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We study the structure of carboxylic acid terminated neutral poly(propyl ether imine) (PETIM)
dendrimer from generations 1-6 (G1-G6) in a good solvent (water) by fully atomistic molecular
dynamics (MD) simulations. We determine as a function of generation the structural properties such
as radius of gyration, shape tensor, asphericity, fractal dimension, monomer density distribution, and
end-group distribution functions. The sizes obtained from the MD simulations have been validated
by small angle x-ray scattering experiment on dendrimer of generations 2—4 (G2-G4). A good
agreement between the experimental and theoretical value of radius of gyration has been observed.
We find a linear increase in radius of gyration with the generation. In contrast, R, scales as ~N* with
the number of monomers. We find two distinct exponents depending on the generations, x=0.47 for
G1-G3 and x=0.28 for G3-G6, which reveal their nonspace filling nature. In comparison with the
amine terminated poly(amidoamine) (PAMAM) dendrimer, we find that R, of Gth generation
PETIM dendrimer is nearly equal to that of (G + 1)th generation of PAMAM dendrimer as observed
by Maiti et al. [Macromolecules 38, 979 (2005)]. We find substantial back folding of the outer
subgenerations into the interior of the dendrimer. Due to their highly flexible nature of the repeating
branch units, the shape of the PETIM dendrimer deviates significantly from the spherical shape and
the molecules become more and more spherical as the generation increases. The interior of the
dendrimer is quite open with internal cavities available for accommodating guest molecules,
suggesting the use of PETIM dendrimer for guest-host applications. We also give a quantitative
measure of the number of water molecules present inside the dendrimer. © 2006 American Institute
of Physics. [DOI: 10.1063/1.2194538]

I. INTRODUCTION

Dendrimer,' regularly branched polymers, of different
initiator cores, branches, and the peripheral groups have been
synthesizedz_8 in the recent decades. Numerous kinds of ex-
periment have been carried out to prove the potential appli-
cation of this type of new material in biochemical, medical,
technical, and industrial fields.> ' In last two decades lots of
efforts have been made to design and synthesize biocompat-
ible dendrimer with different monomers having a variety of
functionalities. The atomistic characterization of dendrimer
structure has lagged this rapid progress in synthesis and
design.13 The problem is that these molecules possess an
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enormous number of energetically permissible conforma-
tions, and in solution there is rapid interchange between
them. Thus diffraction techniques yield little structure infor-
mation. Also many generations involve the same monomers,
making it difficult to extract precise information about the
local structure. Thus the first precise experimental data about
the gross size came from size exclusion chromatography
(SEC), which is now being complemented with small angle
neutron scattering (SANS) and small angle x-ray scattering
(SAXS) to determine gross size and some structural details
of dendrimers."*™' In recent years, computational and theo-
retical techniques]L35 proved to be very effective in eluci-
dating the structural properties of the dendrimer in both good
and bad solvents.'>"’ Many of these theoretical results agree
very well with the available experimental data®*¥"131¢ op
such systems.

Recently Jayaraman and co-workers™ have synthesized

© 2006 American Institute of Physics

Downloaded 16 Mar 2008 to 128.253.10.58. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp


https://core.ac.uk/display/291573475?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1063/1.2194538
http://dx.doi.org/10.1063/1.2194538
http://dx.doi.org/10.1063/1.2194538

204719-2 Jana et al. J. Chem. Phys. 124, 204719 (2006)
HO H?O OOH oH
HO o O\ N—"0
HO\ { ; % o ;OH
0] OH
N\ ? (o} N"f(o
0
o0 { o
\ Y N7 0,0H
HOx N ¢ ; NJ
0 }O (é) o // 0
HO.© N
N O~/ ,/ ¢ o)
HOx™ 0 o N oH
0 FIG. 1. Two-dimensional schematic representation of
0 N Y N o fourth generation (32 acid groups) PETIM dendrimer.
HO~—
~~ —~
HO"o O/ N> < \o }OH
o] //
HO*}N o 9 \\N"’QOH
HOp O/‘/‘N N'\—-\O-\__\ }OH
o N \ / N~L
HO f (o) O
HO™O X J O™0OH

HO  oH on OH

poly(propyl ether imine) (PETIM) dendrimers and reported
their cytotoxic properties. Evaluation of the extent of cyto-
toxicity indicates that the toxicity levels of these dendrimer
are very mild and this points to the possibility of using
PETIM dendrimer in various applications. However, so far
no structural information is available for these dendrimers,
which is essential for their application ranging from drug
delivery to molecular encapsulations. Here we report a com-
prehensive understanding of the structure of PETIM den-
drimer using fully atomistic simulations and have used
SAXS to validate some of our simulation results.

