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Abstract Dimer impurity in the solution of a generation five (G5) polyamidoamine (PAMAM) dendrimer has been investigated by
small-angle neutron scattering (SANS). The existence of dimer impurity in dendrimer solution was evidenced by indirect Fourier
transform (IFT) analysis of the SANS data, in which the maximum dimension of particles in solution was found to be about twice the
diameter of G5 dendrimer. We then developed an analytical model which accounts for the scattering contribution from both dendrimer
monomer and dimer. The experimental data were well fitted by using the established model. The results showed that the amount of dimer
impurities is significant for the measured three batches of G5 PAMAM dendrimers.
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INTRODUCTION

Dendrimers are known as a family of synthetic macromo-
lecules with well-defined tree-like, hyperbranched struc-
ture, and molecular size.l'! Among the different types of
dendrimers, starburst polyamidoamines (PAMAM) are one
of the most characterized and investigated molecules.l>]
They can be synthesized in a well-controlled manner, gene-
ration by generation, which results in high monodispersity,
high density of surface functionalities, and internal space
available for supramolecular inclusion.[®! Due to these unique
structural and physicochemical properties, they have recei-
ved intense attention as candidates for a variety of bio-
medical applications such as drug and gene delivery in the
past decades.[’" 1% Although PAMAM dendrimers are highly
monodisperse (PDI as low as 1.0007),l'' which is one of the
most important features over traditional polymers, these
synthetic materials are not as perfect as biomacromolecules
such as proteins and nucleic acids. Structural defects on
PAMAM dendrimers were found during the very first syn-
thesis by Tomalia et al. in 1980s.['?) The incomplete Michael
addition reaction, intramolecular cyclizations, fragmentation
due to retro-Michael reactions, and solvolysis of terminal
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functionality were concluded to cause structural defects
during dendrimer synthesis. Dendrimer bridging via inter-
molecular transamidation reactions has also been observed
during dendrimer generation growth, which leads to the
formation of dendrimer dimers. This dendrimer bridging
reaction depends very much on synthesis conditions, namely
the amount of sequencing reagent and the reaction temp-
erature, and therefore needs to be precisely controlled. Up-
to-date, the defective structure of PAMAM dendrimers,
including missing arms, trailing dendrimer generations, and
dimer impurities, have been carefully investigated by several
groups using mass spectrometry (MS), high-performance
liquid chromatography (HPLC) and so on.['3~'% However,
given the low polydispersity index of dendrimer samples, the
defects were usually thought to be only a small fraction and
did not catch much research attention. More recently, Mullen
et al. carefully characterized different batches of commercial
products of a generation 5 (G5) PAMAM dendrimer by
HPLC and gel permeation chromatography (GPC),!'”l in
which they confirmed the existence of trailing dendrimer
generations and dimer impurities. In a separate study, the
same research group employed reverse phase HPLC to
isolate generation defects in the samples and successfully
produced G5 dendrimer with high purities.l'8] The dimer
impurities were found to vary with different commercial
batches, from 8% to 15%, which are actually non-negligible
for biomedical applications. Therefore, it is necessary for
researchers to be aware of the effect of dimer impurity in
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commercial dendrimer products or to carry out post-market
purification before using these products.

During the past two decades, the molecular structure of
dendrimers has been a focus of research interests due to not
only its importance in the application aspects but also the
unique dendritic structural properties different from those of
typical polymers and colloids.[!°] Extensive characterization
of PAMAM dendrimers has been carried out by different
kinds of experimental techniques, such as small-angle X-ray
scattering (SAXS), small-angle neutron scattering (SANS),
laser light scattering, NMR, MS, and X-ray diffraction.[20] In
particular, SANS and SAXS have been widely used due to
the fact that they enable the researchers to directly investi-
gate the solution structure of macromolecules.2! Structural
aspects including the radius of gyration,[2223] the spatial dis-
tribution of terminated groups,l?#23] the size and shape of
different generation dendrimers,26-21 the intramolecular
space for supramolecular inclusion,[*% and the intermolecu-
lar interactions at varying solvent conditionsB!] have been
addressed. However, the structural defects on dendrimers
have not yet been investigated in these SAXS and SANS
studies.

Unlike HPLC, which separates and determines the den-
drimer impurities by using the size-dependent mobility of
different components, SANS directly detects the spatial
structure of macromolecules in solution. SANS is sensitive
to structural impurities of dendrimers in solution, especially
the large size species such as dimers and other oligomers.
We therefore performed SANS studies on G5 PAMAM
dendrimers in diluted aqueous solutions to investigate the di-
mer impurities in different batches of dendrimer products.
Indirect Fourier transform (IFT) analysis of the SANS data
showed that the maximum dimension is about twice the dia-
meter of a single dendrimer (monomer), indicating the exist-
ence of dendrimer dimer. Then, we developed an analytical
model for the form factor of two spatially correlated spheri-
cal particles in SANS analysis. Based on this model and the
so-called “fuzzy-sphere with internal blob model” de-
veloped by Rathgeber et al.,[29] we successfully fitted the
SANS data for PAMAM dendrimers, and estimated the
amount of dimer impurities based on the fitting results.

