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The size and molecular mass of water-soluble interpolyelectrolyte complex (PEC) formed between poly(
glutamate) and poly(amido amine) dendrimer in aqueous solution were estimated as a function of the decreasing
pH from the turbidities ) and their wavelength dependence, by comparison with numericalculations

by applying the RayleighDebye-Gans and Mie scattering theories. Close to tkggf the peripheral amino
groups of the dendrimer, PECs with densities comparable to that of fractal clusters from a reaction limited
colloid aggregation process collapsed to dense particles-witpm diameter. At a pH close to theKp of

the amino groups in the interior of the dendrimer, systems with carboxylate excess over amino/ammonium
groups formed compact particles, and ion pairing likely extended to the ammonium groups in the dendrimer
interior. PECs with the highest polymer density were formed at the stoichiometric ratio: They appeared to
be stable against dissociation at pH 3 in contrast to PECs formed with high dendrimer excess.

Introduction protein behaved analogous®.These suggest that multi-

molecular PECs are generally unstable against the unlimited
(secondary) colloid aggregation, which after the coalescence of
clusters would result in the macroscopic phase separation. The

stabilization by physisorption into complex coacervates, hydro- tendency to SeCO”dar_y aggregation was founds much lower if
gels or microcapsule$; and for controlled drug release from  the Primary PEC colloids are more hydrophfic:
pH- 811 temperature!? or irradiation-sensitive “smart” hy- In a recent papét we have studied the formation of PEC
drogels and capsule membrad&dvany of the applications  between sodium poly(glutamate) and fourth generation amino-
require control (or proper choice) of the strength of the binding terminated poly(amido amine) (G4 PAMAM-NHdendrimer
interaction, which is governed by the electrostatic energy of and its aggregation by static and dynamic light scattering (SLS
the correlated charge patches of the polyion (polyampholyfe), and DLS). With increasing the extent of the dendrimer pro-
in addition to hydrophob#® and specific free energies (e.g., tonation and of the charge density on the polycation, weak
hydrogen-bonding)®1” The complex formation among weak interaction, soluble complex formation, PEC aggregation, and
polyelectrolytes is thus restricted to a pH range where the complex coacervation (at higher overall polymer concentration)
dissociation makes a “critical” minimum charge density be were observed. The PEC aggregation occurred in a narrow pH
exceeded, which increases with the hydrophilicity of the polyion range and followed an apparent scaling behavior with the proton
backbone and with the screening of the charges by a higheractivity. The hydrodynamic radius of the clusters could be well
ionic strength. determined from the DLS data to grow up to 1300 nm. The
The geometry and flexibility of the interacting colloids interpretation of the SLS data in the regime of turbid aggregating
determine the shape of the PEC particfelere we consider a  clusters was highly ambiguous, due to a too limited range of
linear, semiflexible host polyelectrolyte (HPE, contributing more - scattering angles observed, and due to the possibility of multiple
charges) interacting with an almost spherical but flexible scattering. The turbidity data to be reported here will provide
dendrimer as guest polyelectrolyte (GPE). Such a system mayine yalidation or replacement of the small-angle extrapolation
form partial interpenetrating PECs, as suggested from the ot ihe intensities in the regime of stronger light scattering from

simulatiori® and experimentally ob§erved in a similar dendrimer/ the aggregating PEC clusters. Turbidity data have the advantage
poneIectrontfe systertf: At a sufficiently low concentration of to be not affected by multiple scattering and to not require
the HPE or high GPE excess, “monomolecular” soluble PECs extrapolation. However, their interpretation is more model-

generally prevaif® At h_igher polyeleqtrolyte conceptrations dependent than that of the angle-dependent LS data. The aim
and a more balanced stoichiometric ratio, the probability of GPE of the present study is to explore the range of soluble PEC
cross-linking two or more HPESs increases. A series of transitions formation in the system and to relate the evolution and

was detected (from light scattering and turbidity) between a " h . . lecul
monomolecular PEC phase and a highly aggregated pgclransitions of the PEC structure (size, density, molecular mass)
- : , to the stoichiometry and pH-dependent chatge the PECs.
coacervate or precipitate in a system with a weak polyelectrolyteS il attenti il be i o th ibility of diff ¢
and spherical polycations (mixed surfactant micelles) each at a; pecial attention will be given fo the possibilily of difieren
distinct pH (or charge density].A PEC system with a globular interactions with the primary amino groups in the dendrimer
periphery, to be protonated at high pH, and with the tertiary
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Interpolyelectrolyte complex (PEC) formation in aqueous
solutions is widely usédor separation processes (by floccula-
tion? or coacervatiof),* for enzyme/drug immobilizatiochand




Polyelectrolyte Complex with Dendrimer

Theory
In this section we describe the obtention of modeled particle

size and shape depending in the turbidity data for comparison

with the experiments. In the limit of the Rayleigbebye-
Gans (RDG) scattering approach, the turbidity coefficient,
—In(INg)/dsian, Where I/l is the transmission coefficient of
collimated light through a slab of the scattering material of
thicknessdyap is given by