Following is the outline of the paper. In Sec. Il A we
describe the structure and the atomistic feature of the PETIM
dendrimer, in Sec. II B the experimental details of the SAXS,
and in Sec. II C the details of building of the atomistic model
and simulation methods. In Sec. III we have summarized the
results obtained form the simulation as well as SAXS stud-
ies. Finally, the summary of the main results and the conclu-
sions are given in Sec. IV.

Il. SYSTEM AND METHODS
A. Samples

The synthesis and cytotoxicity studies of carboxylic acid
terminated PETIM dendrimer (up to generation 3) reported38
recently prove its excellent biocompatibility. PETIM den-
drimer starts growing (Fig. 1) three dimensionally from the
oxygen as the core and branches out at each tertiary nitrogen,
which is separated by eight-bond spacer for each generation
of the dendrimer. The spacer containing all the SP* hybrid-
ized atoms of the PETIM dendrimer is flexible enough to
have numerous numbers of molecular conformations. As the
spacer length of the PETIM dendrimer (eight bonds) is larger
than poly(amidoamine) (PAMAM) (seven bonds) and poly-

(propylene imine) (PPI) (four bonds) dendrimers, the size of
PETIM is expected to be larger than that of PAMAM den-
drimer as well as of PPI dendrimer for the same number of
terminal groups and generations. Due to its larger spacer
length, the compactness and space filling nature of the mol-
ecule are expected to be different compared to those of
PAMAM and PPI dendrimers where the branching occurs at
shorter distances. The fully atomistic description of the
PETIM dendrimer has been described in Table 1.

B. Small angle x-ray scattering
1. Experimental section

The samples were loaded in thin quartz capillary and
were subjected to Cu Ka (0.154 nm) radiation from a sealed
tube x-ray generator (Philips, PW3830) with a line focus
beam. A small angle resolution of 0.01 A~' was achieved
using a small angle Kratky camera (Hecus M. Braun,
SWAXS) with line collimation. A slit size of 200 um and a
beamwidth of 10 mm were used in all of our experiments.
The instrument resolution [full width at half maximum
(FWHM)] was found to be 0.08 nm~'. A one-dimensional

TABLE I. Atomistic description of PETIM dendrimer.

Molecular Total No. of
Generations  No. of terminal weight Total No. of nitrogen
(G) group (N,) (g/mol) atoms (N) atoms (N,)
1 4 420.4547 61 2
2 8 1169.4149 181 6
3 16 2 667.3269 421 14
4 32 5 663.1509 901 30
5 64 11 654.7988 1861 62
6 128 23 638.0938 3781 126
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(ID) position sensitive detector (MBraun PS D50M) was
used to measure the scattered intensity. An adjustable sample
holder with temperature regulation unit (Anton PAAR, KHR)
was used to maintain the temperature of the samples at
28 °C. The sample chamber was evacuated to ~0.01 mbar
to prevent stray scattering. Typical exposure times were
about 8 h.

2. Theoretical background

SAXS is a well-established technique for obtaining in-
formation about the size, shape, and structural correlations of
macromolecules in solution. The scattered intensity from a
collection of macromolecules is given by the expression

1(q) =AP(q)S(q), (1)

where ¢ is the wave vector transfer and is given by g
=(4rsin )/\, 0 is the scattering angle, \ is the wavelength
of the radiation used, A is the scattering amplitude which
depends on the number density and electron density contrast,
P(q) is the particle form factor and has information regard-
ing the size and shape of the macromolecule, and S(g) is the
structure factor having information regarding interparticle
correlations. In a dilute collection of macromolecules S(g)
~ 1 and Eq. (1) reduces to

1(q)=AP(q). )

For a collection of dilute spheres with radius of gyration R,,
the scattered intensity /(¢) in the low g limit gR, <1 is given
by the Guinier relation

2p2
Ig)= I(O)exp{— %&} . 3)

A log-linear plot of I(g) versus ¢° in the low ¢ limit will
result in a straight line and its slope yields the radius of
gyration R,.