EXPERIMENTAL

Materials

G4 and G5 ethylenediamine (EDA)-cored, amine-terminated
PAMAM dendrimers (G4, No. 0713-09-E4.0-LD; G5 Batch-
1, No. 1213-08-E5.0-LD; G5 Batch2, No. 0815-07-E5.0-LD-
W; G5 Batch3, No. 0113-07-E5.0-LD) were purchased from
Dendritech, Inc. (Midland, MI). The dendrimer samples were
distilled or free-dried to remove the solvents, and then dis-
solved in deuterium oxide (D20) to obtain aqueous solutions
at a concentration of 5 mg/mL. The solution samples were
freshly prepared one night before the SANS measurement.
The samples were measured by SANS without further puri-
fication. D>O was purchased from Sigma-Aldrich (St. Louis,
MO).

SANS
SANS measurements were performed on the V4 SANS ins-

trument at BERII research reactor HZB.3%31 In order to
cover a wide wave vector g range from 0.16 nm™' to
5.0 nm™!, two configurations of the instrument have been
used, with the wavelengths of incident neutron beam selected
at 0.45 and 0.6 nm, and the sample-to-detector distances set
at 1 and 4 m, respectively. The samples were contained in
1 mm path length quartz cells. All the experiments were
carried out at room temperature. The SANS data were
reduced by using the BerSANS software.l’*l The measured
intensity was corrected for scattering contribution from the
empty cells and D20 and placed in an absolute scale using
water scattering as a reference standard.

Theory of SANS Data Analysis
When analyzing the SANS data, both model-independent
and model-dependent methods can be employed. The indirect
Fourier transform (IFT) method, developed by Glatter ef al.,
can be used to transfer the scattering data into real space
function,** namely pair distance distribution function. It has
been shown that IFT is very suitable for determining the
maximum dimension of particles investigated. On the other
hand, modeling is useful for providing researchers with quan-
titative structural information in real space on their particular
systems.
IFT analysis
The intensity /(¢g) measured in a SANS experiment is given
by the Fourier transform of pair distance distribution function
P(r) of the particle:1*]

sin(gr)

I(q) =4n foo P(r)
0 qr

P(r) function gives direct information about the structure
in real space. The function is a measure of the probability of
all distances between a pair of points within the particles
weighted by excess scattering length density at the points.
From the function, the maximum dimension (D,,,,) of the
particle can be directly determined where P(r) goes to zero.
Noticing the superposition property of Fourier transform
(FT), if there are both dendrimer monomer and dimer impu-
rity in the investigated system, the deduced P(r) will be sim-
ply the sum of those of the monomer and the dimer. There-
fore, the existence of dimer will result in a larger (doubled)
value of D,,,. IFT method has been well developed and can
be applied to calculate the P(r) function. In particular, we
used the program GNOM by Svergun et al. for the calcula-
tion of P(r) from SANS data.[36]

SANS modeling

For data modeling, the theoretical result of a given model can
be calculated so as to get fitted with the experimental data
using the non-linear least square method. For the investigated
system, the SANS intensity distribution /(¢) can be given by
the following analytic expression:37]

I(q) = np P(@)S (¢) + IInc 2
where nyp is the number density of molecules, P(g) is the form
factor (also known as the intra-molecular structure factor),
S(g) is the inter-molecular structure factor, and /inc is the
incoherent scattering background. The contribution of the
inter-dendrimer correlation to /() is found to be negligible in
our diluted samples.

dr (1)
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Therefore, the scattering intensity of our dendrimer sys-
tem including both monomer and dimer can be expressed as:

1(q) = nm[Pm(q) +yPa(q)] + Iinc 3)
where nm is the number density to monomer, y is the molar
ratio of dimer to monomer, and Pm(g) and Pd(g) are the form
factors of monomer and dimer, respectively. Based on the
model fitting results of y, molar fraction of the dimer im-
purity can be determined.

