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ABSTRACT: We present a contrast variation small-angle neutron scattering (SANS) study of a series of neutral
PAMAM dendrimers in aqueous solutions using three different generations (G4—6) at a concentration of about
10 mg/mL. Varying the solvent hydrogen—deuterium ratio, the scattering contributions from the water molecules
and the constituent components of PAMAM dendrimer can be determined. Using an analytical model of the
scattering cross section /(Q) incorporating the effect of water penetration, we have quantified the intramolecular
space of PAMAM dendrimer by evaluating the number of guest water molecules, and we draw a direct comparison
to computational predictions. As expected, the overall available internal cavity was seen to increase as a function
of increasing dendrimer generation. However, the fraction of water accessible volume of a dendrimer was found
to remain invariant for the three generation PAMAM dendrimers studied in this report. We have also estimated
the average water density inside a dendrimer, which is found to be higher than that of bulk water.

I. Introduction

Dendrimers are man-made macromolecules with a highly
regular three-dimensional architecture. They are synthesized
stepwise by a repetitive procedure, which starts from the
multifunctional core molecule and covalently links new branched
units of monomers to the peripheral end groups to form a higher
generation.! Dendrimers have been extensively explored as
possible drug and gene delivery agents.” These applications arise
not only from their unique combination of intrinsic properties
such as the presence of interior cavities, monodisperse nanosized
structure, and chemical uniformity but also from their water
solubility, nonimmunogenicity, and biocompatibility via tailoring
the functionalizable architecture. Presently, more than 100
families of dendrimers with more than 1000 kinds of multi-
functional surface groups have been synthesized. However,
polyamidoamine starburst dendrimers (PAMAM) with ethyl-
enediamine (EDA) cores are one of the most studied types of
dendrimers due to the simple method of synthesis and vast
potential applications.”

To be able to be processed as an emerging delivery system,
thorough characterization of the structural properties of the
dendrimers is required to optimize and develop their specific
applications. One of the major focuses for computational studies
is to evaluate the dendrimer intramolecular space available for
accommodating any guest molecules. The internal accessible
volume of generation 4 to 8§ (G4—8) PAMAM dendrimers in
various solvent conditions have been first calculated with
computer simulations by Goddard et al.*"® The size of the
internal voids is quantitatively estimated by calculating the total
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space occupied by water molecules penetrating the dendrimer
architecture. As expected, the average number of water mol-
ecules associated with a single dendrimer is found to increase
steadily upon increasing the dendrimer generation, indicating a
gradual increase in the overall solvent accessible internal
volume. Later, a similar conclusion has also been reached by
Wagner et al.” and Larson et al.® in their recent molecular
dynamics simulations carried out by taking into account
explicitly water molecules.

The purpose of this work is to provide the comparative
experimental evidence to gauge the accuracy of these compu-
tational predictions. An experimental approach, combining the
small-angle neutron scattering (SANS) technique and contrast
variation method, is used to evaluate the PAMAM dendrimer
internal space accessible to water molecules as a function of
the generation.

It is not novel to use the SANS technique, combined with
contrast variation method, to examine the structural properties
of dendrimer solutions: A series of systematic experimental
investigations have focused on understanding the intramolecular
density profile: On the basis of the dendrimer spatial distribution
of the isotope-labeled terminal groups, Ballauff et al. have
concluded by SANS data analysis that the intramolecular density
exhibits its maximum at the center of the molecule and decreases
toward the periphery.”'® However, an intrinsically different
picture, namely the dense-shell profile, is obtained by Amis et
al. based on the conclusion of SANS experiments with es-
sentially the same molecular design.” Moreover, the contrast
variation SANS method has been used by Durbin et al.'> and
Imae et al."® to explore the counterion distribution around
charged carboxyl-terminated dendrimers and the evolution of
radius of gyration Rg of the dendrimer with hydroxyl end groups
as a function of the isotopic ratio of the solvent.

