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ABSTRACT: The structural properties of generation 4 (G4) poly(amidoamine) starburst dendrimers (PAMAM)
with an ethylenediamine (EDA) central core in@solutions have been studied by small-angle neutron scattering
(SANS). Upon the addition of DCI, SANS patterns show pronounced inter-particle correlation peaks due to the
strong repulsion introduced by the protonation of the amino groups of the dendrimers. By solving the ©rnstein
Zernike integral equation (OZ) with hypernetted chain closure (HNC), the dendtileedrimer structure factor

S(Q) is determined and used to fit the experimental data, wideethe magnitude of the scattering wave vector.
Quantitative information such as the effective charge per dendrimer and the radius of gyRatiahdifferent

pD values is obtained. The results show tRatonly changes by about 4% when the pD value varies from 10.25

to 4.97, and significant counterion association/condensation occurs, strongly mediating the inter-dendrimer
interaction. The influence of interplay between counterions and molecular protonation of dendrimers imposes a
strong effect on the dendrimer conformation and effective interaction. Although the chaRgésofery small,

careful analyses of the higb data and fitting parameters indicate a possible internal structure change of a dendrimer
when the amino groups are progressively charged.

I. Introduction internal cavities, the dendrimer molecule may provide a practical

Dendrimers are regularly branched spherical macromoleculesmeans to facilitate the delivery of dendrimetrug complexes
with well-defined hierarchical architectures built from muilti- 0 certain target areds. In this application, the dendrimer
functional core molecules. They can be synthesized iteratively. molecular conformation is expected to play a key role in
In each sequence a hew concentric shell consisting of terminaldetermining to what extent the accommodation of the foreign
groups is added and leads to the next generation of dendrimersmolecules can build up. With the peripheral primary and interior
With each ensuing generation, the size and the molecular weighttertiary amino groups the protonation of PAMAM dendrimer
increases approximately linearly but the number of the growing molecules can be precisely modulated by adjusting the pH value
terminal groups increases exponentially. Several intrinsic prop- of the solution. This tunable repulsion due to the charged amino
erties, including small and well-defined molecular architectures groups promises the possibility of controlling the molecular
on the nanometer length scale; high structural and physico- conformation by varying the physiological conditions of solu-
chemical uniformity; and the ability to be functionalized to fit tions.

specific uses through the modification of the peripheral multi-  computationally this scenario was first exploited by Welch
valent surface, interior region and core molecule, makes gndq MuthukumaP.In their work, the bead-and-spring model,
dendrimers promising candidates for an expanding range of yhere a unit charge is associated with each bead representing
applicationsi™ ) ) - _ the amino groups, was developed and based on this model,
Among over 100 different dendrimer compositions, the family n1qnte Carlo (MC) simulations were performed to mimic the
of the polyamidoamine dendrimers (PAMAM) with ethylene-  piqp1y charged PAMAM dendrimers in aqueous solutions. A

diamine ('EIIIDA) C(')Irislé%r']lfjh amitr:o gbroup is the first one to be ,hyivial structural dependence of the charged dendrimers on
commercially available.” There has been an increasing Interest o jonic strength of the solutions was predicted: Upon

|nf ﬂ;e'r potetr_mal (;ned_lcal appllce;_tlons_;jhus tﬁ g_]e combltnslt]on decreasing the salt concentration, they showed that the dendrimer
of aforementioned unique properties with high biocompatibility, - i density profile undergoes a conformational transition from

low immunogenicity, and ease of syntheses on a large scalea compact profile to an extended one. In a certain range of ionic

with reasonable manufacturing costs. . . .
One of the proposed uses is that, by encapsulating exogenouss'[rength and pH, the radius of gyratié was predicted to

i . S vary up to a factor of 1.8. In the above research the solvent
materials, such as the therapeutic drug molecules, within the . .
was treated as a continuous medium and the effect of counte-

* Corresponding author. E-mail: Imagid@utk.edu rions was not considered explicitly. Therefore, it is conjectured
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each with a variable degree of success, to improve the therefore inevitably alters the effective charge carried by a
computational result®-17 Despite the apparent numerical dendrimer molecule and the ionic strength of the solution, but
discordances due to the different simulation algorithms em- it may also contribute to the aforementioned predicted confor-
ployed, they all seem to lead to a qualitatively consistent mation transition and result in the variation of the dendrimer
conclusiont®-1315-17 protonation of the amino groups introduces molecular size and the total dendrimer volume fraction. The
an effect similar to that demonstrated by Welch and Muthuku- charged dendrimer solutions have been the subject of several
mar's mean-field approach, namely a conformational change. small angle scattering studi&s?> 25> However, a quantitative
Not found in the mean-field simulation results, but revealed by description of the counterion effect does not exist. One of the
recent atomic resolution molecular dynamics simulations is that questions motivating the present study is to understand the roles
by considering the water molecules and counterions explicitly, of the counterions, the effective charges carried by the dendrimer
the swelling of the dendrimer molecule cannot be attributed molecule and its intrinsic molecular conformation controlling
merely to the pH effect. Instead, it manifests the collective effect the inter-dendrimer interaction and consequently the final
of the presence of the water molecules within the interior cavities equilibrium structure.

and the counterions attracted onto the molecule as *#&ll. The present work advances the current state of understanding
However, due to the constraints of current computer power, thein the following ways: we use the inter-dendrimer structure
best simulated scenario is still essentially different from the real factor Q), obtained by solving the OZ equation numerically
physicochemical conditiot?. Moreover, experimental evidence  with the hypernetted chain approximation (HN&jnd the intra-
suggests an invariance of the molecular conformation of dendrimer structure factd?(Q) to analyze the SANS intensity
generation 8 (G8) dendrimers in,®O upon increasing the  distributions for various thermodynamic states of the charged
protonation, a contradictory picture to the computational predic- dendrimer solutions. We demonstrate how the effect of the
tions20 Therefore, the harder question of whether under the counterions on the dendrimer conformation and effective
experimental conditions the dependence of the dendrimerinteraction can be understood when the fluctuation of ionic
conformation on the counterion effect and ionic strength is strength due to the interplay of the electrostatic attraction
consistent with the computational predictions has not been between the counterions and the protonated dendrimer molecules
answered unambiguously. are specifically included into the model of charged dendrimer