C. Simulation

The initial three-dimensional (3D) molecular models of
various generations PETIM dendrimer were built as follows:
First the core fragment, the branching repeat unit, and termi-
nal repeat unit were built and energy minimized using 3D
sketure of the CERIUS?2 software.”® The partial charges on the
atoms on each fragment were derived using the charge
equilibration (QEq) method.*’ Then the fragments were as-
sembled properly again using 3D sketure of the CERTUS2 soft-
ware to make a given generation and was optimized for 5000
steps using conjugate gradient minimization. Dreiding force
field*' was used to describe the interatomic interactions. The
charge equilibrated minimized structures of all generations
have been directed through the annealing algorithm using the
open force field (OFF) module of CERIUS2 software as fol-
lows.

The initial minimized structure was heated at a rate of
100 K/4 ps from 300 to 2000 K, followed by quenching to
1000 K at the same rate, followed by four such cycles be-
tween 1000 and 2000 K, and finally cooling to 300 K. The
annealed structures were solvated with TIP3P water model
using the xleap module of AMBER 7. The box dimensions
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FIG. 2. Variation of the radius of gyration with time (ps) for generations 1-6
(upwards).

were chosen in order to ensure a 10 A solvation shell around
the dendrimer structure. This procedure resulted in solvated
structures, containing between 3301 atoms for G1 and 67669
atoms for G6. Molecular dynamics (MD) simulation was
performed using the AMBER 7 (Ref. 42) software suite, using
the Dreiding force field.*' The solvated structures were sub-
jected to 1000 steps of steepest descent minimization of po-
tential energy, followed by another 2000 steps of conjugate
gradient minimization. During this minimization the den-
drimer structure was kept fixed in their starting conforma-
tions using a harmonic constraint with a force constant of
500 kcal/mol/AZ2. This allowed the reorganization of the wa-
ter molecules to eliminate bad contacts with the dendrimer
structure. The minimized structure was then subjected to
45 ps of MD, with 2 fs time step. During the dynamics, the
system was gradually heated from O to 300 K with harmonic
constraints on the solute using the SHAKE method. This was
followed by 200 ps constant-volume—constant-temperature
(NVT) dynamics with a temperature-coupling constant of
0.5—1.0 ps on the solute. Finally, 2—10 ns (depending on the
generations) NPT unrestrained production dynamics was car-
ried out with a time constant for heat bath coupling of 1 ps.
The electrostatics interactions were evaluated with the par-
ticle mesh Ewald®* (PME) method, using a real space cutoff
of 9 A. This simulation times proved to be long enough to
get equilibrium properties as seen from the time evolution of
the radius of gyration of the dendrimer shown in Fig. 2.

lll. RESULTS AND DISCUSSION

To characterize the structure and properties of dendrim-
ers as a function of generation we have chosen the following
quantities: radius of gyration, shape tensor, asphericity,
monomer density distribution, molecular surface area, end-
group distribution, solvent accessible surface, molecular vol-
ume, and spatial arrangement of branch points. We have also
done SAXS experiment to compare our simulation results
with those obtained from experiment. We have also studied
the penetration of water inside dendrimer by computing the
number of water inside the dendrimer as a function of the
distance form the center of mass of the dendrimer.
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TABLE II. Radius of gyration (R,) obtained from three different ways as the function of generation of PETIM
dendrimer. R, (a)=radius of gyration calculated from Eq. (4) R,(s)=radius of gyration obtained from the theo-
retical Guinier plot. R,(SAXS)=radius of gyration obtained from the experimental Guinier plot. Ry=radius of
gyration calculated considering the terminal group only. The quantities have been averaged over 500 ps after the

equilibration.