Different from the previously reported experiments, our
SANS study using the contrast variation method focuses on
providing structural information about the internal space of a
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dendrimer molecule via the estimation of the average number
of associated water molecules. The contrast of a dendrimer in
respect to the solvent is adjusted by tuning the molecular ratio
of H,O and D,0. A theoretical model for the SANS differential
cross section incorporating the H/D exchange fraction is
developed to analyze the SANS absolute intensity distributions.
Our estimated number of water molecules in a dendrimer is in
excellent quantitative agreement with the computer simulation
result when an appropriate molecular boundary radius is chosen.
We find that the fraction of the water accessible volume over
the total volume of a dendrimer remains almost constant from
generation 4 to 6. By assuming that the specific volume of a
dendrimer does not change for the different solvent conditions,
the average water density inside a dendrimer can be calculated,
and its value is found to be higher than the one of bulk water.

II. Materials and Methods

Materials. Biomedical grade generation 4—6 PAMAM den-
drimers were purchased from Dendritech Inc., Midland, MIL'*
Deuterium oxide (catalogue number DLM-6-10X1) was obtained
from Cambridge Isotope Laboratories, Inc., Andover, MA."™ The
procedure of sample preparation is described elsewhere.'® In this
study, the dendrimer concentration of the samples used in the SANS
experiment was kept at about 10 mg/mL, which is chosen as a
compromise between minimizing the scattering contribution from
inter-dendrimer correlation which could potentially complicate the
data analysis and maintaining a satisfactory signal-to-noise ratio
in the scattering patterns within a reasonable experimental time.

Small-Angle Neutron Scattering (SANS). SANS measurements
were performed on the NG-3 SANS instrument at NIST Center
for Neutron Research. The wavelength of the incident neutrons
beam was set at 6.0 A, with wavelength spread AA/A, of 15%, and
the corresponding wave vector Q was ranging from 0.02 to 0.45
A~1 with the selected sample-to-detector distances. The samples
were contained in 1 mm path length quartz cells. The samples were
used immediately after purification and all the experiments were
carried out at room temperature. The measured intensity was also
corrected for detector background and sensitivity and for scattering
contributed from the empty cells and placed in an absolute scale
using a direct beam measurement.'®

Theoretical Basis. The SANS intensity distribution /(Q) obtained
from the PAMAM dendrimer in aqueous solutions is given by the
following analytical expression

1(Q) = AP(Q)S(Q) + Iixc ()]

where A is the scattering amplitude depending on the contrast, P(Q)
the normalized intramolecular structure factor, S(Q) the interden-
drimer structure factor, and /ixc the incoherent background. The
contribution of the interdendrimer correlation to /(Q) is found to
be negligible in our diluted samples when the Coulomb interaction
can be ignored. Therefore, S(Q) can be well approximated as unity.
Consequently, /(Q) is dominated by P(Q). A previous developed
analytical model for P(Q) is used to analyze the scattering patterns,
and its detailed description is given elsewhere.'” In this model,
P(Q) is given as follows:

PQ) =

3 0’|
[( RHS)S[SIH(QRHS) — ORy cos(ORy5)] exp(— Q4 )} +

ayPpy(Q: Re)
2

In this expression, the first term gives the contribution of the whole
shape, a homogeneous hard sphere with radius Rys and fuzzy edge
o. The second term gives the contribution from the intradendrimer
density fluctuations, which has been discussed in ref. 15. The radius
of gyration Rg is expressed analytically as
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Assuming the incompressible mixture of water and dendrimer,
the amplitude factor A appearing in eq 1 is given explicitly in the
following expression:

v
dendr
by +

water

2
'}/(szo - b]—[zo)]} (4)

A= ”NA{ z byenar T YN (b — by) —

where n is the molar concentration of the dendrimers, N4 is the
Avogadro number, Y byenq: is the total scattering length of all atoms
in a dendrimer molecule, bp, by, bu,0, and bp,o representing the
scattering length of D, H, H,O, and D0, respectively, v4endr 1S the
volume of the constituent components of a single dendrimer, vyer
is the molecular volume of water (30 A3), y is the molar fraction
of D,O, and N is the total number of exchangeable proton in a
single dendrimer molecule. It is known that the protons present in
the primary and secondary amine groups are all labile to exchange.'”
Consequently, for a given dendrimer generation p, N can be
expressed as

N, =2"" -4 )
The only unknown parameter vgendr in €q 4 can be calculated from
the different amplitude factors obtained from samples with different
y values. The water accessible volume inside the dendrimer
molecule can be calculated by subtracting vgengr from the overall
molecular volume estimated from the structural parameters Rys and
o obtained from the model fitting.