Form factor of two spatially correlated spherical particles
The form factor of the randomly oriented particles in solu-
tions can be described as:

2

2 -
>=<f(p_ps>exp<iq-r>dv > (4)
\%4

where p is the coherent scattering length density of the
particle at position r, ps is the scattering length density of the
solvent, and V is the volume of the particle. Considering the
system of two correlated spherical symmetric particles sep-
arated by an arbitrary center-to-center distance D (as shown
in Scheme 1), the form factor then can be expressed as:

2 NN
>=<f(pl -pexp(iq-r)dv
Vi

2

+ f (py —p)exp(i 4 (D+72))dv >
Va

P(g) = <‘F<5>

P(g) = <'F<E>

)

sin(gD)
gD
where Fj is the scattering amplitude of the /" particle and

= |F1? +|F2f +2F 1 Fy

Fij= f(pj—ps)exp(ia?j)dv. In fact, it can be found that
4

Eq. (5) is similar to the widely known Debye equation which

is developed for group of atoms in molecules.*¥! Particularly,

for two identical spherical particles, we have F1 = 2 = F,

and therefore the form factor can be written as:

2sin(gD)

D ©)

P(g)=Q2+

Scheme 1 Two spatially correlated spherical particles

Form factor of dendrimer monomer

An analytic model for PAMAM dendrimer monomer has

been developed by Rathgeber et al.,1*°] known as the fuzzy
sphere with internal blob model, and can be expressed as:

Pu(q) = Pshape(q:R,O')+abelob(‘]aR’U)
3
(gR)’

+ apPyiob(q, R, 0)

2 2
[sin(gR) — gR cos(qR)]exp( # )}

= [V(ﬂ _ps)]z{

(7

In this expression, the first term gives the contribution of
the whole shape, a homogeneous hard sphere with radius R
and fuzzy edge o. v is the volume of the dendrimer molecule,
p is the coherent scattering length densities of the dendrimer,
and p, is the scattering length density of the solvent. The
second term Pyp(q) gives the contribution from the intra-
molecular density fluctuations on length scales smaller than
the blob radius. The amplitude ay, is given by the ratio of the
scatter number in one blob N, to the total dendrimer seg-
ment number N,, a, = Ny/N;.
Form factor of PAMAM dimer
Next, particularly for dimer impurities, we have F| = F2, so
the form factor can be written as

2sin(gD
Pa(g) = 2+ 20UD) p o) ®)
gD

where Pm(g) represents the form factor of a dendrimer
monomer, and D = 2R is the center-to-center distance of the
monomers in one dimer. Therefore, the overall scattering is
given by:

sin(2¢R)

qR
7\
qRcos(gR)] CXP(T)} +apPyiob(q, R, 0)

Py(q) = (2 + ) [v(p—ps)I? { [sin(gR)—

R 3
(gR) ©)

RESULTS AND DISCUSSION

In Fig. 1, the SANS intensities for solutions of three different
batches of G5 PAMAM dendrimer in D20, here termed as
Batchl, Batch2, and Batch3, are shown as a function of
scattering vector amplitude g. The dendrimer concentration
for all the samples was kept at a constant of 5 mg-mL™!. It is
clearly shown that the scattering is very different for the
three samples, especially in the low g ranges. Because the
dendrimer solution is dilute, the intermolecular structural
factor has essentially a constant unit value for the measured g
range. The difference in scattering curve therefore firmly
shows some structural difference at the molecular level in
these samples.

We then carried out the IFT analysis on these data. The
best fitting results to the experimental data are also shown in
Fig. 1. The resulting P(r) functions are shown in Fig. 2. IFT
method is sensitive in determination of the maximum dimen-
sion (Dy,,,) of the scattering system. For the measured sam-
ples, the values of D,,,, are around 11 nm. As what is known
from previous experimental results by TEM or SAXS/SANS,
the diameter of a single G5 PAMAM dendrimer molecule is
around 6 nm.[26] Therefore, the larger D,,,, must be due to
dendrimer impurities possessing a larger size, such as dimer
or other oligomers. If our measured intensity is the sum of

https://doi.org/10.1007/s10118-019-2260-x
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Fig. 1 SANS data from three different batches of G5 PAMAM
dendrimer in D20 at a concentration of 5 mg-mL™! and the cor-
responding IFT analysis results

scattering from both monomer and dimer, the P(r) function
which is FT of the scattering /(g) will be the sum of those
from monomer and dimer. This is because of the superposi-
tion property of FT. It can be found that the P() function de-
creases to smaller values at » > 6 nm, which is not likely the
case for a spherical-like dendrimer molecule but can be well
explained by the existence of dimer impurity in the samples.
The resulting P(r) function for the three batches at » > 6 nm
also shows relatively small values. This means that although
dimer impurity is found in the samples, monomers are still
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Fig. 2 The pair distance distribution function P(r) determined by
IFT analysis of the SANS data from three batches of G5 PAMAM
dendrimer in D20 aqueous solution

the dominate components. It should be mentioned that the
non-zero value for P(r) at » = 0 is mainly due to the incoher-
ent scattering background and density fluctuations at the
atomic scale, which provides non-useful structural informa-
tion at the interested length scale.