7= caM H(Zo o, VA QRYDZ(RJAC) (1)

whereHQZ is an integral over the scattering andgleof three
functions: H for the total Rayleigh scattering here for un-
polarized light,Q for its modification by the form factoP(6),
and Z for its modification by the interparticle structure factor
S(0):

HQZ= Keayins. 21 sin(@)HCTOé@PZ(e) S(0) do

)

where Kgayieigh iS an optical constant that depends on the
wavelengthlp of the incident light in the vacuum, the refractive
index of the solventy, and the refractive index increment of
the solute, d/dcp:

27ny(dn/dc;)\?
o T IN, A3)

KRaerigh= ( 1 2
0

Na is Avogadro’s number andn, is the acceptance angle
of the detector, ideally zero. F&y/4 < 0.05 andS, =272 =1

at solute concentratiomp ~ 0, HQZ(0in=0) evaluates to
KRrayleigiB7t/3 or up to not more than 10% lesRy being the
z-averaged radius of gyration arddbeing the wavelength of
the light in the solution. For the initial formation of small
primary PEC particles in this size limit in highly dilute solution,
these conditions are approximately matched when the long-rang
electrostatic interactions are screened, and thuid,, (weight-

averaged molecular mass). However, for PECs becoming larger

with respect to the wavelength, either by aggregation, high
swelling, or anisotropic stretching, the value Q¥ decreases
considerably, and this decrease starts at smMlgrfor less
compact particle shapes.

A spherical particle with a radiulR = (5/3)?Ry has the mass
M = pp(47/3)R3, wherepp is the mass density of the solute in
the colloid. Its form factor &

P(u=qR) = {3u [sin(u) — u cos()]}? (4)

whereq = 4anglo~ sin(@/2) is the scalar of the scattering vector.
For a thin rodlike chain with a length= 12Ry, a cylindrical
cross-section of radiuR; < L, and a mas$/! = pprR2L, the

form factor ig”
2 . (u]?
dx [a Slf‘(é)]

A flexible polymer with a Gaussian coiled chain of contour
length L and Kuhn segment length has [R2?0= bL, M =
prtRZb~R,?C) and the form factar

Pu=c’TR;") = {2u *[exp(-u) — 1+ U]}?

u SiN(X)
U

Pu=aL) = 2 ()

(6)

€
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dimensiondr. In the limit Ry > R, one hadvl O R}, and thus
M = pp(47/3)(5/3F?R3(RyR)%. In this limit the form factor
is well approximated R/

P(u=gR,) = [1 + 2u7/(3dg)]*? 7
To use the models, we need consistent estimates of the
parametersp, R;, andb. Applying the “necklace” model for
the PEC® we take the Kuhn lengtlh = 4 nm as just the
diameter of a dendrimer attached to the chain, BRAY?2 =
1.6 nm as an estimate for the cross-sectional radius of gyration
of a fairly collapsed dendrimer bead, alternating with free thin
HPE segments that contribute much less to the total scattering.
Assuming that a bead of radius (5¥3R. accommodates a PEC
domain ofM,, = 16 673 g/mol (14 215 g/mol for an entire GPE,
plus 2458 g/mol for 16.3 monomers of the HPE), we can
consistently estimate the polymer density in the bead tpgbe
= 750 mg/cm, thus still allowing for enough water hydrating
the polymer in the almost collapsed bead.

In the more general Mie scattering thedPythe scattering
from isolated, nonabsorbing homogeneous spheres of r&dius
can be calculated with freely available computer programs (e.qg.,
Mietab®0):

7= Qeu(XNg/Np)Cp3/(4R)(dnVdcp)/(ns — ng) — (8)

whereQex: is the scattering efficiency of the sphere, that is the
ratio of its scattering cross-section to its geometric cross-section
7R?, andns = ng + pp(dn/dcp) is its refractive index. As soon

as the size parameter= 27Rny/dg exceeds unityz 0 R O
My 3, almost until it reaches a maximum at the first “Mie
ripple”, at an intermediate which is the smaller, the larger the
ratio ng/no. For even largex, 7(R) decays in a damped oscillating
manner.