Equation 4 is only valid when the water density inside and outside
the dendrimer remain identical. If the average water density inside
a dendrimer changes by a factor of a compared to the bulk water
value, the scattering amplitude A then becomes

A= nNA{ z bdendr + VNex(bD - bH) -
(1 _ (0‘ B 1)Ucavity) Udendr

Uwater

2
[byo + ¥(bpo — bnzo)]} (6)

Udendr

Equation 6 consists of only two unknown variables, o and vgendr,
while veayiy is the available water accessible volume inside a
dendrimer that can be calculated as (477/3)R,> — vgenar With the given
boundary radius, Ry, estimated from Rys and o. It is then possible
to extract the water density ratio, @, if genar i known a priori from
different experimental methods.

II1. Results and Discussion

The SANS absolute intensity distributions and the corre-
sponding model fitting curves obtained from G6 PAMAM
dendrimer aqueous solutions at four different contrast conditions
are presented in Figure 1. The contribution of the incoherent
scattering, /inc, has been subtracted from all curves. An expected
strong dependence of the scattering amplitude A on the scattering
contrast is clearly seen in a satisfactory agreement with the
theory. Along with the results of G4 and GS5, the fitted
parameters Rys, 0, and Rg calculated from eq 3 are shown in
Table 1. Within the uncertainty indicated by the statistical error,
Rg remains unchanged at different HyO/D,O mixture ratio. Our
observation is essentially in agreement with the conclusions
obtained from the SANS experiment of PAMAM dendrimers
with diphenyl ether end groups dissolved in the mixtures of
deuterated and protonated dimethylacetamide (DMA) solutions
carried out by Ballauff et al.”' It is also consistent with
extensive experimental evidence obtained from various micellar
systems.'® However, this independence of Rg presents a stark
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Figure 1. SANS intensity distributions /(Q) of the G6 PAMAM
dendrimer aqueous solutions at about 10 mg/mL with different y values.
Solid red lines are the model fitting results. The incoherent background
has been subtracted.

Table 1. Structural Parameters of G4 to G6 PAMAM Dendrimer
Obtained through Our Model Fitting at Different D,O/H,O

Mole Ratio
D20 (%) Rus (A) o (A) R (A)
G4 1.00 203+ 04 8.5+0.5 18.9 £ 0.8
0.891 225+04 52+09 18.6 0.9
0.78 23.0 £ 0.5 37+1.8 184+ 1.2
0.06 21 £5 5410 18 £ 11
G5 1.00 2524+04 104 £ 0.5 233 4+0.7
0.895 2594+ 0.6 10.1 £ 0.8 23.6+1.2
0.792 27.0 £ 0.6 8.1+1.0 231412
0.047 295+1.5 14+22 2294+ 3.6
G6 1.00 31.1£0.3 134+£04 29.2 +£0.6
0.85 31.1£0.7 13.6 £ 0.8 293+1.3
0.781 32.0+£0.7 125+ 09 29.1+14
0.117 33+6 13+£8 302+11.4

contrast to the results reported by Imae et al.:'* Determined by
the Guinier's law, the Rg of G5 PAMAM dendrimers with
hydroxyl end groups is found to decrease upon increasing the
H,0 molecular fraction in aqueous solvent. We would like to
point out the existence of possible dendrimer aggregates in
solution with high pH value, which give rise to an intensity
upturn at low angle scattering. Although the reasons for the
formation of aggregates still remain unclear, their presence in
a measured sample certainly affects the accuracy of obtained
Rg through the Guinier plot.