No. of terminal

groups R,(a) (A) R/(PETIM) (A) Ry(s) (A) R,(SAXS) (A)
4 5.65+0.27 6.59 5.19£0.12
8 8.90+0.37 10.64 8.19+0.36 7.86+0.1
16 14.1420.39 16.88 13.18+0.24 10.74=0.16
32 17.73+0.41 20.58 16.10+0.53 14.88+0.21
64 21.12+0.60 23.73 19.85+0.33
128 26.62+0.16 27.80 24.9120.35

A. Size and shape

To obtain a quantitative estimate of the average size of
the dendrimer, the mean square radius of gyration (R;) de-
fined as

N

E mi|ri_R|2 (4)

i=1

(R)=(1/M)

has been computed [R,(a) given in Table II] over the trajec-
tory. Here R is the center of mass of the dendrimer, m; and r;
are the mass and position vector of the ith atom, and M and
N are the total mass and total number of atoms of the den-
drimer. Table IT shows the radius of gyration (denoted as
R,(a)) obtained from our simulation as a function of genera-
tion. To compare our simulation results we have also shown
the size obtained from our SAXS studies, details of which
are given the next section.

The radius of gyration of the dendrimers in solution has
been determined from the small angle x-ray scattering
(SAXS). Figure 3 shows the Guinier plots (I(¢) versus g?)
for three different generations of the dendrimers after sub-
tracting the background due to the solvent and the capillary.
The black lines are the fits to the data using Eq. (3). The
concentration of the third generation [Fig. 3(b)] and fourth
generation [Fig. 3(c)] dendrimers was 0.5 wt % and that for
the second generation [Fig. 3(a)] was 1.5 wt % to have a
good signal to noise ratio. In spite of this threefold increase
in concentration over the third and fourth generation den-
drimers, the scattering from the second generation was low
and hence the data shown for the second generation were
smoothened using a five-point adjacent-averaging method.
The values of R, obtained from Guinier plot for generations
G2-G4 have been tabulated in Table II. Closely related to the
results of SAXS experiments is the spherically averaged
Fourierzgransform of the single particle density I(g) given by
Eq. (5)

N 2

1 2 T
1(q)=47TN2JO d(bJo sin 6d6| Y, expliq-r;]| , (5)

i=1

where

q =g sin 6 cos ¢x + g sin 6sin Py + g cos 62

is the scattering vector and r; is the position vector of the
scattering center.

To make comparison with the SAXS data, we have cal-
culated I(g) using orientation averaging at intervals of 9° in
both #(0<#<180°) and ¢(0<¢@<<360°). Figure 4 shows
the plot of In(/(g)) versus ¢* as obtained from our simulation
data. Linear regression fit to the theoretical Guinier plots
obtained in this way (In(I(g)) versus ¢°) gives the radius of
gyration R, for each generation (denoted by R,(s) in Table
II) and has been shown in Fig. 5 as a function of generation.
Table II shows variation of R, as a function of generation
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FIG. 3. Log-linear plots of the 1(g) vs ¢> for (a) PETIM generation 2, (b)
PETIM generation 3, and (c) PETIM generation 4. The thin black lines are
from the experiment and the dashed lines from MD simulation. The thick
black lines are Guinier fits to the experimental data.
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FIG. 4. Theoretical guinier plot (In(I(¢)) vs ¢?) for different generations of
PETIM dendrimer. The black lines are the linier least squares fitting for the
lower g value.

obtained from three different ways and we find a good agree-
ment between our calculated R, with the values obtained
from the SAXS data.

Figure 5 shows that the radius of gyration increases lin-
early, having slightly different slopes with the generation
number for all the three cases. This linear dependence of the
radius of gyration on the generation has been observed for
PPI dendrimer.'” We also see that our calculated values for
R, are consistently higher than that of experimental one. This
discrepancy could be attributed to the fact that the shape of
the dendrimer (discussed below) is far from spherical, an
assumption that was made to extract R, when using Eq. (3).
The discrepancy between the experimental and simulation
values may also be due to the solution conditions. The ex-
periments were conducted in methanol solution, whereas the
simulations were performed in water. The consistent higher
R, values for the aqueous solutions indicate that the propy-
lene spacers in dendrimers are stretched under this solution
condition. In methanol solutions, the propylene spacers ex-
perience relatively less hydrophilic environments and thus
less affected by the solution condition. The lesser R, values
of dendrimers in methanol solutions reflect the extent of
shrinking of the dendrimers under this solution condition.
Swelling in aqueous solutions and shrinking in methanol so-
lutions may contribute in addition to the asphericity for un-
equal R, values in these two solvents.