The above relationships can be used to calculate the turbidity
of a homogenized colloidal solution as a function of wavelength,
solute concentration, structure, and size of the colloids. Such
calculations are shown, with parameters chosen to describe one
of our experiments, in Figure 1. The ambiguity of the inverse
relationship (findvl,, from 7) can be reduced, when the turbidity
is measured at two or more rather different wavelengths; here
7355 refers to the turbidity atp = 355 nm andrgss to that atlg
= 855 nm. The turbidity ratio at two wavelengths (Figure 2) is
given by the ratio of the differential volume scattering cross-
sections, which does not depend on the particle concentration
in the dilute solutions but depends on the particle size and shape,
and which contains also the wavelength dependence/dtsl
and ofng. Nonabsorbing materials obey the Lorenz relationship
n = no(1 + a/A¢?d with constantsp, anda, in the range of
visible light. For an average globular protein in watem/ddp
= (0.1731+ 3694 nni/As?) cm?/g.3t Upon NacCl addition, d/
dcp decreases by=0.03 M 1Cyaci3! For the dendrimer, we
found ch/dcp = 0.16 cn¥/g in 0.25 M NaCl at pH 10 andy =
488 nm. As an approximation we calculated the data in Figures
1 and 2 with a fixed d/dce = 0.18 cnd/g for the PEC and a
solvent refractive indexy = 1.3395, regardless of the wave-
length, for an easier recognition of the size and shape effects
(HQ in eq 1,Qex in eqg 8). If two of the three parameters, (i)
total solute concentration, (i) its partition between bulk and
colloids, and (iii) polydispersity, can be estimated or determined
with the help of other experiments, the third one can be
evaluated with less ambiguity. Unfortunately, one has to
consider that for large size parametgrghe main part of the

Aggregating particles (e.g., branched chains of spherical beadsscattered light will be scattered to very small anghesThe

with radius (5/3Y¥2R;) may form clusters with mass fractal

turbidity will then be found too small, if an acceptance angle
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Figure 1. Modeled RDG turbidities for randomly distributed particles
with R = 1.7 nm,b = 8 nm (coils), eh/dc> = 0.18 cn¥/g, cp = 0.4
mg/cn?, pp = 750 mg/cnd, in solvent withny = 1.3395, atlo = 355

nm (thick lines) and 855 nm (thin lines): (a) spheres, (b) RLCA clusters
(de = 2.1), (c) DLCA clustersdr = 1.8), (d) polydisperse coils, (e)
monodisperse coils, (f) rods. Mie turbidities for nonabsorbing spheres
are added for comparison (solid symbatgs hollow, 7gss), for different
polymer densitiepp in the spheres. Points at whiély = 0.1, 1, or 10

um are marked with large symbof3 (for Mie spheres) an@ (for
RDG patrticles).
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Figure 2. Calculated turbidity ratio as a function of the molecular
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grade. Water was distilled and further purified by a Millipore
Milli-Q apparatus. Hydrochloric acid (0.25 M HCI) and sodium
hydroxide (NaOH) solutions were prepared from Wako normal
solutions.

Sample Preparation. Methanol was evaporated from the
dendrimer solution in vacuo (about 0.1 mbar). NaPGA was dried
in vacuo over silica gel prior to use. Stock solutions of the
individual polymers (20 mg/cthPAMAM dendrimer, 2 mg/
cm® NaPGA) in aqueous 0.25 M NaCl and of the solvent (aque-
ous 0.25 M NaCl) were prepared, gently filtered through 0.22
um Durapore membranes (Millipore Millex GV) and stored at
4—8 °C. Sample solutions were prepared by mixing these stock
solutions. Hamilton syringes (50 n¥inwvere used for titrations.

Measurements.All measurements were performed at 25
1 °C. The pH was detected by a combined glass electrode
(lwaki, 4 mm o.d.), calibrated by standard buffers. Checking
the EMF of the microsize cell after the titratiorr# h revealed
a drift of the offset up to 0.15 pH units, which was taken as
linear with the number of HCI additions, whereas the slope
remained always unchanged. The turbidity; —In(l/1p), where
I/l is the transmission, was measured with a Shimadzu UV
2200 spectrometer in the wavelength range from 350 to 900
nm. In all titrations, the system after any addition of HCI was
gently stirred and then allowed to equilibrate until a stable pH
reading (usually 1 min; up to several minutes at some pHs below
6.5).

Results

An aqueous solution containing 0.2 mgANaPGA and 0.25
M NaCl and G4-PAMAM dendrimer at a molar exce®sof
the amino groups of the dendrimers over the carboxylate groups
of the polyanions was prepared, and NaOH was added to set
pH ~11, to get neutral amino groups. Then aqueous 0.25 M
HCI was added stepwise. At each titration step the pH was
measured potentiometrically, and the extinction was recorded
as a function of the wavelengfh. Examples of the extinction
function are shown in Figure 3. A smooth wavelength depend-
ence indicates the absence of significant absorption bands of
the PEC in the studied wavelength range, and thus virtually the
extinction is due to the scattering (turbidity) only. Three different
high-turbidity regimes, in general, attributable to mesoscopically
or microscopically phase-separated structures were found. As
a guide to the discussion, we anticipate a brief interpretation of
them. The first high-turbidity regime, between pH 9 and 7, is
most prominent in the cases of dendrimer exc€ss>(1) and

mass and particle architecture. RDG particles are composed fromhas a rather sharp high-pH edge under these conditions. It is

spheres of radius 2.2 nm and polymer density 750 m¢)/@pherical
Mie particles have homogeneous polymer densitigs-( no)/(dn/dce)
with np = 1.3395 and d/dce = 0.18 cn¥/g. The wavelength depend-
encies ofny anddr/dce are neglected.