Further upon increasing the H,O molecular ratio in the
solvent, the signal-to-noise ratio of the SANS scattering intensity
decreases progressively due to the decrease of the scattering
length density contrast and the increase of the incoherent
background. Consequently, larger statistical errors in the
analyzed Rys and o are observed for the samples with smaller
D,O molecular fraction. Therefore, in order to minimize the
uncertainty of the estimated physical quantities, such as
the average number of associating water and the volume of the
intramolecular cavity, the required structural information is
obtained by analyzing the scattering intensity with the highest
contrast obtained from the sample of 100% D,O molecular
fraction in the solvent.

Figure 2 gives the square root of the scattering amplitude A
normalized to the dendrimer weight fraction as a function of
D,0 molar fraction, y. The expected linear relationship between
the square root of A and y indicates the soundness of our
analysis method. The matching point determined from the linear
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Figure 2. Square root of the scattering amplitude A normalized by the
concentration of dendrimers, n, as a function of D,O molar fraction, y.
The volume of dendrimers is directly determined from the contrast
matching points.

Table 2. Volume of a Dendrimer and Fraction of Water
Accessible Volume Calculated at Different Boundary Radius”

water volume  water volume water volume

fraction fraction fraction
Vdendr calculated calculated calculated
(nm?) by Rg by Rus by Ruys + o
G4 180+£0.6 0.36+0.09 0.49 +0.04 0.82 + 0.02
(0.31 £0.09) (0.45+0.05) (0.81 +0.02)
G5 363+£09 0.31+0.06 0.46 +0.03 0.814+0.01
(0.26 £0.07) (0.41 £0.03) (0.79 £ 0.01)
G6 738+1.8 0.29+0.05 0.41 +0.03 0.80 + 0.01

(0.24 £0.05) (0.37£0.03) (0.79£0.01)

“ Values in parentheses are the results after considering the density
change.

fit is found for a D,O molar fraction of 0.36(1) for all three
generations, indicating an independence of the density of
PAMAM polymeric constituent components on generations.
Quantitatively, this result is considerably different from the
matching point of G5 PAMAM dendrimers with hydroxyl end
groups, which is reported at H,O molar fraction of 0. 726 (27.4%
of D,0) by Imae et al.'*> However, in ref 13, the error-bar
analysis is not incorporated in the calculation when the physical
variables are evaluated. Moreover, the expected linear depen-
dence of square root of the experimental value of the zero angle
scattering intensity [I(0)]"? on H,O weight fraction is also
absent, which could potentially affect the absolute value of the
contrast matching point.

Based on our determined matching point and assuming that
the water density is identical inside and outside a dendrimer,
the molecular volume of a dendrimer vgendr can be directly
calculated via eq 4, and the results are given in Table 2. The
specific volume of the dendrimer molecule, which is defined
as the molecular volume normalized to the molecular weight
deduced from the chemical structure, can also be calculated.
Based on the values of vgenar given in Table 2, a generational
independent value of 0.76(2) mL/g is found.

Alternatively, vgenar can be determined by the slope of the
linear fit in Figure 2 as indicated by eq 4. In comparison to the
precedent value, smaller specific volume of 0.711(6), 0.694(4),
and 0.717(4) mL/g for G4, G5, and G6 are obtained, respec-
tively. These slight quantitative differences could result from
the possible uncertainty in the dendrimer concentration of the
samples, which could introduce a variation in the scattering
amplitude A. Another possible reason might be the small
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Figure 3. Number of water inside a sphere at the center of dendrimers
as a function of the sphere radius. The computer simulation results are
transcribed from ref 4 (solid lines). By subtracting the volume of the
dendrimer from the sphere with the boundary radius, R}, the number
of water molecules inside a dendrimer is obtained (dashed lines). The
star and diamond points give values calculated when R, = R and Ry,
= RHS~

influence of the interdendrimer structure factor, S(Q), as pointed
out by ref 9. Since S(Q) is only a function of the volume fraction
when the interparticle potential remains unchanged, the effect
of S(Q) on A can be considered as a simple scalar because our
sample concentration is kept constant at ~ 1 wt % during the
experiment. It is well-known that the change of A by a constant
does not alter the matching point. Therefore, in this study, the
molecular volume calculated from the matching point approach
is used to estimate the number of associated water molecules.