It is therefore interesting and important to study and Sflutions. _ _ _
characterize the structure and the effective interaction of these ~This paper is organized as follows. In section Il, we describe
charged dendrimers in aqueous solutions for the cases in whichih€ preparation of the charged dendrimer solutions and the
computer simulation results are available for comparison. SANS experiments. The modeling of the SANS absolute
Because of the limit of computation power, most computational intensity, including the introduction d?(Q), YQ), OZ-HNC
works simulate the molecular conformation changes of den- @PProach, and the generalized one-component macroion theory
drimers of generation 1 to generatiod%?5 In this paper, we (GOCM) used to incorporate the ionic strength into the model,

provide the first report of quantitative information concerning &r€ introduced in section Ill. Section IV presents the model
conformational changes of generation 4 (G4) PAMAM den- fitting results in detail. We end with a few concluding remarks
drimers in DO for the pD value ranging from 10.25 to 4.97. [N séction V.

Together with the conformation change, the counterions || materials and Methods
associated with each dendrimer are also obtained in the current

study through the relations between the structure fastQ) Materials. Newly available higher purity biomedical grade

. : e - - . Generation 4 (G4) polyamidoamine starburst dendrimers (PAMAM)
and the inter-particle interaction characterized by the effective with ethylenediamine (EDA) cores were purchased from Dendritech

pair potential modeVer(r), which takes into account solvent - “Midland, MI26 Deuterium chloride (catalog number DLM-
effects in an implicit manner. In general_the link b_etween the 54-25) and deuterium oxide (catalog number DLM-6-10X1) were
structure factor§(Q) (or equivalently pair correlation func-  optained from Cambridge Isotope Laboratories, Inc., Andover,
tiong(r)) and the effective interaction is provided by solving MA.26 The solutions were filtered (Whatman Anotop 25 0:08,
the Ornstein-Zernike integral equation (OZ)with a specific category number 6809-4102, batch no. 05063&jd checked by
closure. TheS(Q) obtained by solving the OZ equation has been dynamic light scattering prior to SANS measurements to make sure
proved to be accurate for various potentials and a suitable choicel® completely remove any amount of possible aggregates. The
of closures. It can be immediately appreciated that the effective déndrimer concentration of the samples used in the SANS experi-
inter-particle interaction stemming from this one-component MENt was kept at a constant value of 0.0225 g/inlthe current

. o : report, the added deuterium chloride used to protonate the amino
picture depends sensitively on the thermodynamic state of the

. groups is represented liy, the molar ratio of acid to the primary
whole system. For an electrolyte solution such as the chargedaming groupg?” The relation between and the pD values of G4

dendrimer solution, the most relevant physical quantities in charged dendrimer solutions studied in this report is given in Figure
determining the thermodynamic equilibrium state is the excluded 1a. The chloride concentration as a function of pD value is given
volume of the particle, the charges carried by the particle and in Figure 1b as well.

the ionic strength of the medium. In comparison to the globular It is important to realize that the pH of a solution in® is
colloidal systems such as protein solutions, it is essential to takedifferent from its corresponding pD in a,D solution when [H]

into account its unique dual structural characteristics by using = [D”]. It is generally agreed that p& pH + 0.41?% where pH

SANS technique to study the structure of charged dendrimers!S the value measured with a conventional pH meter (a METTLER
solutions: In addition to the overall globular shape like the TOLEDO S20 SevenEasy pH meter is used in this current $fudy

traditional colloids, dendrimer molecules possess a polymer- This should be kept in mind when discussing the relation between

lie feature at the molecular length scale. In particular, the local |"6.P2,and the charge.
Ike Teature al the molecular length scalé. In particular, the loca Small-Angle Neutron Scattering (SANS) SANS measurements

structural openness, combined with the association of counte-ere performed on the NG-3 SANS instruments at the NIST Center
rions with the dendrimer molecule due to the electrostatic for Neutron Research. The wavelength of the incident neutrons was
attraction when the amino groups are protonated, not only 6.0 A, with wavelength spreadsA{)/(%), of 15%. The scattering
extensively redistributes the counterions in the solutions and wave vectoiQ ranges from 0.0045 to 0.45A The samples were
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18— ' ' - ; ; tational and theoretical evidence, Ballauff and Likos conclude
16k ] that the dense-core model proposed by Lescanec and Muthu-
°© kumae® is indeed an unequivocal characterization of the
(@) o ] dendrimer molecular density profile. Consistent with this picture,
12F o ] Rathgeber and co-workéPpropose a semiempirical model for
ok ] the normalized dendrimer form factB(Q), which is similar to
a o the form factor model for star polymers previously given by
08| o ] Pedersen?
0.6 o B 3
3 ] P(Q) = sin (QR) —
04 o Q) {(QR)?,[ QR
02| ) ] Q%A 2
b | | | 0 QRcos QR)] exp(— T)] + &P QRe) (2)
& | i . | i
L ° 1 Schematically, its physical meaning can be best depicted with
045 - 1 the following argument: Unlike the well-defined interface
L (b) °© ] characterized by th@* Porod decay, the scattering length
o 1 density is found to change continuously across the dendrimer-
010 L o ] solvent interface due to the unique cascade structure of the
[, 1 dendrimer molecules. To model the scattering contribution from
- ) 1 an object with this so-called diffuse interfat&e?° the local
I o ] variation of the scattering length density profile is treated as a
0.05 |- . step profile representing a solid sphere with raddigs used
r ° ] in ref 20, convoluted with a smooth function (a Gaussian
o | distribution with standard deviatianis chosen in their model),
o 1 as shown in the first term of the right-hand side of eq 2. The
- . - " . P second term is introduced to incorporate the scattering contribu-
pD tion from the intra-dendrimer density fluctuations dominating