Omin > 6 allows many scattered photons to arrive at the detector
together with the transmitted ones, which is specifically a
problem, if a conventional spectrophotometer with a slit aperture

probably due to large PEC clusters, collapsing to particles of
higher polymer density at the pH of peak turbidity. This point
might indicate a charge inversion from negative to positive. In
these PECs, only the protonated primary amines of the den-
drimer periphery would interact with carboxylate groups from
the HPE to form ion-pairs.

The second high-turbidity regime, between pH 6 and 4, is

to the monochromator is used (which is the case here) instead®nly observed in the case of HPE exceds< 1). In this case,

of a pinhole configuration.

Experimental Section

Materials. The amino-terminated poly(amido amine) den-
drimer of the fourth generation (G4-PAMAM dendrimé,,
= 14.215 kg/mol) was supplied from Aldrich Chemicals, as a
10% solution in methanol. Polyglutamic acid) sodium salt
(NaPGA,M,, ~ 45 kg/mol) was supplied from Peptide Institute
Inc., lot no. 350922. Sodium chloride (NaCl) was of analytical

PEC charge inversion is likely to occur at the broad turbidity
maximum. Before this can be achieved, most tertiary amines
in the dendrimer interior become also protonate,@ 6.657°
and likely form ion pairs with carboxylate groups from the
interpenetrating HPE, whereas the negative excess charge of
HPE may be further neutralized by the beginning protonation
of its carboxylate groups.

The third high-turbidity region appears in all cases as a
secondary turbidity maximum or a shoulder between pH 4 and
3. It can be assigned to crystallites or fibers of PECs dominated
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Figure 3. Turbidimetric titration of 0.2 mg/chNaPGA with HCI at different G4-PAMAM dendrimer concentratio®$1.33 x 0.2 mg/cn3:
wavelength dependence.
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Figure 4. Turbidimetric titration of 0.2 mg/cfiNaPGA and®/1.33 x 0.2 mg/cni G4-PAMAM dendrimer with HCI: data at two wavelengths,
Ao = 355 and 855 nm. Arrows mark the onsets of three stages of PEC evolution upon dendrimer protonation.

by a-helical PGA domains, because the helooil transitior??
takes place at pH 4.2 in the absence of the dendrimer at this
salt concentratio”® when the carboxylic groups with &g =
4.5 are protonated more than 60%. The turbidity decrease at
pH < 3is due to the precipitation of a macroscopic white solid,
which was not further investigated.

For the semiquantitative analysis, we focus on the turbidities
at two wavelengthszsss (at o1 = 355 nm) andrsss (at Ao 2 =
855 nm). Figure 4 shows these turbidities, obtained as the
average ofr(pHAg) in the wavelength rangé; £ 5 nm (to A
perform some smoothing), as a function of the pH. From Figure 12 10 8 6 4 2
1, one can see that, at the shorter wavelength, the turbidity is decreasing pH
sensitive to the increase of tMg, in the range 19to 101 g/mol, Figure 5. Wavelength dependence of measured turbidities, for different
covering all but the very early steps of PEC formation. On the @
other hand, at the longer wavelength, larger PEC clusters (up The Rayleigh limit for small independent colloids extends
to ~10'25 g/mol) are expected to maintain a scattering yet in only up to ~10° and ~10°7 g/mol at 355 and 855 nm,
accord with the RDG theory, but the turbidityss from particles respectively; only in this range are th, calculated with eq 1
with M, < 10° g/mol cannot be distinguished from the noise at (HQZ = KRgayleigi87/3, Cp = CnarcAl + Pm) where &, =
the applied colloid concentrations and slab thickness. The ratio 0.75D) reliable. The estimatehll,,(pH) are plotted in Figure 6.
of the turbiditiesssg73ss5 displayed in Figure 5, is an indicator ~ LargerM,, can be taken as minimum estimates, wheiMgas<
for the type of scattering: it is close togfs/r3s5)* ~ 0.03 for 5 x 10° g/mol are meaningless due to the lack of error-free
Rayleigh scattering, i50.16 in the RDG region, and may reach baseline subtraction. First we describe the high-pH (low-
values close to unity in the “Mie ripple” region (compare with turbidity) region and its evolution with the increase of the proton
Figure 2). activity. From pH 11 to about 8.8, the turbidity (and likely the
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2.5x 10° and 14x 1P g/mol; the higher values corresponding

to the systems with no dendrimer excess. For the two highest
dendrimer excesse®(= 13.4 and 6.65), th#,, values from

7355 (7855 at the end of the first increase were found to be 2.5

x 10° (7 x 10°) and 5x 1P (10 x 1CP) g/mol, respectively.