We then fitted the data with the developed model includ-
ing contributions from dimer impurities, and the results are
shown in Fig. 3. It can be found that the experimental data
are well fitted by the model. Based on the fitting results, the
scattering contributions from dendrimer monomers and di-

1 o Experimental data _ Experimental dat
107 @ Model fi 107 . Model it
—A—Monomer scattering —A— Monomer scattering
—v—Dimer scattering . —V— Dimer scattering
~107F ~1072F
| |
8 5
S S
< 03k =03k
4 4
10 " £ Batchl . 10 " £ Batch2 .
0.2 0.4 0.6 0.81.0 2.0 40 6.0 0.2 0.4 0.6 0.81.0 2.0 40 6.0
g @m ") g (mm’)
-1 ¢ Experimental data
10 ¢ ——Model fit
w, —2—Monomer scattering
b —v— Dimer scattering
~1072F
|
g
2
S
S0k
—4
10 " Batch3 )
0.2 04 0.60.81.0 2.0 40 6.0
g (mm)

Fig. 3 Model fitting results of SANS data for the three different batches of G5 PAMAM dendrimer products. The incoherent
background scattering was subtracted according to the model fitting results. The scattering contributions from both dendrimer
monomer and dimer are also shown separately based on the fitting results.
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Table 1 Structure parameters of different batches of G5 PAMAM dendrimer

Sample Sphere radius R (nm)

Fuzzy edge o (nm)

Blob scattering ab Dimer molar fraction

Batchl

Batch2

Batch3
Batchl + 5%G4

2.01+£0.14
1.84 +£0.22
2.27+0.05
1.82+0.17

1.38 £ 0.08
1.52 £0.10
1.26 £ 0.04
1.47 +0.07

0.097 £ 0.004
0.084 +0.003
0.069 £ 0.003
0.110 £ 0.006

0.12 £ 0.03
0.10 £ 0.04
0.14 £ 0.02
0.14 £ 0.06

mers can be separated. For all the three batches, the contribu-
tion from dimer is smaller than that from dendrimer mono-
mer, and is mainly to the scattering at low g. The structural
parameters according to the model fitting results are shown
in Table 1. It can be found that the molar fractions of dimer
impurity in Batchl and Batch2 are around 10%—12%, and a
slightly higher value of 14% is found for Batch3. The in-
tramolecular structure for Batch3 also shows a little differ-
ence from Batchl and Batch2, for which a slightly larger
sphere radius R and smaller fuzzy edge thickness ¢ can be
found. These model fitting results are also in agreement with
the previous IFT analysis. Taking Batchl for example, the
radius R of the monomer is (2.0 = 0.2) nm and the fuzzy
edge o equals (1.4 £ 0.1) nm; D,,,, can also be calculated as
(10.8 £ 1.0) nm, while in the IFT analysis D,,,, was found to
be around 11 nm.

We also tried to fit the SANS data without including the
dimer contribution, but could not get a good fitting result.
This is due to the relatively large amount of dimer impurity
in the dendrimer samples which are prepared directly from
commercial products without any purification. The amount
of dimer impurity is significant and thus detectable by SANS
analysis. Therefore, our results indicate the importance of
sample purification when characterizing PAMAM dendri-
mers.

There should also be fragment defects in the measured
samples, which are not included in our model fitting analys-
is. However, because these fragment defects should only ac-
count for a relatively small part, as shown by previous HPLC
analysis,[!7] and because the scattering is proportional to the
square of particle size, their scattering contribution can be
essentially ignored. This is proved by comparing the scatter-
ing from G5 PAMAM dendrimer (Batchl) and the same
dendrimer product (Batchl) with the addition of 5% G4
PAMAM dendrimer, which shows little difference in scatter-
ing as shown in Fig. 4. The changes in structural parameters
according to model fitting results are also within error for
the Batchl sample and Batchl + 5%G4 sample, as shown in
Table 1. This means the low generation impurities merely
change the analysis results. On the other hand, the existence
of trimer or tetramer in the product may also be possible.
However, the amount should be much less than that of di-
mer. Moreover, trimer and tetramer should also introduce a
larger D, in the system than that of dimer, because the
maximum dimension of a trimer or tetramer should be ran-
ging from two to three or four times of a monomer depend-
ing on the internal structure of the oligomer. This is not
found in the IFT analysis of SANS data, which means the
amounts of trimer or tetramer impurities in the dendrimer
solution are negligible.

The existence of large amount of dimer impurity and its

0G5
#G5 + G4(~5%)

—
S

T B wag,

I(g) (em™)

—_

o\
[N
T

107 :
02 04 0.6081.0 2.0

g (nm™)
Fig. 4 SANS data of G5 PAMAM dendrimer from Batchl and the

same product added with 5% G4 in mass fraction. Little difference
between the two scattering curves can be found.

