
_ o _ using the dextran 4.4-kDa capsule dispersion. In contrast to
B. Relaxation—diffusion correlation: 2D DRCOSY the above findings, no confined phase is observed, which is

An example of a three-dimensional presentation of thd" @greement with the 1D PGSTE results in Figh)3

raw data obtained in a DRCOSY experiment, after inverse
Laplace treatment, is shown in Fig. 4. The sample is th
dextran 77-kDa capsule dispersion, and the result is obtaine
atA=100 ms. A number of peaks are labeled in Fig. 4. Peaks We now consider the specific values of the diffusion co-
(a) and(d) correspond to a diffusion coefficient of free dex- efficients of dextran 77 kDa in the capsule dispersion, as
tran. The differingT, values may be attributed to different shown in Fig. 5 and presented as a functiomoin Fig. 6.
sites on the dextran witkd) being a short relaxation time The diffusion coefficients at around 251071 m?/s, asso-
site, visible only for the free dextran. In order to make quan-ciated with the freely diffusing dextrafpeak(a)], are con-
titative comparisons of the partitioning of the dextran be-stant forA between 60 and 300 ms. This time independence
tween the free and confined states, and to avoid overestimat indeed consistent with the idea of freely diffusing mol-
ing the total signal intensity in the free dextran fraction, weecules in the bulk. We henceforth refer to this diffusion co-
omit site (d) from all subsequent analysis. The power of efficient asDs. By contrast, the group of diffusion coeffi-
DRCOSY is that it allows such discrimination. For all slower cients associated with pedk) decreases from 161012 to
diffusing states of the dextran a singlgonly is observed, a 6x 1013 m?/s whenA increases from 60 to 200 ms. Before
component we associate with the slowest relaxing protomliscussing this downward trend, we focus on the absolute
site, i.e., site(a) of the free dextran. value of the diffusion coefficient, which we refer to as
Peak(b), as we shall show, corresponds to a diffusionD¢oniineg Using the equatiorRy=kgT/67 5D and D¢gnfined
coefficient similar to that expected for a freely diffusing cap-=1.6x 1012 m?/s, the hydrodynamic radiuR,, associated
sule. Peak(c) arises from dextran diffusing a little more with the dextran is estimated to be 140 nm. We might have
slowly than the free state, while pedk) may arise from expected this value to be similar to that of the capsule, if
dextran trapped inside hollow capsule clusters. Our interprepeak(b) arises from intracapsule dextran. In fact the radius
tation therefore is that the principal peaks correspond to dexsf colloidal silica particle used as a template is 260 nm. This
tran proton signals arising frorta) freely diffusing 77-kDa  discrepancy could be due to the fact that the shape of a
dextran in the bulk solution(b) 77-kDa dextran confined hollow capsule in solution is irregulésee images in Refs. 3
inside single capsule$c) 77-kDa dextran which has inter- and 5. Furthermore, the capsulanlike the silica templaje
acted with the capsule outer surface at an exchange tims highly porous to the solvent water molecules, reducing the
scale shorter thai (we call this the “fast surface-interacted effective Stokes radius. Thus we would argue that the evi-

. Interpretation of dextran diffusion
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FIG. 5. Results obtained using DRCOSY in dextran 77-kDa capsule solution measured at six different observation times. The isolites) a688%— -,
12% (-+- -+ ), 25% (—), 50% (——-), and 100%(--- - -- ). The highest peak in each figure is normalized to 100%.

dence is consistent with pedk) arising from the intracap- D gniined= 1.6X 1072 m?/s, the square root of mean-square
sule state. Note that th&, relaxation time associated with displacement is estimated to be 440 nm\at60 ms and, of
this group of diffusion coefficients is about 52 ms, which iscourse, greater at longer times. This diffusion distance is
smaller tharT, of the free-diffusing dextrafl20 mg, most  similar to or greater than the typical spacing between cap-
probably due to the influence of the confinement. sules. With increasing diffusion length, the number of inter-
The declining value 0D qniineq @S A increases between particle collisions increase and the effective diffusion coeffi-
60 and 300 ms is easily understood. Using the known voleient is reduced to an asymptotic value Drgfined @S
ume ratio of capsule€l0%) and the template radius of 260 described by the free-volume theory.
nm, we may estimate the spacing between capsules in the Turning our attention to peatc), we note that the dex-
dispersion as around 390 nm. Using?=2DA and tran, with diffusion coefficients at around X101 m?/s
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FIG. 7. Probability distributions of, obtained in a one-dimensional CPMG

FIG. 6. D vs A results obtained using DRCOSY after inverse Laplace treat-ex eriment with water sunpression by means of a preceding PGSTE aradi-
ment. The same results in 2D graphs are presented in Fig. 5. The points arep P Y P 9 g