The variation of root mean square radius of gyration
with number of monomers shown in Fig. 6 follows the scal-
ing relation (R,) ~N¢, with a=0.47 for G1-G3 and a=0.28
for G3-G6. It is clear that a single law (R,)~N® does not

J. Chem. Phys. 124, 204719 (2006)
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FIG. 5. Plot of the root mean square radius of gyration ((R,)) vs generation.
All the averaging has been taken over 500 ps after the equilibration R,(a)
=radius of gyration calculated from Eq. (4). R,(s)=radius of gyration ob-
tained from the theoretical Guinier plot (Fig. 4). R,(SAXS)=radius of gy-
ration obtained from the experimental Guinier plot (Fig. 3).

describe the R, dependence in the whole range of N studied
here and far from the universal power law of the type (R,)
~ N33 previously obtained for PAMAM and PPI dendrimers
both theoretically and experimentally.l8’19’44 Such nonuniver-
sal scaling law behavior was recently found to be true for
flexible dendrimers.” As the generation number increases,
the dendrimer structure becomes more and more compact
and space filling and the exponent is approaching the limit-
ing value of 0.33. The above scaling exponent can be used to
calculate the fractal dimension (d;=1/a) of the dendrimer
from the relation

NocR;/“. (6)

We find the fractal dimension d; to be 2.1 for G1-G3 and 3.4
for G3—-G6, respectively. PAMAM dendrimer shows this ex-
ponent as 3.0,"” which is equal to the dimensionality of the
space indicating their space filling and compact structures.
For lower generation PETIM dendrimer (G1-G3), the fractal
dimension (~2.1) is far from the dimensionality of the
space, which indicates that these molecules are nonspace fill-
ing and open in nature. For higher generation of the PETIM
dendrimer, fractal dimension goes near to the dimensionality
of the space; still the spatial arrangement of the branches
within the molecule remains nonspace filling. This nonspace
filling and open nature of the PETIM dendrimer have been
further confirmed from the calculation of the single particle
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— Fitted value
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—
1

Rg (Angstrom)
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— Fitted val

FIG. 6. Radius of gyration ((R,)) as
the function of the number of mono-
mers (atom) (in log-log scale), (a)
G1-G3 and (b) G3-G6.
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TABLE III. A comparison between radius of gyration of PETIM with that of
amine functionalized PAMAM dendrimer as the function of generation. Our
simulation has been done on the neutral dendrimer molecule. So we have
taken the R, of PAMAM observed by Maiti et al. Ref. 19 at high pH for the
comparison. We also include the data observed by Han er al. Ref. 35 at
slightly basic pH.

R, (PAMAM) (A)
No. of terminal

groups R, (PETIM) (A) Maiti et al.* Han et al.’

4 5.65

8 8.90 6.0

16 14.14 8.0

32 17.73 10.0

64 21.13 16.78 13.0

128 26.63 20.67 17.0

256 26.76 21.3

512 27.0

“Reference 19.
"Reference 35.

form factor (see Kratky plots shown in Fig. S1 in the supple-
mentary materials). Due to larger and flexible nature of the
spacer, the molecules get larger span of space to orient them-
selves resulting in their nonspace filling nature.

Finally to make a comparison with the available data on
other types of dendrimer, we find that the radius of gyration
of PETIM dendrimer is larger than that of PAMAM den-
drimer for a given generation. To a good approximation the
radius of gyration of the Gth generation of PETIM dendrimer
is approximately greater or equal to that of the (G+ 1)th gen-
eration (observed by Maiti et al)’ and (G+2)th generation
of the PAMAM dendrimer (observed by Han et al.) (Table
). Again this is a consequence of larger and more flexible
nature of the spacer in PETIM dendrimer compared to other
dendrimers such as PAMAM and PPI.