40 6.0

variation on different batches of dendrimer products can be
understood by recalling the PAMAM dendrimer synthesis
process. As pointed out by Tomalia et al., dendrimer brid-
ging via intermolecular transamidation reactions can signi-
ficantly influence the monodispersity of final products.[']
And this bridging phenomenon depends very much on the re-
action conditions, including the amount of sequencing rea-
gent and the reaction temperature. The formation of dimer
impurity should be due to the dendrimer bridging process.
Because bridging amidation and dendrimer amidation are
kinetically similar,['2] it is almost impossible to avoid the
formation of dimer impurities during the synthesis. A large
number of dimer impurities are likely formed which may
vary on different synthesis conditions, or in other words, dif-
ferent batches of dendrimer products.

The structural heterogeneity may have a big effect on the
performance of materials concerning their applications where
the particle size plays an important role. The large number of
dimer impurities in PAMAM dendrimers found in this study
are in consistent with previous HPLC results by Mullen
et al.l'7l Here, we found the molar fractions of dimer impu-
rity for the three measured batches of G5 PAMAM samples
are as high as (12 + 3)%, (10 £ 4)%, and (14 £ 2)%, respect-
ively. Therefore, it is suggested that special care needs to be
taken for dendrimer applications wherever particle size and
uniformity are important.

CONCLUSIONS

We show that the SANS technique is well-suited for the
investigation of dimer impurity in PAMAM dendrimers.
Model-independent IFT analysis of SANS data clearly shows
the evidence of dimer existence in three independent batches
of G5 PAMAM products. We developed an analytical model

https://doi.org/10.1007/s10118-019-2260-x
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for the form factor of two-spatially-correlated-spherical-
particles system and then a specific model for our dendrimer
system including dimer contribution. Using this model, we
successfully fitted the experimental data. The relative amount
of dimer impurity was deduced and found to be significant,
around 12% in molar fraction, based on the model fitting
results. The molar fraction of dimer impurity varies a little
among different batches of dendrimer products. The large
amount of dimer formation and its variation on different
batches of products can be explained by the unavoidable
intermolecular transamidation reactions during dendrimer
synthesis, as pointed out by Tomalia et all'?) The large
amount of dimer structural defects may play roles in the bio-
medical applications of dendrimers, wherever particle size
and uniformity are important. Therefore, special care should
be taken for the related researches. In addition, we would
also like to point out that the developed two-spatially-
correlated-spherical-particles model is not only restricted to
the dendrimer dimer investigations but also generally appli-
cable for other related systems.

ACKNOWLEDGMENTS

We thank HZB for the allocation of neutron beamtime. TF Li is
grateful to Prof. Dr. Matthias Ballauff and Dr. Roland Steitz for
their support in hosting him as a visiting researcher at HZB. We
thank Dr. Ben Kent for his support with the neutron experiments.
This research was financially supported by the National Natural
Science Foundation of China (Nos. 11475267, 11005159, and
21725402).

REFERENCES

1 Tomalia, D. A.; Khanna, S. N. A systematic framework and
nanoperiodic concept for unifying nanoscience: Hard/soft
nanoelements, superatoms, meta-atoms, new emerging proper-
ties, periodic property patterns, and predictive mendeleev-like
nanoperiodic tables. Chem. Rev. 2016, 116, 2705-2774.

2 Tomalia, D. A. Birth of a new macromolecular architecture:
Dendrimers as quantized building blocks for nanoscale synthet-
ic polymer chemistry. Prog. Polym. Sci. 2005, 30, 294—-324.

3 Tomalia, D. A. Interview: An architectural journey: From trees,
dendrons/dendrimers to nanomedicine. Nanomedicine 2012, 7,
953-956.

4 Zhao, L.; Wu, Q.; Cheng, Y.; Zhang, J.; Wu, J.; Xu, T. High-
throughput screening of dendrimer-binding drugs. J. Am. Chem.
Soc. 2010, 732, 13182—13184.

5 Wang, H.; Huang, Q.; Chang, H.; Xiao, J.; Cheng, Y. Stimuli-
responsive dendrimers in drug delivery. Biomater. Sci. 2016, 4,
375-390.

6 Hu, J.; Xu, T.; Cheng, Y. NMR insights into dendrimer-based
host-guest systems. Chem. Rev. 2012, 112, 3856—3891.

7 Svenson, S. Dendrimers in biomedical applications-reflections
on the field. Adv. Drug Deliv. Rev. 2005, 57, 2106—2129.

8 Wang, H.; Wang, Y.; Wang, Y.; Hu, J.; Li, T.; Liu, H.; Zhang,
Q.; Cheng, Y. Self-assembled fluorodendrimers combine the
features of lipid and polymeric vectors in gene delivery. Angew.
Chem. Int. Ed. 2015, 54, 11647-11651.