Figure 1. (a) pD value of PAMAM dendrimers of generation 4 in at IargQQ, with & giving the ra.tlo. of its contribution Q)

D,O solutions with concentration of 0.0225 g/mL as a functionwof ~ NOrmalized to the first term. It is important to note that, for all

using DCI. (b) Total molar concentration of chloride added in the the SANS intensity distributions reported here, except for the

solutions as a function of pD is given in the bottom panel. a = 0, the presence of the structure fac&f) due to the
screened Coulombic inter-dendrimer interaction considerably

con_tainedrh a 2 mmpath length quartz cells obtained from Hellma complicates the inverse Fourier transform (IFT) approach,
Optik GmbH Jena, Jena, _Germany (category number 120 mat. COdeadopted by Rathgeber and co-workéfer the case of dilute
QS)% and all the experiments were performed at a controlled

temperature of 23.@ 0.1 °C. The measured intensity was also uncharged dendrimer sollutio.ns, to obtain the radius of gyratipn
corrected for detector background and sensitivity and for scattering 6 Precisely. Therefore, in this study we propose an alternative

contributed from the empty cells and placed in an absolute scale Solution to bypass this highly nonlinear mathematical approach.
using a direct beam measurem&ht. First, we define the first term on the right-hand side of eq 2 as

Ill. Theoretical Basis
SANS scattering intensityl(Q) obtained from colloidal

AQR0) = { (Q3R) [sin@QR) ~

suspensions can be expressetf as onz 2
QRcosQR)] exp(— 2 )] 3)
1(Q) = npro(p — p9* PQSQ) (1)
The radius of gyratiorRs is defined as
wherenp gives the number density of the dendrimers in the
solutions,vp the volume of a single dendrimer molecuge;- IAYZP(?)(f
ps, the difference of the scattering length density between the 2 0 (4)
dissolved dendrimers and the solveR(Q) the normalized fp(?)d?’
dendrimer form factor, an8(Q) the structure factor. Equation
1 is usually called the factorization approximation. where p(F) is the intra-particle scattering length distribution

Model of the Intra-Particle Structure Factor P(Q). There function. ThenRs can be calculated and expressed as a simple

has been much interest in understanding the molecular densityanalytical function ofR ando:
profile of dendrimers since their first synthesis: From an ,
intuitive point of view, dendrimers can be viewed as macro- V5 AQ,Ro
molecules with empty interior region and peripheral region with ~ Rs” = Rg(R0) = M =3 (2R + 507)

; : ; p » i A(Q=0R0) 10
highest segmental density. This so-called “dense-shell” picture (5)
is supported by the theoretical work of de Gennes &t @n
the other hand, in previous scattering experiments a uniform  During the derivation, the contribution from the second term
density picture was first used to model the molecular density of eq 2 is ignored due to its negligible small value wh@n
profile of dendrimer molecules and their charged state in approaches zero.
agueous solutior®.In several recent comprehensive reviéis? The intramolecular scattering length density profile in this
after summarizing a range of consistent experimental, compu- proposed model can be schematically characterized by a smooth
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decay from the central plateau region along the radial direction

to its periphery with a Gaussian dependence on length.
Model of the Inter-Particle Structure Factor S(Q). The

OZ integral equation gives the exact mathematical relation in

terms of different spatial distribution functiofs:

h(r) =c(r) + np fc(|T' — T Dh(F)*¥', wherer = |F|
(6)

In eq 6,h(r) = g(r) — 1, whereg(r) is the pair correlation
function, gives the total correlation function between two given
particles and is the sum of two contributiong(r) which
measures the “direct” correlation between the two particles, plus
the “indirect” effect, the additional contribution ta(r) from
correlations transmitted between these two particles via a third
particle, which is expressed through the integral of the direct
correlation functiore(r) with the total correlation functioh(r)
over all the possible configurations of the third particle and
multiplied by the number density of particles.

The inter-particle structure facto®Q), which is defined as

SQ =1+ng [ h(r) expiQeT)d* T 7

can be obtained by solving eq 6 with a suitable closure relation
which relates the direct correlation functiafr) back to the
total correlation functiorh(r) and is highly dependent on the
nature of the effective pair potentid(r). In the current report,
the structure factd®Q) is obtained by solving eq 6 numerically
with the hypernetted chain (HNC) approximati#in:

V()

keT
h(r) = —1,

c(r) = +h(r)—In[1+h(r)], r>d

®)

r<d 9)
whereV(r) is the effective pair potential between any two given
particles andd is the particle diameter due to the excluded
volume effect. During the model fitting, the effective hard-core
radius is defined aRs so thatd = 2Rs. We have tried to let
the hard-core diameter vary as a fitting parameter, however,
the results for small and large show that the ratio between
the fitted hard-core radius ariR} is about one. We then assign
the hard-core radius aBg in all the fittings, which show
excellent fitting resultd! The effective volume of a single
dendrimer molecule is then defined ag (47I3)RsE.

Theoretically speaking, dendrimer molecules have been con-

sidered as soft colloids with soft-core interacting potential. An
experimental investigation of the soft-core properties of den-
drimers is ongoing, which will be addressed in our future paper.