Assessing the molecular solvent content of PAMAM den-
drimer has been the focus of many computational works
incorporating the solvent effect explicitly: Wagner et al.
calculated the pair correlation function of the solvent with
respect to the molecular center and predicted a nonuniform
distribution of water molecules throughout the dendrimer
interior.” Larson et al. calculated the average number of water
associated with the branch points of G5 PAMAM dendrimer.
The MD work carried out by Goddard et al. showed a steady
increase of associated water molecules as a function of the
distance from the molecular center* and provides a convenient
comparison with our experimental result.

From the experimental perspective, the number of penetrating
water molecules can be calculated straightforwardly by subtract-
ing the volume occupied by the constitutent components of
dendrimer, vgendr, from the overall molecular volume, which is
a volume of a sphere with its boundary radius, Ry, normalized
to the molecular volume of water, 30 A3. However, this
calculation is severely compounded by the ill-defined molecular
boundary, R,, due to the swollen corona of the dendrimer
periphery. Special care is obviously necessary for a quantitative
evaluation of the water penetration inside a dendrimer molecule.

Figure 3 presents the water content of G4—6 PAMAM
dendrimers estimated experimentally and predicted by MD
simulation.* MD simulation has shown that the penetration of
water is greatly facilitated by the presence of hydrogen bonds
network inside a dendrimer. The internal cavities in the vicinity
of the molecular central region are found to be accessible for
water molecules. Hence, the number of associated water is seen
to increase steadily from the molecular center as a function of
the radial distance r,. However, unlike the MD simulation
modeling the spatial distribution of water and polymer at the
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Figure 4. Volume fraction of water accessible region ® as a function
of radius R, normalized to radii of gyration. ® is defined as (v — vgenar)/
v, where v is molecular volume of dendrimer, evaluated by either Ry,
and vgenar the volume of the polymeric constituent components of a
single dendrimer.

atomic level, these microscopic details are averaged over in our
model, and therefore it is not possible to access a detailed spatial
distribution of confined water experimentally. However, the total
number of water molecules inside the dendrimer can be
estimated as shown in Figure 3 with different boundary radius,
Ry,. The lower limit of the experimental curves represents a
dendrimer conformation where all the segments are collapsed
to form a uniform sphere without any internal water molecules.
The corresponding radius is calculated using the radius of the
hard sphere Ry, to define the dendrimer volume vgendr, Namel
Vdenar = H37R (R ~ 16 A for G4, 21 A for G5, and 26 A
for G6). The number of water molecules increases as the
boundary radius, Ry, increases.

Computationally, it has been demonstrated that, along the
radial direction from the molecular center, the intramolecular
polymer density profile is seen to remain at a constant level
within the distance of Rg and decay monotonically beyond that.
Hence, if we assume Rg as the boundary radius, the estimated
water molecule number inside a dendrimer is about 335 4 120,
556 £ 162, and 1016 + 223 for G4, G5, and G6, respectively.
Given the volume of one water molecule to be 30 A3, the
internal volume of the cavity occupied by water, denoted as
URG, is then calculated as 10 + 4, 17 + 5, and 30 £ 7 nm? for
G4, G5, and G6, respectively. The corresponding fraction of
accessible volume is around 30% as shown in Table 2.
According to the fuzzy-ball model, P(Q), the molecular bound-
ary value can be chosen as Rys. The calculated water number
for G4, G5, and G6 is 570 £ 78, 1024 £ 100, and 1728 £ 131
and shown as solid diamonds in Figure 3, which agrees very
well with the computer simulation results. This might indicate
that the appropriate boundary radius to delimit inside and outside
water molecules is Rys.