9 Wang, M.; Liu, H.; Li, L.; Cheng, Y. A fluorinated dendrimer
achieves excellent gene transfection efficacy at extremely low
nitrogen to phosphorus ratios. Nat. Commun. 2014, 5, 3053.

10 Cheng, Y. Fluorinated polymers in gene delivery. Acta Poly-
merica Sinica (in Chinese) 2017, 8, 1234—1245.

11 Kallos, G. J.; Tomalia, D. A.; Hedstrand, D. M.; Lewis, S.;
Zhou, J. Molecular weight determination of a polyamidoamine
starburst polymer by electrospray ionization mass spectrometry.
Rapid Commun. Mass Spectrom. 1991, 5, 383—386.

12 Tomalia, D. A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.;
Martin, S.; Roeck, J.; Ryder, J.; Smith, P. A new class of poly-
mers: Starburst-dendritic macromolecules. Polym. J. 1985, 17,
117-132.

13 Tolic, L. P.; Anderson, G. A.; Smith, R. D.; Brothers, H. M.;
Spindler, R.; Tomalia, D. A. Electrospray ionization fourier
transform ion cyclotron resonance mass spectrometric charac-
terization of high molecular mass Starburst™ dendrimers. Int.
J. Mass Spectrom. 1997, 165/166, 405—418.

14 Peterson, J.; Allikmaa, V.; Subbi, J.; Pehk, T.; Lopp, M. Struc-
tural deviations in poly(amidoamine) dendrimers: A MALDI-
TOF MS analysis. Eur. Polym. J. 2003, 39, 33—42.

15 Aura, T.; Ungaro, R.; Liu, X.; Chen, C.; Giordano, L.; Peng, L.;
Charles, L. Structural characterization of new defective mo-
lecules in poly(amidoamide) dendrimers by combining mass
spectrometry and nuclear magnetic resonance. Anal. Chim.
Acta 2015, 853, 451-459.

16 Mohammad, T. I.; Shi, X.; Balogh, L.; Baker, J. R. HPLC Sep-
aration of different generations of poly(amidoamine) dendri-
mers modified with various terminal groups. Anal. Chem. 2005,
77,2063—2070.

17 Mullen, D. G.; Desai, A.; van Dongen, M. A.; Barash, M.;
Baker, J. R.; Banaszak Holl, M. M. Best practices for purifica-
tion and characterization of PAMAM dendrimer. Macromolec-
ules 2012, 45, 5316—5320.

18 van Dongen, M. A.; Desai, A.; Orr, B. G.; Baker, J. R;
Banaszak Hol, M. M. Quantitative analysis of generation and
branch defects in G5 poly(amidoamine) dendrimer. Polymer
2013, 54, 4126—4133.

19 Likos, C. N. Soft matter with soft particles. Soft Matter 2006, 2,
478-498.

20 Caminade, A. M.; Laurent, R.; Majoral, J. P. Characterization
of dendrimers. Adv. Drug Deliv. Rev. 2005, 57, 2130-2146.

21 Wang, X. Characterizations of polyamidoamine dendrimers
with scattering techniques. Polymers 2012, 4, 600—616.

22 Topp, A.; Bauer, B. J.; Kilmash, K. W.; Spindler, R.; Tomalia,
D. A.; Amis, E. J. Effect of solvent quality on the molecular di-
mensions of PAMAM dendrimers. Macromolecules 1999, 32,
7226—7231.

23 Imae, T.; Funayama, K.; Aoi, K.; Tsutsumiuchi, K.; Okada, M.;
Furusaka, M. Small-angle neutron scattering and surface force
investigations of poly(amido amine) dendrimer with hydroxyl
end groups. Langmuir 1999, 15, 4076—4084.

24 Pétschke, D.; Ballauff, M.; Lindner, P.; Fischer, M.; Vogtle, F.
Analysis of the structure of dendrimers in solution by small-
angle neutron scattering including contrast variation. Macro-
molecules 1999, 32, 4079—4087.

25 Rosenfeldt, S.; Dingenouts, N.; Ballauff, M.; Werner, N.;
Vogtle, F.; Lindner, P. Distribution of end groups within a
dendritic structure: A SANS study including contrast variation.
Macromolecules 2002, 35, 8098—8105.

26 Rathgeber, S.; Monkenbusch, M.; Kreitschmann, M.; Urban,
V.; Brulet, A. Dynamics of star-burst dendrimers in solution in
relation to their structural properties. J. Chem. Phys. 2002, 117,
4047-4062.