The current research focuses on studying the low concentration
charged dendrimer solutions, and it is expected that under this

condition the current treatment of dendrimer molecules with
hard-core potential should be a fairly reasonable approximation.
The OZ-HNC approach has been previously applied to study
the spatial counterion-macroion and macreiomacroion cor-
relations in aqueous solutions of ionized colloids including
charged micellar systems and globular protein molecules in
aqueous solutior’-4* These previous works suggest that in
terms of accuracy and efficiency it is well suited to provide
information about effective inter-macroion interaction for highly

charged systems, such as aqueous solutions of charged den-

drimer molecules, interacting via the repulsive screened Cou-
lombic potentiaMsq(x) which is specified by the Yukawa form:

Macromolecules, Vol. 40, No. 16, 2007

expl—Z,(x — 1)]

VSC(X) - — Kl X ’

whenx > 1 (10)
where K is the interaction strength, normalized by thermal
energykgT, the interaction distance isand normalized to the
particle diameter. The normalized interaction range is given as
Zl_l.

In this study, we calculate the screened Coulombic repulsive
interaction potential directly using a given effective charge
number of a dendrimer molecule and the ionic strength of the
medium. The effective charge number of a single dendrimer is
derived fromK; and Z; via the generalized one-component
macroion theory (GOCMJ> 46 The application of GOCM
theory, a equivalent approach which is named as rescaling mean
spherical approximation (RMSA) in ref 45, to compute the
effective charge number for a protein in solutions with volume
fraction up to 0.2 has been demonstrated to be succeé8sful.

The Derjaguin-Landau-Verwey—Overbeek (DLVO) theory
has been widely used to describe the effective pair interaction
of monodispersed charged colloidal systetfslowever, the
GOCM approach is chosen in the current research and the
reasons are twofold: first, it is found in the dilute limit of
colloidal concentration that both DLVO and GOCM give
guantitatively an identical measure of effective charge numbers.
Second, the DLVO theory overestimates the average charge
number when applied to a charged colloidal system with higher
volume fraction*>46 While we currently are presenting the data
obtained from the samples with low dendrimer concentration
(0.0225 g/mL), work is in progress to analyze the data obtained
from charged dendrimer solutions with much higher concentra-
tion (in a concentration range of 0.0225 to 0.2 g/mL). To avoid
any possible inconsistencies of data interpretation with future
publications, we deliberately choose to adopt the GOCM theory.

Here we briefly present the modified equations necessary to
relate the potential parametefs and Z; to the number of a
single dendrimer’s effective charge, including the effect of
counterion association. According to the results of GOCM, the
repulsive screened Coulombic potential between two charged
dendrimers is given as

Zep€ > exp(—kx)
€(2Rg) X
wheree is the dielectric constant of the mediuathe electronic

charge, andZgp the effective charge number of a dendrimer
molecule defined as

Veocm(®) = (11)

Zep=Z—"Zcp 12)
wherezqp is the average number of counterions associated with
a dendrimer molecule ardlthe average number of protonated
amino groups of a dendrimer molecule. For a given DCI acid
concentration, it is determined by the overall charge neutrality
and is represented by the following formula

Z

= % (ICI'1+[OH ] —[D"]) (13)
D

whereNa is Avogadro’s number. The parametérappearing
in eq 11 is expressed as

y= cosh(g) Y [('5‘) cosh(g) - sinh(g)] (14)

where
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L I
2 2 sl | © SANS (a = 1.55)
34p '
= 16
=Ty (16)
0.2}
4ng -
$p = Npvp = 3 RS’ (17) §
g
__2u+tG -
"T242u+G (18) 0.1
0.09 |
andG is obtained by solving the following equation 0.08
0.07 |
a2 0.06 [—— ; ———
G =1+ —02 (19) :
2+2u+G)
given
247, %)
t,2= —_"Ep 7D (20)
keT €Rg
8rel N
IR=[—SA RS (21)
10%sT
wherels is the ionic strength of the medium defined as 0.01 | ~d
1 _ 1 - N o ‘ S :
ls=3|DT+OHT+ =5 ([Cl 1N Zco)] oo a@ny
D A (22) Figure 2. Upper panel: SANS intensity distribution obtained from

PAMAM dendrimers of generation 4 inJD solutions with concentra-
tion of 0.0225 g/mL atr = 1.55 on an absolute scale and its fit taking
into account the incoherent background and the effect of the resolution
unction. Lower panel: corresponding normalized intra-particle structure
factor P(Q) and the inter-particle structure factsfQ).

Therefore, the Yukawa potential parameti€ssandZ; defined
in eq 10 can be expressed in terms of the GOCM parameters a

2.2

Z. €
K= — —= T .
€(2Ry) on the final fitting results is insignificant, especially for the cases
whereo. < 0.97.
and Similar to ref 49, p — ps)? in eq 1 is determined by fitting
the SANS result obtained from a dilute neutral solution (0.005
g/mL in D;0O). It is also found that, in the current research for
. . the charged G4 PAMAM dendrimer solutions at 0.0225 g/mL
Fur;hermore, we are aware of the fact that like all other ion \,ih different o values, wheng — pg)? is treated as a fitting
selective electrodes, the pH meter does not measure the deuterof, s meter, only a slight variation of the value obtained at 0.005
concentration, but its activity, the effective deuteron concentra- ;
. e g/mL is observed.
tion. Namely it gives

Y2 exp(=K) (23)

z,=—k (24)

In addition to the predetermined experimental parameters
including the dendrimer number density and the concentra-
tions of different ions, which can be calculated precisely from
the amount of dendrimers, deuterium chloride and deuterium
oxide present in the solutions, introducing the concept of the
effective hard-core diameter and expresdiaganalytically in
terms of R and o enables us to obtain unambiguous and
physically reasonable and consistent results by using five fitting
parameters:the incoherent background, the:erage number
of counterions associated with a single dendrimer molectie z
the weighting parameterpaR ando for the normalized form
factor Q) in our fitting formula given by eq 1. During all the
fitting, the instrument resolution has also been taken into
consideration.