The lowest values with respect to the other mixing ratios were
indeed expected, because the excess dendrimer more dominantly
contributes to thévl,, and because the GPE excess decreases
the probability that a GPE cross-links two HPEs.

The second step in the turbidity and correspondg
increase is observed in a very narrow pH range, betweeit 9.4
0.1 (onset 2) and 9.1F 0.05 (onset 3). In this range, which
interestingly is centered at the&Kp= 9.2 of the dendrimer’s
primary amino group%; the turbidity scales with the power 2.5
=+ 0.5 of the proton activity, as can be observed from the slopes
in the double logarithmic Figure 4. The normalized turbidity
7355(0.4 mg/cnd)/cp at the end of that step is in the range G-08
0.51 cntl. These turbidities are already too large to be related
to an unambiguoub,, estimate. We see in Figure 1 that 0.32
cm 1 is the limiting RDG turbidity 7355(0.4 mg/cn3)/ce of
diffusion-limited colloid aggregation (DLCA) clusters of even
much higheM,, (= 10'* g/mol), whereas such a turbidity could
either be measured if all the solute forms RLCA clusters with
My = 4 x 10 g/mol and the estimated core siZ&) The M,
estimated fromrgss are now more reliable than those estimated
from 7355 and show a peakMy, > 2.3 x 10° g/mol) at the
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Figure 6. Conservative estimates of weight-averaged molecular mass _; .. . . . . _
in the mixtures from turbidities in Figures 3 and 4 and (from Rayleigh stoichiometric ra_‘tlo © = 1.0D). ) ) ]
limit of RDG theory, eq 1): (a) fromsss, (b) from 7gss. Arrows in (a) When the pH is decreased to below 9.17, in all mixtures with

mark the onsets of three different evolution steps upon dendrimer an excess of the dendrimer amino groups over carboxylic groups
protonation. (@ > 1), the turbidity increases by about 1 order of magnitude
in a pH range as narrow as 0.2. The particles obviously become
too large or dense for the RDG treatment: this can be seen
from the strong increase of the ratigsg/t3s5 to ~0.7 (Figure

5), which exceeds significantly the limit for RDG particles (0.16,

TABLE 1: Transitions in the Observed High-pH Turbidity
Behavior upon Dendrimer Charging, as a Function of the
GPE/HPE Stoichiometry?

o pH 5,3;’5/1 Crﬁfl T,isi g“.",;”]'g?i g'\./ln“;'gii see Figure 2), when the pH is lowered to below 9. Furthgy,
Onset (of step) 1: Transient PEC Formation > 4 x 10 g/mol can be yet confservatllvely estlmated_from
067 1078 0.017 0‘_001 0030 2010 2.9x 10° 7855 > 1.4 for the general RDG or Mie patrticles, at the maximum
1.01 1045 0.025 0.001 0.052 >310°  6.3x 10° at pH = 9. The apparently highedl, is found to be=5 x
1.31 1095 0.021 0.001 0.032 X1¢° 2.8x 10° 10'° g/mol from rgs5s = 0.86 at® = 1.01. In all cases the
267 1090 0.014 0.001 0.084 121 3.4x10° maximum ofrzss occurs at a significantly higher pH than that
12-35 1%32 8-8@‘8 8-88% (O)-g% iﬁig i%i ig of 7gs5 Which is clear evidence for the saturation of the scattering
: ) : ) ) ’ : efficiency (Mie scattering regime, first Mie ripple, accessed at
Onset (of step) 2: Low-Density PEC Cluster Aggregation, a certain size/wavelength ratio, thus, for growing particles, first
g:gz g:gg 8:822 8:88? 8:8?‘71 1}2187 é:éi ige at smaller wavelength). Figure 1 ShOWS thatthg at this Mie
1.31 9.49 0.076 0.002 0.020 9410 6.4x 1CF rlpple should reach 18 CTﬁ, a much hlgher value than the 2.6
267 937 0.104 0.008 0.078 8610°F 2.3x 10 cm~1 actually found. Thus eithersss is measured far too low,
6.65 9.38 0.128 0.010 0.076 5310° 1.4x 10 or, more likely, less than 15% of the polymer forms large
13.4 9.45 0.109 0.011 0.104 2510° 8.6x 10° spheres with amM,, > 10 g/mol, which dominate the total
Onset (of step) 3: Beginning PEC Cluster Collapse scattering in a polydisperse system.
(1)'81 g'gg g'iig 8'8313 8'183 gﬁig %gi ig In the case of HPE exces® (< 1.01), the transition (onset
131 914 0310 0025 0081 39107 1.0x 10° 3) is shifted to considerably lower pH values (the second high-
2.67 908 0274 0038 0137 2310 1.0x 10° turbidity region) and becomes much less abrupt.
6.65 9.10 0416 0.054 0.130 1w10' 7.6x 10 In the near-stoichiometric cases, the turbidity maximum is a
13.4 9.16 0.430 0.059 0.138 9710° 4.5x 107