. . ~~ “ent pulsed pair on 77-kDa dextran in the capsule solution. The solid lines
f_ree dextrer{peak(a)] (A) interacting dextrafipeak(c)] (D).’ dextran con correspond to measurements immediately after sonication, while the dashed
fined to single capsulefpeak (b)] (M), and dextran confined to capsule

aggregategpeak(e)] (X). lines are for 17 h later.

and constant fod between 60 and 300 ms, haievalues to measure diffusionA corresponds to a period of ‘stor-
betweenDyee and Deoniineds HOWEVeET, it is easy to show age” during whichT; relaxation occurs. One obvious expla-
that such a value cannot be the average of the free amuhtion of the relative reduction of intensity with increasiig
confined phases and cannot therefore arise from dextran is the more rapid’ relaxation for componer(). In support
fast exchange. UsiNgDgonfines=1.6X 10712 m?/s,Dgee2.5  Of that assertion we show in Fig. 8 the intensiti@s cor-
X101 m?/s, and ¢p=10%, Dayerage is estimated as 2.3 rected for peaks(a), (b), (c), and (e) plotted against the
X 101 m?/s. An alternative explanation for this reduced storage time\—r;, 7, being the T,-susceptible” period dur-
diffusion coefficient is that some dextran molecules may dif-ing which magnetization resides in the transverse plane and
fuse around the capsules, but do not directly enter the cager which intensity loss has been corrected using the known
sule. We postulate that the dextran temporarily interacts witfl, values taken from Fig. 5. Figure 8 suggests that péaks
the outer surface of the capsules, on a timescale that &), and(c) haveT; relaxation times on the order of 300 ms,
shorter than the observation tim@® to 300 mg within that ~ while peak(e) has 32 ms<T; <45 ms. The fastel; relax-
timescale leaving the capsule surface and joining the freeation in this site can be caused by dextran chains entangled
diffusing dextran. We present this diffusion coefficient asbetween aggregated capsules, such that their fast, local seg-
Dinteract The T, for such dextran is around 100 ms, smaller ment motions, which dominafg;, are hindered.
than that of the free dextrafi20 mg, and consistent with Figure 8 permits us to correct fdr, relaxation effects,
the idea that the fast transient interaction could be a mech&o as to obtain a relative intensity for all peaks for which all
nism that slightly reduces the rotational mobility of dextran, relaxation effectqT,; and T,) have been removed. We find
as well as its translational mobility.

Finally, we consider peake) with associated diffusion

IE T T T T T

coefficients falling in the range 3R101'-1.7 S exp(~/32ms)
X 107 m?/s and withT, values on the order of 10 ms. This N
much slower diffusion coefficient is most likely to arise from 0.5 x exp(~#/45ms)

dextran confined in capsule aggregates. Further, we find that
the diffusion coefficients exhibit some variation depending
on the time after sonication at which measurement was per-
formed. We also observed some variation @fvalues in
component(e) with the age of the sample. The time depen-
dence is also apparent T, measurement&arried out with
suppression of the water signal utilizing a gradient pulse pair
of a fixed amplitude prior to the CPMG echo traghown in 0.01
Fig. 7. Here we see a distinct downwards shift in the 10-ms

0.1

rel. Int.

eomponent, associated Wlth' pe@)&, when the measurement 0 005 01 015 02 025 03
is performed 17 h after sonication. We take this as evidence (A1) /s
for aggregation development over this time.

A noticeable aspect of compone(m) in the Vicinity of FIG. 8. Relative intensities of dextran peaks as a function zedtérage

— _ 13 2 ; ; ; PRy time,” but with T, corrections already made. The decays show evidence of
T,=10 ms andD ~10"=m?/s, in Fig. 5, is the significant T, relaxation. The points are free dextifaeak(a)] (A), interacting dextran

drop in intensity as the encoding tindeis increased, as can [peak (c)] (), dextran confined to single capsulfseak (b)] (M), and
be seen by inspection of Fig. 5. In the PGSTE encoding usegextran confined to capsule aggregdiesak(c)] (X).
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respective proportions: free dextrgpeak (a)] 0.18+0.02, 100
interacting free dextrafipeak(c)] 0.08+0.04, dextran con- 7, = 20ms
fined to single capsuldpeak(b)] 0.037+0.004, and dextran
confined to capsule aggregafpeak(e)] 0.7+0.2. Grouping 00.5% —»
together the free dextrdiia) +(c)] and the confined capsule 10 |
dextran[(b)+(e)], we deduce a partitioning enhancement
factor, over and above that suggested by the 10% capsule
volume fraction, or around 30. This factor is one order of
magnitude larger than that estimated by Adalsteinssa@h’?

We attribute this different finding to the fact that we have, as
required by a consistent comparison, excluded the gegak
from the analysis, since this peak arises from a free-dextran
site not observed in the other dextran dynamical states. By . ‘
this exclusion we ensure that we do not overestimate the 0']0'1 1 10 100
amount of free dextran. Nonetheless, we adddineeatthat @) D, /(102 m¥s)

the partitioning-enhancement factor may well depend on the
degree of aggregation and it is possible that aggregation may
have been different in the two experiments. By the large T = 200ms
relative population of peafe), this fraction strongly depends
on the degree of aggregation of capsules.