ap = 7p[D'] (25)

whereap represents the deuteron activity and is a function of
total ionic strength of the electrolyte solution, apd is the
deuteron activity coefficient in solutions. Attempts have been
made to take into account the effect of the total ionic strength
of the solution such as incorporating the ionic interaction
equation& into the algorithm to calculate the correct deuteron
concentration iteratively during the fitting procedure. The
importance of this consideration can be immediately appreciated
from eq 22 by noticing the mathematical relationship among
the deuteron concentration, the ionic strength of medium, the
number of associated counterion,s and, consequently, the
effective charge number of a single dendrimer molecule.
However, in the range of pD values studied in this current paper
the ratio of the free deuteron concentration to the chloride  Figure 2 displays an example of the SANS model fitting: A
concentration is generally less than~t0Consequently, it is double logarithmic representation of the SANS absolute intensity
found that the influence of the difference between the measuredof 0.0225 g/mL G4 PAMAM dendrimers solutions with =
deuteron activity and the real deuteron concentration in solution 1.55 is given in the top panel where symbols represent the

IV. Results and Discussion
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Figure 3. Comparison of the SANS scattering intensities of PAMAM
dendrimers of generation 4 in,D solutions with concentration of
0.0225 g/mL obtained att = 0, 0.58, and 1.73 respectively. The
enlarged high-Q parts of the scattering intensities are given in the inset.

experimental spectrum and the curve the model fitting result.
The corresponding normalized intra-particle structure factor
P(Q) and inter-particle structure fact&®Q) are given in the
bottom panel. As pointed out in section IR(Q) is calculated
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counterion association indeed renders satisfactory and consistent
agreements with the corresponding SANS experimental results.
It is important to qualitatively rationalize the current success:
Similar to other charge-stabilized colloidal suspensions, the
overall structure of the charged dendrimers in aqueous solutions
is essentially determined by the collective interaction among
the suspending charged dendrimers, th® Dnolecules and
various co-ions and counterions. Hence the complexity of a
complete statistical mechanical description is apparent. In
general a coarse-grained approach, in which the information
regarding degree of freedom of microions is contracted and the
structural description of such a system is based on the spatial
arrangement of the charged colloids defined by an effective
pairwise potential, is popularly adopted to analyze the experi-
mental observations, such as the methodology presented in the
current report. However, the subject is often complicated by
several factors, such as the variation of effective charge carried
by a colloidal particle, even if the particle size is monodis-
persed? uneven colloidal charge distributiéfand many-body
effects®® The success of the current effective one-component
model in describing the experimental observations validates the
application of this highly simplified approach in the low
dendrimer concentration limit where the aforementioned factors
are expected to be negligibly sméfl.

Intramolecular Structure. The information about the mo-

from a semiempirical equation based on the dense-core fuzzy-'€cular conformation is first presented: In Figure 6, the

ball model andS(Q) is calculated by the OZ-HNC approach.
The observed SANS intensity distributions are the product of
these two functions. It is clear that the interaction peak in the
SANS data is primarily due to the first-order diffraction peak
of Q). Another important point is the fact th&Q) becomes
relatively smooth whe® > 0.1 A~2, implying that in this region
I(Q) is dominated by the contribution &%Q).

Figure 3 shows the SANS intensity distributions of G4
PAMAM dendrimers dispersed inJD with concentration fixed
at 0.0225 g/mL and at variousvalues (The corresponding pH

conformational information on G4 PAMAM dendrimers in@®@
solutions as a function of the molecular protonation is displayed.
The variation of the intra-particle structure fack(Q) param-
etersR ando as well as the radius of gyratid®s as a function

of a is shown in the upper panel. The SANS model fitting
suggests that, whamincreases from 0 to 1.73 (pD value drops
from 10.25 to 4.97), only a slight increaseRf (less than 4%,
indicated by the empirical fitting curvBs = 20.88+ 0.42x

A) is observed. In other word& is found to be insensitive to
the variation of pD value of solutions within tleerange studied.

values fora. = 0. 0.58. and 1.73 are 10.25. 8.69. and 4.97 Quantitatively, this discovery is less significant in comparison

respectively). Two qualitative features are noticed: First, upon With various computational predictions aforementioned, but
increasing the level of dendrimer protonation by adding DCI, consistent Wlt_h the _SANS experlmen_tal results obtalneq from
the correlation peak becomes more pronounced. Second,the G8 dendrimers in aqueous soluti#hand the conclusion

contrary to the substantial variation of the SANS absolute ©f theoretical calculations, based on a mean-field model

intensity occurring in the low region due to the increasing
protonation of dendrimer molecules, the hi@hscattering
intensity distributions for different values are seen to be rather
similar. As pointed out in the example given in Figure 2, in
this high-Q regionl(Q) is dominated by th@(Q) contributions.
This invariance implies that the fluctuation of molecular

approximating the electrostatic interactions by Poisd®aoltz-
mann (PB) equation, for the G4 dendrimers within a certain
pH range>’

Despite the essential invariance B§, the change of the
molecular conformation is perceptible: A gradual increase of
R (red symbols) and a simultaneous decreases diblack

conformations of G4 PAMAM dendrimers in aqueous solutions symbols) are observed. This implies that the dendrimer molecule
due to the variation of pH values (ranging from 4.97 to 10.25 undergoes a significant internal structural change during the
in the current study) is not obvious. This preliminary observation protonation process. The ratio@R as a function ofx is given
seems to be consistent with the insensitivity of the molecular in the bottom panel. Whea = 0, the value ob/R is found to
conformation of G8 PAMAM dendrimers inJD to the variation be 0.53, which agrees with the value for the neutral G4 PAMAM
of the pH value found by Nisato and co-worké?s-iowever, dendrimer molecules in metharf§IExperimentally, it has been
the quantitative change of the conformation can only be obtained shown the ratio of/R decreases upon increasing the dendrimer
by fitting the experimental SANS results. generation and a stepwise transition &R occurs when the