broad plateau ranging up to pH 6.7, a pH just above thep

6.65 of the tertiary amino groups in the interior of the GPEs.
Both the turbidities and the ratigss/7355 decrease when these
amino groups become protonated, and the effect is larger when
My) increases with decreasing pH in three steps. Their onsetsthe dendrimer exces® is increased. The most drastic change
are reported in Table 1. At pH 11, tiM, is 16° 4= 10° g/mol, at this Ky is at® = 1.31 (1:1 mass ratio), as can be seen from
undetermined within experimental error and possibly equal to the strong decrease in thgs/tsssin Figure 5. The response of
the M,y of the noninteracting PE mixtures. Starting at pH the PEC system to produce an equilibrium pH after a HCI

aMw,/gemol~! is the molecular mass estimate obtained from
considering Rayleigh scattering.

between 11.1 and 10.5 (onset 1355 andM,, increase linearly
with the decreasing pH down to pH 94 0.1. At the end of
that increase, thdl,, has reached significant values between

addition was systematically slow in this pH range and especially
in the casab = 1.31, where considerable drift of the pH reading
continued for more than 10 min. Obviously a heavily cross-
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step 1 step 2

Figure 7. Schematic presentation of regimes of the transitions. A primary PEC cluster is formed at the end of step 1, which undergoes cluster
aggregation to form large secondary PEC clusters at the end of step 2. In the vicinity of their isoelectric point, clusters may collapse to “spheres”
in step 3.

linked, compact cluster (Mie sphere like scatterer) is forced to the ratiorgsg/t3s5 But collapsed spheres, responsible gy
slowly rearrange into a more expanded structure (less densersss > 0.16, are obviously not completely reswelled until the
scatterer), to distribute the PEC overcharge. The slow expansionpH is lowered to at least thekp of the carboxylic functions.
must proceed before new protons can be rapidly accepted by PECs with® > 1, which collapsed before the tertiary amines
the GPE. in the dendrimer interior were protonated, reswell at pH.

In the range 5.5> pH > 2.5 the ratiorgsg73ss remains at  Enough PGA segments are released to become extensively
high plateau values above 0.2 which are highe41.§) for the protonated and to form crystallinehelical) domains, so that
lowest®. This means that large and dense Mie scatterers remainthe turbidity exhibits another maximum at pH 3.5. Systems with
in the system although, at a pH below thi.p= 4.4 of the ® < 1.3 also show such a maximum, although much less
HPE carboxylic groups, free segments of the HPE would pronounced because the PECs are more stable at pH
become more and more protonategss does not decrease to In static light scattering? the Ry of PEC particles was found
below 0.7 cm* in that range, with the lowest values attained {5 jncrease with the power 0.44 of the proton activity in the
at large® and pH just above theip of the HPE. Protonating  first and second stages from40 nm, to “saturate” finally at
further, at pH 4 (just below the pH of the hetixoil transition 250-500 nm, with the validity of the finding depending on the
of the PGA),73s5 andzgss subsequently increase again, produc-  correct zero-extrapolation of the scattering cuieg. Such zero
ing & kink in thergsg/7sss vs pH curves. This increase toward @  extrapolation may be very erroneous in the case of large

turbidity maximum at pH 3.5 is more pronounced the higher is particles, for the following reasons: (i) The scattering angle
the dendrimer excess, and a dispersion of white solid is producedgependency of the scattering from large and dense “Mie

like in the crystallization of-helical PGA. particles” is rather different from that of RDG particles at any
] ) but the smallest (not accessed) angles. (i) The scattering
Discussion function for polydisperse nonabsorbing Mie particles at accessed

The 7 vs pH behavior will be discussed first and then we Scattering angles between 15 and 16y look similar to that
will discuss the significance of the interpretation and compare for polydisperse RDG particles with far lower average sigg (
the results to the outcome from static and dynamic light Details of the Mie scattering function depend strongly not only
scattering experiments. on the size parameter (e.gy/4) but also on the relative