27 Huang, Q. R.; Dubin, P. L.; Lal, J.; Mooreficld, C. N;

https://doi.org/10.1007/s10118-019-2260-x


http://dx.doi.org/10.1021/acs.chemrev.5b00367
http://dx.doi.org/10.1016/j.progpolymsci.2005.01.007
http://dx.doi.org/10.2217/nnm.12.81
http://dx.doi.org/10.1021/ja106128u
http://dx.doi.org/10.1021/ja106128u
http://dx.doi.org/10.1039/C5BM00532A
http://dx.doi.org/10.1021/cr200333h
http://dx.doi.org/10.1016/j.addr.2005.09.018
http://dx.doi.org/10.1002/anie.201501461
http://dx.doi.org/10.1002/anie.201501461
http://dx.doi.org/10.1038/ncomms4053
http://dx.doi.org/10.1002/(ISSN)1097-0231
http://dx.doi.org/10.1295/polymj.17.117
http://dx.doi.org/10.1016/S0168-1176(97)00161-4
http://dx.doi.org/10.1016/S0168-1176(97)00161-4
http://dx.doi.org/10.1016/S0014-3057(02)00188-X
http://dx.doi.org/10.1016/j.aca.2014.10.048
http://dx.doi.org/10.1016/j.aca.2014.10.048
http://dx.doi.org/10.1021/ac048383x
http://dx.doi.org/10.1021/ma300485p
http://dx.doi.org/10.1021/ma300485p
http://dx.doi.org/10.1016/j.polymer.2013.05.062
http://dx.doi.org/10.1039/b601916c
http://dx.doi.org/10.1016/j.addr.2005.09.011
http://dx.doi.org/10.3390/polym4010600
http://dx.doi.org/10.1021/ma990125s
http://dx.doi.org/10.1021/la9811968
http://dx.doi.org/10.1021/ma982027x
http://dx.doi.org/10.1021/ma982027x
http://dx.doi.org/10.1021/ma020585c
http://dx.doi.org/10.1063/1.1493771
http://dx.doi.org/10.1021/acs.chemrev.5b00367
http://dx.doi.org/10.1016/j.progpolymsci.2005.01.007
http://dx.doi.org/10.2217/nnm.12.81
http://dx.doi.org/10.1021/ja106128u
http://dx.doi.org/10.1021/ja106128u
http://dx.doi.org/10.1039/C5BM00532A
http://dx.doi.org/10.1021/cr200333h
http://dx.doi.org/10.1016/j.addr.2005.09.018
http://dx.doi.org/10.1002/anie.201501461
http://dx.doi.org/10.1002/anie.201501461
http://dx.doi.org/10.1038/ncomms4053
http://dx.doi.org/10.1002/(ISSN)1097-0231
http://dx.doi.org/10.1295/polymj.17.117
http://dx.doi.org/10.1016/S0168-1176(97)00161-4
http://dx.doi.org/10.1016/S0168-1176(97)00161-4
http://dx.doi.org/10.1016/S0014-3057(02)00188-X
http://dx.doi.org/10.1016/j.aca.2014.10.048
http://dx.doi.org/10.1016/j.aca.2014.10.048
http://dx.doi.org/10.1021/ac048383x
http://dx.doi.org/10.1021/ma300485p
http://dx.doi.org/10.1021/ma300485p
http://dx.doi.org/10.1016/j.polymer.2013.05.062
http://dx.doi.org/10.1039/b601916c
http://dx.doi.org/10.1016/j.addr.2005.09.011
http://dx.doi.org/10.3390/polym4010600
http://dx.doi.org/10.1021/ma990125s
http://dx.doi.org/10.1021/la9811968
http://dx.doi.org/10.1021/ma982027x
http://dx.doi.org/10.1021/ma982027x
http://dx.doi.org/10.1021/ma020585c
http://dx.doi.org/10.1063/1.1493771
https://doi.org/10.1007/s10118-019-2260-x

28

29

30

31

Li, T. F. et al. | Chinese J. Polym. Sci. 2019, 37, 827-833

Newkome, G. R. Small-angle neutron scattering studies of
charged carboxyl-terminated dendrimers in solutions. Lang-
muir 2005, 21, 2737-2742.

Porcar, L.; Liu, Y.; Verduzco, R.; Hong, K.; Butler, P. D.; Ma-
gid, L. J.; Smith, G. S.; Chen, W. R. Structural investigation of
PAMAM dendrimers in aqueous solutions using small-angle
neutron scattering: Effect of generation. J. Phys. Chem. B 2008,
112, 14772-14778.