A series of SANS intensity distributions (blue symbols) generation number increases from 5 t& &n our experiment
obtained from G4 PAMAM dendrimer solutions with different it is found that where = 1.73, the ratias/R is reduced to 0.27,
level of molecular protonation, their theoretical fits and corre- which is about the value for a neutral G6 dendrimer in methanol.
sponding scaling plot¥-52 are given in Figures 4 and 5. The It is seen that the effect of molecular protonation irCD
dendrimer concentration of the solutions is kept constant at produces a similar effect as the increased generation number
0.0225 g/mL after adding the acid. These figures clearly show for neutral dendrimer in good solvent. Signaled by the evolution
that the combination of the modified dense core/fuzzy ball form of o/R as a function ofy, it is also important to note that despite
factorP(Q), the inter-particle structure fact§Q) obtained from the invariance of the effective inter-dendrimer interaction
the OZ-HNC approach and the incorporation of the effect of potential within theo range where the tertiary amino groups
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Figure 4. Theoretical fits to the SANS experimental data obtained from PAMAM dendrimers of generation,@ isdutions with concentration

of 0.0225 g/mL in ax range from 0 to 0.77 (the corresponding pD values range from 9.79 to 8.03 and are displayed in parentheses in panel f). The
experimental SANS intensity distributions are taken on the NG-3 SANS spectrometers at NIST CNR. Withimahge, a gradual building up

of the local ordering, due to the incremental enhancement of the Coulombic repulsion, is clearly seen. In panel f, RF stands for the resolution
function. The definitions ofsp and Qsp are given in the text.

are being charged (0.9% o < 1.73), the intramolecular  from 0 to 0.77 (the corresponding range of pD values varies
structure keeps on evolving from a more diffusive picture toward from 10.25 to 8.03): Itis well-known that the absolute scattering
more dense-packed conformation. The paramateappearing intensity obtained from a two-phase system, such as dendrimer
in the model of the dendrimer form factB(Q) given by eq 2, molecules and BD in this specific case, is given by the Fourier
is defined as the normalized weighting factor of the scattering transform of the Debye correlation functidifr/A) with a length
contribution of the intramolecular scattering density fluctuation scaleA, characteristic of the systetfilt is further demonstrated
to the contribution from the sphere with the density profile thatthe degree of local order can be visualized by transforming
characterized by Gaussian density distribution and diffuse edge.the SANS intensity distributiorl(Q) to this dimensionless
Its dependence am is presented in the inset. A smooth decrease rescaled scattering intensity distributibgp5°-52 To be more
is also seen to take place around< 1. These results are  specific, thelsp given in panel 4f and 5f is defined as
expected and consistent with our previous analysis as the tertiary R, |
amine groups are being protonated when- 1. o SiNRsQsp

A further evidence of the possible internal structural changes 1sp(Qsp) = L CIRSP47TRSF>2 W I'(Rsp) =

. . SP

can be seen by the looking at the evolution of the SANS 3
intensity distributionl(Q) at higherQ values with added DCI. Quax 1(QA) (26)
Figure 7 shows its variation for th@ value ranging from 0.1 @25
to 0.5 A-L. Experimentally it is found that the addition of DCI
gradually induces the formation of the bump centered around where [?Cis the so-called scattering invariant and defined as
Q = 0.2 A%, which becomes more and more discernible upon L
increasingy. The intra-structure factd?(Q) obtained by model 2 1 w2
fitting given in the insets clearly shows that when the tertiary W= 27% »/; A dQ (27)
amino groups begin to be protonated, the small bump becomes
more and more pronounced, which implies a transition of the whereI'(x) is the Debye correlation functiomRsp = (r)/(A),
molecular conformation. Qsp = QA, andQuax = 1/A, the peak position of the SANS

Intermolecular Interaction. Before detailing the model intensity distribution.
fitting results regarding the effective inter-dendrimer interaction, ~ Within this o range, the gradual increment bfs suggests
it is instructive to comment on the strengthening of the thatthe enhancement of the electrostatic repulsion induces the
correlation peak of the SANS intensity distributions given in formation of significant local ordering around any given
Figure 4, which is attributed to the gradual increase of the protonated dendrimer molecule in the solution. The same feature
molecular protonation level by adding DCI witha ranging is shared by the globular protein solutions at certain pH values
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Figure 5. Same as Figure 3 but in a differemtrange. Unlike the previous Figure, within thisrange (0.97< o < 1.73,7.06> pD > 4.97), all

the SANS intensity distributions are essentially identical to each other. It can be clearly seen from panel f that the local order and the inter-
dendrimer interaction in solutions remain unchanged even with the progressive increment of the deuteron concentration in the solution and the
degree of dendrimer molecular protonation. It can also be noticed that all the scaled curves are significantly broader than the resolution function
of the NG3 spectrometer, indicating that the great similarity of the SANS intensity distributions is not resolution limited.