B. Shape

The shape of PAMAM dendrimer has been studied ex-
tensively using transmission electron microscopy46 (TEM)
and with tapping mode atomic force microscopy (AFM)."
However, so far there are no data on the shape of the PETIM
dendrimer. The flexibility and larger length of the repeat unit
determine the shape of these molecules. To visualize the
variation of the shape as a function of generation, we have
shown a snapshot of the final configuration for each genera-
tions G1-G6 in Fig. 7. To provide a more quantitative crite-
ria, the aspect ratio, which is the ratio of the two principle

J. Chem. Phys. 124, 204719 (2006)

moments of inertia, has been calculated and averaged over
the dynamics trajectory. I, ,, and I, are three principle mo-
ments of inertia of the moleéule, which have been found by
diagonalizig the gyration metrics G*®

N
1
Gmn=ﬁ Emi(rmi_Rm)(rni_Rn) , mn=x,y,z,
i

(7

where r and R are the coordinates of atoms and the center of
mass of the dendrimer, respectively, m; is the mass of ith
atom and M is the total mass of the dendrimer. The average
values of the three principal moments of inertia are tabulated
in Table IV, while Fig. 8(a) shows the average ratios for
different generations of dendrimer. We see that I./1, and 1./,
vary from 20.163 to 2.372 and from 5.54 to 1.58, respec-
tively, from generations 1-6 (Table IV).

As the generation increases the value of the aspect ratio
goes towards 1.0 (Table IV) indicating that the shape of the
dendrimer approaches to the spherical one. More quantitative
information about the shape of the dendrimer can be ob-
tained by calculating the asphericity, introduced by Rudinck
and Gaspari as"

. @)
o=1 3<<1%> ’

where I, I, and I5 are defined as

(8)

L=L+1+1,
L=11,+ 11 +1lI,

L=L1..

The relative shape anisotropy of the simulated dendrimer
shown in Fig. 8(b) shows that with the increase in genera-
tion, the dendrimer becomes a more and more compact
spherical structure. The asphericity decreases from 0.4 for
G1 to 0.05 for G6.

C. Radial monomer density profiles

The average radial monomer density p(r) can be defined
by counting the number N(R) of atoms whose centers of
mass are located within the spherical shell of radius r and
thickness Ar. Hence, the integration over r yields the total
number of atoms as

FIG. 7. (a) Aspect ratio as the function
of generation, I./I, and I/I,. (b) As-
phericity has been plotted as the func-
tion of generation.
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TABLE IV. Information about the geometric properties (three principle moments of inertia, aspect ratio, and
asphericity) of PETIM dendrimer in comparison. The quantities have been averaged over 500 ps after the

equilibration.
Generation (L) (1) (I,) (I/1,) (I/1,) &S (asphericity)

1(4) 25.63 4.83 1.61 5.54+1.34 20.16x£10.4 0.49+0.06

2(8) 45.30 225.67 8.43 1.85+0.53 5.86+2.3 0.17+0.06

3(16) 101.44 60.25 38.25 1.72+0.36 2.70+£0.63 0.08+0.04
4(32) 173.99 83.13 57.56 2.19+0.6 3.10+0.75 0.12+0.06
5(64) 223.82 134.42 88.42 1.67+0.26 2.53+0.26 0.07+0.02
6(128) 327.20 232.95 148.87 1.41+0.17 2.20+0.15 0.04+0.01

R
N(R) = 477J r*p(r)dr.
0

In Fig. 9 we show the radial monomer density for various
generation PETIM dendrimers in water. In each case the plot
shows the contributions to a particular generation from each
of its component generations. We take the origin as the cen-
ter of mass. We see a very high-density region around the
origin and a tailing zone in which the monomer density is
gradually decreasing with the radial distance. This indicates
that the core region is very dense compared to the middle of
the dendrimer, which is fairly hollow supporting the dense
core picture from earlier theoretical and computational
studies.'>***! However, there is no constant density region in
monomer density distribution in the middle of the dendrimer
as has been observed for PAMAM dendrimers.'® The radial
monomer density distribution for each subgeneration shows
how the inner subgenerations are distributed throughout the
interior of the dendrimer and indicates that there is signifi-
cant back folding of the outer subgeneration. The extent of
back folding increases with the increase in generations. It is

(@ a1 G2 G3 G4

G5

(b)

FIG. 8. Instantaneous snapshots of G1-G6 PETIM dendrimers after long
MD simulations at 7=300 K. All figures are to the same scale.

clear that the monomer density is higher at the core region
for all the generation compared to the exterior of the mol-
ecule. On the basis of this observation it can be concluded
that the subgeneration for a particular generation has folded
back towards the core and makes the core region compact
compared to the region far from the core. With increase in
the generation number the monomer density increases and
extends radically outward from the core. This dense core
picture is in agreement with the results obtained by Boris and
Rubinstein®! for the dendrimer containing the flexible repeat
unit.