Dy /(107 m¥s)

Ik ‘——-9.5%

86.8% —=

10 ¢ Y — @ —02%

D. The diffusion exchange process: 2D DEXSY

Figure 9 shows the results of DEXSY measurements ob-
tained using dextran 77-kDa capsule dispersion at mixing
times 7, of (a) 20 and(b) 200 ms. The diffusion coefficient
range encompassed corresponds only to péakgb), and
(c), so that we will restrict our attention to dextran exchang-

ing between single capsule and free states. We focus first on 0.1 , -
the dominant diagonal part of the spectrum, corresponding to 01 ! 2 2 10 100
dextrans which have not changed their dynamical state over () Dy /(107" mfs)

the mlxmg. period. First, we note th.e gO.Od correspondencg 0IilG. 9. Diffusion exchange results obtained using DEXSY pulse sequence
the magnitude of slow- and fast-diffusion components Within which (a) 7,,=20 ms andb) 7,,=200 ms. The probability distributions of
those obtained in the DRCOSY and PGSTE experimentsspins are calculated by integrating the corresponding peaks in three-
Second, we turn our attention to the quantitative analysis ofimensional diagrams with an experimental error of 3%.
peak areasagainT, correctedl. In Fig. 9a), the area corre-
sponding to dextrans which diffuse freely or nearly free out-worth remarking, in mitigation, that the absolute error in our
side the capsules is 90.5%, while 9.5% of dextran appear tmtensities is very small, the two exchange peaks represent-
diffuse at a rate close to the capsule value. Note that thedag only 0.01% of the total NMR signal, which contributes to
numbers represent relative occupancies of the free and singlke intensities of the exchange peaks. We are, in fact, inves-
capsule states, but are not absolute intensities since we ontigating a very delicate effect. Given that symmetry demands
the intense aggregate capsule state in this DEXSY analysiequal off-diagonal intensity, we take that intensity to be the
However, the signal intensity ratios of the two diagonalmean value~1.5%.
peaks in Fig. @a) agree with the corresponding intensities By contrast, the asymmetry of the positions of the ex-
extracted from Fig. 8. In Fig.(®), the two diagonal peaks change peaks may not arise from the experimental uncer-
again correspond in their intensities to expected valuedainty effect and is discussed here in the context of our
However, at this longer mixing time of 200 ms, distinct off- model. We propose that molecules, which enter the dextran
diagonal peaks appear, with integrated probability intensitiesapsule during the mixing time, came from the population of
of 3.0% and 0.2%. dextran involved in temporary surface interactions, and thus
The presence of off-diagonal features in a DEXSY ex-originating from a diffusion coefficient state slightly reduced
periment provides a clear evidence of exchange. We argueom the bulk phase. We further propose that the dextran that
that these off-diagonal features originate from the dextrarescapes the capsule, escapes freely into the bulk. In fact,
molecules moving between the capsule and the bulk over thehase(c) may exchange to phas@), but phase(b) ex-
mixing time. Although the error is still 3%, we present datachanges back not to pha&g but to phasda). The exchange
to a precision of 0.1% in order to retain all four peaks with between phase®) and(c) retains the required dynamic bal-
intensities 86.8%, 10.0%, 3.0%, and 0.2%. Of course, dyance, but is not easily seen on the DEXSY plot because of
namic equilibrium requires that the intensities of off- the close diagonal proximity of phasé® and (c).
diagonal peaks are identical. The apparent unbalance of the Thus we argue that the off-diagonal peak(nominal
intensities indicated here is a consequence of the error. It imitensity 3.0% arises from dextran starting witgsinegand
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ending directly withDs... The peakY (nominal intensity free and surface-interacting phases at mixing times of 200
0.2% arises from dextran starting withB;,ract @and ending  ms, suggesting an exchange time on the order dfs. The
with Deoniined ThiS model is consistent with the idea that the asymmetry of the exchange peaks in the DEXSY map may
dextran inside the capsules may directly eject out of the caphe tentatively interpreted in terms of a model whereby the
sule, but only the dextran that are already being temporarilglextran inside the capsule may escape directly to the bulk,
interacting with the capsule surface may enter the capsulebut only the dextrans that are in transient interaction with the
Finally, we note that since no exchange is evident at a mixingapsule surface may enter. The quantitative information on
time of 20 ms, but around 1.5% exchange occurs at 200 mslextran exchange and diffusion found here prove useful in
the exchange time for this process must be on the order afesigning polyelectrolyte multilayer capsules for use as drug
several hundred milliseconds. When complete exchange ocarriers.

curs the off-diagonal peaks should have an intensity of

~10%, a value which reflects the equilibrium distribution of

dextran probability between the capsule and free states. A4CKNOWLEDGMENTS
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