Once Vgendr 18 known, the volume fraction of cavity inside a
dendrimer can be estimated. Figure 4 shows the accessible water
volume fraction as a function of Ry normalized by the corre-
sponding Rg. Surprisingly, we find that within the statistical
error the lines corresponding to different dendrimer generations
collapse into one single curve even though a slight increase of
the water volume fraction with decreasing dendrimer generation
might be discerned. This observation indicates that, as long as
the density profile of a dendrimer does not significantly change
with the generation numbers, the accessible water volume
fraction of a single dendrimer is almost independent from
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dendrimer generation. However, it has been speculated that due
to the steric excluded-volume interaction among the constituent
components of the dendrimer branches, dendrimer of higher
generations possess less available intramolecular space.' In this
report only G4—6 PAMAM dendrimers have been studied, and
SANS investigation of other generations of dendrimers is
currently ongoing to test this hypothesis of spatial constraints.
Since the real molecular boundary, Ry, is expected to be located
between Rg and Rys + o, the volume fraction ranges from
~30% to ~80%. When R, is assumed to be Rys, the corre-
sponding volume fraction of accessible water volume is about
45%; namely, about half-space inside a dendrimer is accessible
by other molecules.

Furthermore, we would like to point out that the PAMAM
dendrimer specific volume of 0.76 mL/g obtained from our
SANS experiment is smaller than the result of 0.82 mL/g
obtained from density measurement of G4 and G5 PAMAM
dendrimers in a nonsolvent condition by Dendritech Inc.'*'
The reason for the difference could be due to the fact that either
the specific volume of PAMAM changes for different solvent
condition or the density of water inside the PAMAM changes
while the volume of the PAMAM polymer chain remains the
same. In the latter case, the average density of the water inside
a dendrimer is expected to change by a factor of o according
to the calculations based on eqs 4 and 6. If we assume that the
specific volume of dendrimer in water remains 0.82 mL/g, o is
found to be 1.2 £ 0.1, 1.10 & 0.06, or 1.019 £ 0.008 when Rg,
Rus, or Rys + o is used to estimate the dendrimer molecular
volume, respectively. Either way, the average water density
inside the dendrimers is considerably higher than bulk water.
Although generally water is incompressible around room
temperature, it has been shown that the density of water confined
in nanopores or on surface can be significantly different from
its bulk density. For example, a number of computer simulation
results indicate that the average water density around the vicinity
of charged DNA and protein surfaces is significantly larger than
the bulk density.?**' Recent experiments show that the confined
water in MCM-41 is 8% denser than the bulk water at room
temperature,”* and the hydration water density on protein surface
is ~210% larger than its bulk value.?® These reported values are
close to the density of water observed in the current report if
Ry, is set to be Rys. With the increase of average internal water
density, the corresponding number of water molecules inside a
dendrimer is seen to remain unchanged. Consequently, the water
accessible internal volume will be slightly affected by the water
density change as shown in Table 2. Finally, it is instructive to
indicate that the conclusion still holds that the fraction of
available volume of a dendrimer is almost generation indepen-
dent from G4 to G6.

IV. Conclusions

Contrast variation SANS experiment has been carried out to
investigate the intramolecular water content of G4—6 PAMAM
dendrimers in aqueous solution. On the basis of our model
fitting, significant amount of water has been found inside a
dendrimer, which is quantitatively consistent with results of MD
simulations. When Rpys is chosen as the boundary radius, the
estimated number of water molecules is found to agree with
the simulation results very well. In addition, the water accessible
volume fraction of a dendrimer is found to be independent of
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the dendrimer generation from G4 to G6. Moreover, assuming
that the volume of PAMAM polymer chain remains the same
under different solvent conditions, we found that the average
density of water inside a dendrimer is higher than the one of
bulk water by a factor between 1.2 &= 0.1 and 1.019 £ 0.008.
Assuming Rys as the boundary radius, the water density changes
by a factor of 1.10 &= 0.06 compared with the bulk water density.
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