D. Water penetration

In a good solvent such as water PETIM has lots of in-
ternal voids and cavities, which can act as a binding site for
small molecules for drug delivery and skin care products,
and these cavities can accommodate a large number of water
molecules as well. Due to the favorable interaction of water
with the various functional groups of the dendrimer, signifi-
cant number of water penetrates inside the dendrimer and it
helps swelling the dendrimer. A quantitative estimate of the
solvent penetration is given by counting the number of water
bound by the dendrimer outer surface. Due to the nonunifor-
mity as well as asphericity of the dendrimer surface, special
care must be taken to identify the bound water, as simple
spherical cutoff will overestimate the numbers of water
within the dendrimer. To have an accurate estimate of the
number of bound water we have used the following
criteria:'”® We first calculated the molecular surface area
(MSA) for each of the dendrimer atom using a large probe
radius (6 A). With this probe radius the generated surface of
the dendrimer becomes almost spherical and smooth. Those
atoms with nonzero MSA represent the surface atoms of the
dendrimer. Using these surface atoms we identify all the sur-
face water that are within 4 A of the surface atoms. Next we
identify all the water close to the inner atoms (with zero
MSA) excluding all the previously defined surface water.
The number of bound water calculated this way is listed in
Table V. This significant penetration of solvent molecules
inside the dendrimer structure is in agreement with the recent
SANS studies on poly(benzyl ether)’' and polycarbosilane
dendrimers.” In these experiments the number of solvent
molecules inside the dendrimer was calculated from the
change in neutron scattering density. We find that the number
of bound water for the Gth generation of the PETIM is larger
than the number of water in same generation PAMAM den-
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FIG. 9. Radial monomer densities (arbitrary units) for different generations of ethylene diamine (EDA) cored PAMAM dendrimers for all generations. Each
figure is for a specific generation. The numbers shown were averaged from snapshots every 0.5 ps. The origin is at the center of mass. The last plot compares
the total density profiles for all generations of PAMAM dendrimer from Gl to G6.
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TABLE V. Average number of water inside the dendrimer for different
generation PETIM dendrimers. For criteria used in identifying the bound
water, see the text. For comparison we have also shown the number water
insidle PAMAM dendrimer with same number of terminal group.

No. of Bound water

terminal

groups PETIM PAMAM
32 161
64 491 138
128 1275 378
256 890

drimer. The number difference of bound water between Gth
generation of PETIM and (G+ 1)th generation of PAMAM
increases as we go to higher generation. For example, the
number difference between PETIM-32 and PAMAM-64 is
about 14%, where as for PETIM-128 and PAMAM-256 it is
30%. So for various applications lower generation PETIM
dendrimer can be used in place of higher generation
PAMAM to avoid some extra toxicity towards the living cell.

IV. CONCLUSION

SAXS has been used to study the size of the carboxylic
acid terminated neutral poly(propyl ether imine) (PETIM)
dendrimer for generations 2-4 (G2-G4) in water. The size
obtained from the SAXS measurement is in good agreement
with the atomistic molecular dynamics simulation in explicit
water. The dependence of the radius of gyration as a function
of the number of monomers N does not obey the scaling law
R,~N'"3 as has been observed for PAMAM and PPI den-
drimers. Instead for higher generation PETIM dendrimer
studied here (up to G6), we find the scaling form to be R,
~N%28_ The monomer density distribution shows the dense
core nature of the dendrimer, which is expected for den-
drimer having flexible repeat unit. Significant back folding is
observed for all the generations studied. This, along with our
previous simulation studies on PAMAM dendrimer, demon-
strates that back folding is a universal phenomenon for den-
drimer architecture. With the very flexible repeat unit the
shape of the dendrimer is far from spherical one. We find
significant penetration of solvent molecules in the interior of
dendrimer molecules for all generations.

The following supporting information are available: (1)
the xyz coordinates for a snapshot of the trajectory for each
dendrimer from generation 1 to generation 6 in ASCI format,
(2) the monomer density profiles with respect to the center of
core of the dendrimer, (3) branch point distribution, and (4)
Solvent accessible surface area and volume.
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