and other like-charged colloidal suspensions such as ionicin the slope of the two protonated amino groups curves given
micellar solutions?5° in the inset of Figure 82 Consequently a nearly linear increase
However, a completely different scenario is observed when of the overall protonation level as evolves from 0 to 1.73 is
o > 0.97: Although the physicochemical condition of the obtained by a calculation based on the overall charge neutral-
PAMAM dendrimer solutions is expected to keep changing due ity.
to the progressive introduction of DCI, it is experimentally found What is not available from this mathematical relationship is
that, as shown in Figure 5, within tlerange of 0.97 to 1.73,  the average effective charge carried by a dendrimer molecule,
the SANS intensity distributions are essentially identical to each an essential parameter determining the effective interaction
other. The associated scaling plot, given in Figure 5f, indicates between dendrimers in solutions, along with the ionic strength
that all the rescaled intensity distributions collapse into one of the medium and the dendrimer volume fraction. By fitting
single master curve, indicating that the degree of the local orderthe SANS experimental results with our model detailed in
is invariant to the change of pD value of the solutions and section Il, the effective charge number of a dendrimer is
suggesting that the inter-dendrimer interaction, which is sensi- expressed as a function @fin Figure 8. The difference between
tively susceptible to the variation of the effective charge carried the effective charge and structural charge is the number of
by the dendrimer molecule and the ionic strength of the medium, counterions associated with each dendrimer. In our case, the
remains unchanged. It is useful to point out that the rescaled only type of counterions is chloride. Unlike the number of
curves being much broader than the instrument resolution (redprotonated amino groups, the extracted effective charge exhibits
solid line in Figures 4f and 5f) reflects a physical reality, and a completely different pD-dependent deuteron binding effect:

it is not due to the constraint of the resolution. Upon increasing the molecular protonation the effective charge
The average number of the protonated amino groups (structureis characterized by a steady increment wheranges from 0
charge) for a single dendrimer molecule as a functioo. cén to 0.97.

be calculated by the constraint of charge neutrality incorporating Whena > 0.97, the effective charge as a functioncofs

the correction of deuteron activity, and the results are given in seen to reach a plateau region with a constant value of about
Figure 8 and its associated inset. It is experimentally found that 32, while the number of counterions associating with a den-
the peripheral primary and internal tertiary amino groups of the drimer molecule is about 110 at= 1.73. The strong association
G4 PAMAM dendrimers have different intrinsic proton binding of counterions is expected to significantly influence the elec-
constant (pKf%-51 For pD values ranging from 10 to 7, most trostatic repulsion among the charged amino groups. Therefore,
of the protonation is attributed to the primary amino groups, the proper treatment of counterion association in a dendrimer
while the onset of the protonation of tertiary groups is reported in a computer simulation is critical to accurately predict the
at a pD of about 6.40( ~ 1.0), indicated by a discernible change structural changes of a dendrimer molecule.
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Figure 6. (a) Molecular conformation of PAMAM dendrimers of
generation 4 in BO solutions with concentration of 0.0225 g/mL under
various pD conditions obtained by SANS experiment and data analysis.
The variation of the intra-particle structure fac®(Q) parameters,

o, radius of gyratiorRs and its corresponding calibration curve as a
function of o are presented. Note that the error bars are smaller than
the symbol size. (b) Ratio @f to R as a function ofx. The relationship
between weighting parametey of intra-dendrimer form factoP(Q)
anda is given in the inset of the bottom panel. A transition is observed
wheno = 0.97.

Another important parameter influencing the dendrimer
interaction, the ionic strength of the medium defined by eq 22,
is given in Figure 9 as a function @f. Its comparison to the
curve representing the ionic strength of the medium without
counterion association once again reflects the importance of
incorporating the effect of counterion association in describing
the effective interaction between the charged dendrimer mol-
ecules in solutions. Similar to the effective charge, the ionic
strength of the medium is seen to gradually reach a constan
value of about 0.025 whea > 0.97.

Figure 10 displays the ratio of the number of chloride ions
associated with the dendrimer molecules to the total number of
chloride ions added into the solutions. Our discovery is in
gquantitative agreement with the results obtained from the
theoretical men-field calculations, which reports this ratio within
the pH range corresponding to0a < 1.057 but essentially
different from the computer simulation results by Maiti and co-
workers!? which report as 15% for “neutral pH” and 30% for
“low pH” respectively, corresponding roughly to= 1.0 and
o= 2.0 in our experiments. The apparent discrepancy between
the experimental and computational results is attributed to the
different definition employed for the “internal chlorides”. In
the current model, the effective charge and equivalently the

Charged G4 PAMAM Dendrimers 5895

molecule within a boundary, beyond which the interaction

potential is described by the Yukawa form. This boundary

should also include both the interior of a dendrimer and the
so-called Stern layer. In our current model, the definition of

hard-core radius is considered as a cutoff boundary, which is
set asR/2 = Rs. The choice is based on the suggestion of the
MD simulation and the best fitting to the experimental cutfes.

It is important to understand why the effective charge remains
invariant when 0.97< o < 1.73. In general, the difference
between the structural charge and effective charge for charged
colloidal suspensions has been traditionally attributed to the
counterion condensatidd.It has been indicated that for a
charged hard sphere particle, within the framework of PB theory,
the effective charge will eventually saturate under conditions
of high structural charg® which seems to agree with our
observation. However, unlike hard-sphere systems, the openness
of the intramolecular structure and presence of the internal cavity
allow the penetration and residence of the counterions. To
understand the problem of the counterion distribution for the
dendrimer solutions, it is therefore essential to consider the effect
due to this unique structural property.

As shown in Figure 5, all scattering intensity distributions
obtained from 0.97< o < 1.73 are essentially identical with
each other. This similarity suggests that the effective inter-
dendrimer interaction, a collective manifestation of the effective
charge and the ionic strength of the medium, remains intrinsi-
cally unchanged within this. range where the increase of the
structural charge is mainly contributed by the protonation of
the tertiary amino group¥.lt is speculated that this observation
is closely related to the difference in the physical mechanism
of binding with counterions between the protonated tertiary
amino groups and primary ones, as well as the general result
due to the counterion condensation theory, which predicts that
the effective charge carried by a hard-sphere colloid may reach
a saturation value when the structural charge is high en&ugh.