The first two steps of PEC growth do not depend so much refracnye_‘ |nd|ces_. (i) Multlple scatterlng is also a concern,
on the stoichiometry but obviously on the electrostatic charge Which, ifignored in strongly light attenuating samples, leads to
density on the dendrimer: critical charge densities for PEC the finding of too smalllpartlcles. On the qther hand,_turbldlty
formation are widely established. The first step (onset 1) was measurements are not |nf|uence_d by multiple scattering and do
more accurately determined from static light scattefhghe not need to rely on extrapolation. However, a nonzero ac-
second step probably is a colloid aggregation process betweerfeptance anglémi, may cause under_estlmated turbidities at high
PEC clusters with positively and negatively charged patches ratiosRy/4 and thus also some too high ratiegy/zsss However,
(the peripheric GPEs and HPE segments). Because of a nonzerd€ effect should be small unle8g reaches severaim.
net charge of the clusters, the aggregation will require an Consequently, for particles with lardé,, the combination
additional attractive interaction, likely the increasing Flery  of turbidity measurement at two wavelengths and DLS yields
Huggins incompatibility between solvent molecules and growing more reliable results than the combination of “high-angle” low-
PECs. At the beginning of the third step the turbidity is found resolution SLS data without special Mie fitting and DLS. The
a little larger than the expectation for DLCA clusters, but is highest found values afgss ~ 1 cm ™ atcp = 0.4 mg/cnd can
well in the range as expected for intermediates between DLCA only be explained by dense particles witivi, > 2 x 101
and RLCA clusters. A probable scenario is that, in the observed 9/mol; even RLCA clusters, of 1000-fold high#t,, on the
collapse transition (onset 3), such clusters bf,a> 10 g/mol basis of dense necklace beads aggregation, would not yield such
become nearly electroneutral (by GPE protonation) and then @ high turbidity. The high rati@gss/'tsss ~ 0.7 found is further
do not withstand a collapse of the cluster to a dense sphere€evidence of the scattering from too dense and large particles,
with the sameM,,, which might coalesce with a few further ~as described by RDG theory (see Figure 2): the presence of
PECs. Even if the collapse occurs only for 15% of the PEC, large dense sphereR & 500 nm) is most likely.
the scattering will be dominated by that of the spheres. The Dynamic light scattering showétthat a correlation length
collapsed fraction likely becomes maximal at theopthe PEC. &> which was attributed to the average nonrandom distance
Generally, the collapsed sphere may be stabilized againstbetween PEC clusters increased from 80 to 1300 nm in the case
aggregation by a hydrophilic corona of expanded, charged PEC.of high dendrimer excessi( > 2.67) in the first and second
Otherwise, a complex coacervate is formed at slightly higher stages, whereas in the stoichiometric cade € 1.01) &,
polymer concentration. The evolution up to this point is sketched increased only to 630 nrng, was interpreted as the diameter of
in Figure 7. Upon further protonation, an expansion of the the average spherical cell of volum&g, that makes up the
overcharged sphere is likely, to decrease both the turbidity anddepletion layer around a single PEC cluster. Considering that
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all the polymer mas¥.eiCp is accumulated in the PEC cluster where in the absence of the dendrimer the homopolyelectrolyte
in the center oW, the corresponding cluster (molecular) mass undergoest-helix formation and crystallization, a white solid
was calculated and was found in the same order of magnitudeis also produced with large dendrimer excess but not so in
as theM,, independently calculated from the extrapolated zero- systems with apparently more stable near-stoichiometric PECs.
angle scattering intensities. With tRg of the clusters evaluated

from the indirect Fourier transform of the measured static light ~ Acknowledgment. This work was supported by the Mit-
scattering function to be in the range 4300 nm, the PEC  subishi Foundation.

cluster with spherical excluded volume (5/3},° was estimated

to consist of more than 99% of solvent. The refractive index of References and Notes

such a particle would be less than 0.3% different from the (1) Kumar, M. N. V. R.React. Funct. Polyn200Q 46, 1—-27.
refractive index of the solvent. Such a particle would ne®j a ~ (2) Chen, L. A; Carbonell, R. G.; Serad, G. A. Chem. Technol.
larger than 5um to exhibit similar scattering efficiencies for B'Ot(?)hQ?Q,lg?aoﬂﬁ'in7,4p(>.}z.5ﬁw|acromo|ecu|ar Complexes in Chemistry
lights of 355 and 855 nm wavelengths, that is, to surpass the and Biology Dubin, P., Bock, J., Davies, R. M., Schulz, D. N., Thies, C.,
first Mie ripple for the former. However, as indicated in Figure Eds.; Springer: Berlin, 1994; Chapter 15, pp 2471.

1, a sphere with a refractive index 10% larger than that of the _ _(4) Dumitriu, S.; Chornet, EAdv. Drug Delivery Re. 1998 31, 223~
solvent, being filled with a collapsed PEC at a polymer density ™ (5) zezin, A.; Rogacheva, V.; Skobeleva, V.; KabanovPdlym. Ad.

pp = 750 mg/cnd, reaches the first Mie ripple &, = 600 nm. Technol.2002 13, 919-925.

In light of this result the former interpretation of the DLS data (6) Adrianov, A. K.; Chen, J.; Payne, L. Giomaterials1998 19,
becomes doubtful. It is much more likely that, at least after the 109-115.

" . (7) Burgess, D. J. IMacromolecular Complexes in Chemistry and
collapse transitions,(q—0) corresponds to the hydrodynamic  Biology, Dubin, P., Bock, J., Davies, R. M., Schulz, D. N., Thies, C., Eds.;

radiusR;, of the PEC cluster. For a perfect (hard) sph&es= Spri(ns%eg_dBerlin, 1994, Chapter 17, pp %8500-0 12000 16
= 2R - — ideratou, Z.; Tsiourvas, D.; Paleos, C. Mangmuir 16,

R = (5/3}'2Ry; thus the&, _1300 nm would correspoEd ®y 17661769,

~ 1000 nm, wherergsg7sss = 0.7 is expected for @ap = 290 (9) Hu, Y.; Jiang, X.; Ding, Y.; Ge, H.; Yuan, Y.; Yang, C.

mg/cn?. For the stoichiometric PECRy ~ 490 nm and the Biomaterials2002 23, 3193-3201.

polymer densityp in such spheres would be moderate 600 mg/ ~ (10) Jiang, H. L.; Zhu, K. JJ. Appl. Polym. Sci2001 80, 1416-1425.
cm? to match the conditiongss/'73ss = 0.7 (see Figure 2). The Sci(.lzlgoi%kf%?% él'7.,4'.l'akata, H.; Toga, T.; Nakanishi JKAppl. Polym.
previous interpretation of the |Ight Scattering data COU|d, (12) Kono, K.; Okabe, H.; Morimoto, K.; Takagishi, J. Appl. Polym.
however, be valid in the first stages of the PEC formation still Sci.200Q 77, 2703-2710.

far away from the collapse transition. The light scattering data . (13) Kono. K.; Nishihara, . Takagishi, T. Appl. Polym. Scil995

: A, 56, 707.
taken from that region, wheress/zsss < 0.15 indicates RDG (14) Park, J. M.; Muhoberac, B. B.; Dubin, P. L.; XiaMacromolecules
behavior, were apparently analyzed by a proper method. 1992 25, 290-295.

(15) Mizusaki, M.; Morishima, Y.; Dubin, P. L1. Phys. Chem. B998
102, 1908-1915.
(16) Azegami, S.; Tsuboi, A.; Izumi, T.; Hirata, M.; Dubin, P. L.; Wang,

_ idi ; B.; Kokufuta, E.Langmuir1999 15, 940-947.
Wavelength-dependent turbidity measurements of solutions (17) Yoshida, K. Dubin, P. LColloids Surf. AL999 147, 161-167.

containing bifunctional dendrimer and homopolyelectrolyte,  (1g) welch, P.: Muthukumar, MMacromolecule€00Q 33, 6159-67.
undergoing PEC formation upon protonation of the dendrimer,  (19) Kabanov, V. A.; Zezin, A. B.; Rogacheva, V. B.; Gulyaeva, Zh.

revealed three high-turbidity regimes, with their pH ranges féég%nzsolcg&\fighgél:'; Joosten, J. G. H.; BrackmarMacromolecules
correlated with the I, of the concerning functional groups. (20) Rigsbee, D. R.; Dubin, P. ILangmuir 1996 12, 1928-1929.

The maximum of the first high-turbidity regime was close to (21) Imae, T.; Miura, AJ. Phys. ChemB 2003 107, 8088-8092.
the K, of the peripheral amino groups of the dendrimer, logg)gsl\g?gissgg, K. W.; Dubin, P. L.; Brittain, . Phys. Chem. B998
observable Only in the case of dendrlmgr_ Excess. C_)ompargtlve (23) Zintchen.ko, A.; Dautzenberg, H.; Tauer, K.; Khrenov¥ngmuir
RDG and Mie analyses of the turbidity, combined with 2002 18 1386-1393.
previously reported dynamic light scattering data, revealed the (24) Leisner, D.; Imae, TJ. Phys. Chem. R003 107, 8078-8087.
formation of dense PEC particles withl um diameter by gg; lﬁilrslgg:éDM 'ﬂa‘é Tle/l- PC%S'EJhegﬁe?OShlcgggélgg_ é%gz
collapse of PECs with densities comparable to that of RLCA 3777 P T VT A T ’
clusters. A second high-turbidity region was centered at a pH  (27) Pedersen, J. $\dv. Colloid Interface Sci1997, 70, 171-210.
close to the K, of the amino groups in the interior of the (28) Minko, S.; Kiriy, A.; Gorodyska, G.; Stamm, M. Am. Chem.
dendrimer. It was observed for systems with carboxylate excess 052002 124 3218-3219. . : :
o . . . (29) Bohren, C. F.; Huffman, D. RAbsorption and Scattering of Light
over amino/ammonium groups and again attributable to compactpy Small ParticlesWiley: New York, 1983.
particles with similar size to the former. Then ion-pairing likely |(|30) MieTab 6.37 for Windows 3.1, copyright 1993997 by August
. . . A . MI er.
extendeq to the ammonium groups in the dendrimer interior. (31) Light Scattering from Polymer Solutiansiuglin, M. B., Ed.:
PECs with the highest polymer density were formed at the academic Press: New York, 1972; Chapter 6.

stoichiometric ratio. At pH< pK, of the carboxylic groups, (32) Nishio, T.Biophys. Chem199§ 71, 173-184.

Conclusions