The physical location of different amino groups is conjectured
to be another possibility contributing to this observation: In
comparison to the primary amino groups, the majority of the
tertiary ones may reside well inside the molecular internal
region. The association/dissociation rate of the chloride with
the protonated tertiary amino groups may be affected signifi-
cantly by the dynamics of the water molecules confined in the
dendrimer molecule, which has been shown computationally
to have much slower dynamical relaxation behavior compared
with the bulk watei® Within the o range where the tertiary

tamino groups are protonated, as long as the chloride ions remain

inside the dendrimer due to the dynamical and geometrical
constraint, the effective inter-dendrimer interaction is not
sensitive to their association or dissociation with the amino
groups and therefore it is not possible for SANS experiments
and current model fitting to differentiate them. Furthermore,
other factors, such as the steric hindrance effeoamely the
difference of the available local space around these two amino
groups to accommodate the chloride anions and the associated
bound water molecules, are conjectured to contribute collectively
to this selection rule of binding as well.

V. Conclusions

In this paper, we have applied our model to study the SANS
intensity distributionl(Q) for the charged G4 PAMAM den-

number of associated counterion are calculated through thedrimers, with tunable molecular protonation due to the presence
effective inter-dendrimer interaction potential, which is assumed of the peripheral primary and interior tertiary amino groups, in
to be a Yukawa-like potential and can be directly calculated. D,O solutions with low dendrimer concentration. On the basis
Therefore, the effective charge is the net charge of a dendrimerof a model for the SANS absolute intensity which incorporates
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Figure 8. Average numbers of protonated amino groups, effective Figure 9. Tonic strength of the medium as a functionaaf The red

ymbols represent the ionic strength without incorporating the coun-
erion association. The blue symbols give the same quantity but with
the correction of counterion association. Upon increasinthe two
curves progressively differ from each other. Wher 0.97 more than
50% difference is observed, clearly illustrating the importance of fitting
the SANS data with the counterion association effect taken into account

properly.

dendrimer molecular charges and the number of counterions associate
with a dendrimer molecule as a functionafA nearly linear increase
of the molecular protonation is calculated from the overall charge
neutrality; the effective charge carried by a dendrimer molecule is
obtained from the SANS model fittings with OZ-HNC-GOCM ap-
proach. Upon increasing, the effective charge is characterized by a
steady increment whem < 1.0 followed by am independent region
whenao > 0.97. The associated counterions curve exhibits a clear pD- . .
dependent behavior as a discernible change in the slope when the hypernetted chain closure (HNC) for the screened Coulombic
0.97 is observed. Solid lines are used to guide reader’s eyes. The inseinteraction potential, (2) the intra-particle structure fac(®)
gives the relationship between the numbers of protonated amino groupsfor the modified fuzzy ball model with diffuse edges, (3) the
gﬂ? ;B?rgr': Yg‘é‘dﬁs‘?fégee?g;ﬁ't}g?sdergi’lg_rted by Niu etal.inref 60 and ooy of counterion association to obtain the correct ionic
strength of the medium, (4) the generalized one-component
macroion theory to relate the fitted potential parameters with
the effective charge, and (5) the conversion of the measured

(1) the inter-particle structure fact&Q) obtained by numeri-
cally solving the OrnsteinnZernike integral equation (OZ) with
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Table 1. Number of Protonated Amino Groups, Number of Effective Charge, and Number of Associated Counterions Per G4 PAMAM
Dendrimer Molecule and the Fraction of Added Chlorides Associating to Dendrimers to Total Counterions, and Radius of Gyration at Various
Solution Conditions Obtained by SANS Model Fittings

no. of no. of no. of fraction of added
protonated effective associated chlorides associating radius of
pD o amino groups charges counterions with dendrimers gyration (A)
10.25 0.00 0.29 0.2 0.02 0.00+ 0.02 0 21.4H0.74
9.79 0.10 6.14 6.0% 0.04 0.13+0.04 0.02+0.01 20.64+ 0.38
9.54 0.19 12.32 9.44 0.08 2.88+ 0.08 0.23+0.01 20.83+ 0.31
9.10 0.39 24.57 14.8% 0.12 9.75+ 0.12 0.40+ 0.01 20.63+ 0.36
8.69 0.58 36.81 19.3%0.19 17.44+ 0.19 0.47+0.01 21.02+ 0.37
8.03 0.77 49.06 24.8% 0.31 24.19+ 0.31 0.49+ 0.01 21.34+0.40
7.06 0.97 61.19 29.24 0.42 31.95+ 0.42 0.52+0.01 21.58+ 0.41
6.41 1.16 73.44 30.6& 0.55 42.76+ 0.55 0.58+ 0.01 21.49+0.29
5.91 1.35 85.44 31.8% 0.78 53.57+ 0.78 0.63+ 0.01 21.56+ 0.30
5.47 1.55 97.87 33.7% 1.10 64.12+ 1.10 0.66+ 0.01 21.40+0.24
4.97 1.73 110.00 32.06 1.26 77.94+ 1.26 0.64+ 0.01 21.49+0.25

aShown is alsay, the ratio of moles of acid to the moles of the amino groups at different pD values of the solutions.
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Figure 10. Fraction of chloride ions associating with the dendrimers
([CI]p) to the total chloride ions added in the solutions (|g) as a
function of a.. A steady increase within the range®from 0 to 0.98
reflects the increment of Coulomb attraction between the gradually

1.8

protonated primary amino groups and the chloride anions. An increase

of [CI7]o/[CI7]T whena > 0.97 is attributed to the preferred pairing
between the chloride anions with the ionized tertiary amino groups.

When 0.97 < a < 1.73, despite the increasing molecular
protonation, an invariance of the effective charge is observed.
At present, it is attributed to the several possible origins, such
as nonlinear accumulation of counterions, the dynamical
constraint of the chloride ions inside the dendrimer molecule,
and the influence of the steric hindrance effect.

In summary, based on the current SANS experimental
evidence, these aforementioned hypotheses seem to provide
reasonable explanations from different aspect for understanding
the inter-dendrimer interaction at their charged state. More
experimental measurements are currently under investigation
to have better understanding of the coherent physical picture.
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