Li, T.; Shao, N.; Liu, Y.; Hu, J.; Wang, Y.; Zhang, L.; Wang,
H.; Chen, D.; Cheng, Y. Poly(amidoamine) and poly(propyl-
eneimine) dendrimers show distinct binding behaviors with so-
dium dodecyl sulfate: Insights from SAXS and NMR analysis.
J. Phys. Chem. B 2014, 118, 3074-3084.

Li, T.; Hong, K.; Porcar, L.; Verduzco, R.; Butler, P. D.; Smith,
G. S.; Liu, Y.; Chen, W. R. Assess the intramolecular cavity of
a PAMAM dendrimer in aqueous solution by small-angle neut-
ron scattering. Macromolecules 2008, 41, 8916—8920.

Chen, W. R.; Porcar, L.; Liu, Y.; Butler, P. D.; Magid, L. J.
Small-angle neutron scattering studies of the counterion effects
on the molecular conformation and structure of charged G4
PAMAM dendrimers in aqueous solutions. Macromolecules

32

33

34

35

36

37

38

833

2007, 40, 5887-5898.

Keiderling, U.; Wiedenmann, A. New SANS instrument at the
Berll Reactor in Berlin, Germany. Physica B 1995, 213/214,
895—897.

Helmholtz-Zentrum Berlin fiir Materialien und Energie. V4:
The small-angle scattering instrument (SANS) at BER II. JL-
SKF 2016, 2, A97.

Keiderling, U. The new ‘BerSANS-PC’ software for reduction
and treatment of small-angle neutron scattering data. Appl.
Phys. 42002, 74, 1455—1457.

Glatter, O. A new method for the evaluation of small-angle
scattering data. J. Appl. Cryst. 1977, 10, 415—421.

Svergun, D. Determination of the regularization parameter in
indirect-transform methods using perceptual criteria. J. Appl.
Cryst. 1992, 25, 495-503.

Chen, S. H. Small-angle neutron scattering studies of the struc-
ture and interaction in micellar and microemulsion systems. An-
nu. Rev. Phys. Chem. 1986, 37, 351-399.

Guinier, A.; Fournet, G. Small-angle scattering of X-rays. John
Wiley & Sons, New York, 1955, p. 1-78.

https://doi.org/10.1007/s10118-019-2260-x


http://dx.doi.org/10.1021/la048207j
http://dx.doi.org/10.1021/la048207j
http://dx.doi.org/10.1021/jp805297a
http://dx.doi.org/10.1021/jp412660p
http://dx.doi.org/10.1021/ma801555j
http://dx.doi.org/10.1021/ma0626564
http://dx.doi.org/10.1016/0921-4526(95)00316-2
http://dx.doi.org/10.17815/jlsrf-2-101
http://dx.doi.org/10.17815/jlsrf-2-101
http://dx.doi.org/10.1007/s003390201561
http://dx.doi.org/10.1007/s003390201561
http://dx.doi.org/10.1107/S0021889877013879
http://dx.doi.org/10.1107/S0021889892001663
http://dx.doi.org/10.1107/S0021889892001663
http://dx.doi.org/10.1146/annurev.pc.37.100186.002031
http://dx.doi.org/10.1146/annurev.pc.37.100186.002031
http://dx.doi.org/10.1021/la048207j
http://dx.doi.org/10.1021/la048207j
http://dx.doi.org/10.1021/jp805297a
http://dx.doi.org/10.1021/jp412660p
http://dx.doi.org/10.1021/ma801555j
http://dx.doi.org/10.1021/ma0626564
http://dx.doi.org/10.1016/0921-4526(95)00316-2
http://dx.doi.org/10.17815/jlsrf-2-101
http://dx.doi.org/10.17815/jlsrf-2-101
http://dx.doi.org/10.1007/s003390201561
http://dx.doi.org/10.1007/s003390201561
http://dx.doi.org/10.1107/S0021889877013879
http://dx.doi.org/10.1107/S0021889892001663
http://dx.doi.org/10.1107/S0021889892001663
http://dx.doi.org/10.1146/annurev.pc.37.100186.002031
http://dx.doi.org/10.1146/annurev.pc.37.100186.002031
http://dx.doi.org/10.1021/la048207j
http://dx.doi.org/10.1021/la048207j
http://dx.doi.org/10.1021/jp805297a
http://dx.doi.org/10.1021/jp412660p
http://dx.doi.org/10.1021/ma801555j
http://dx.doi.org/10.1021/ma0626564
http://dx.doi.org/10.1021/la048207j
http://dx.doi.org/10.1021/la048207j
http://dx.doi.org/10.1021/jp805297a
http://dx.doi.org/10.1021/jp412660p
http://dx.doi.org/10.1021/ma801555j
http://dx.doi.org/10.1021/ma0626564
http://dx.doi.org/10.1016/0921-4526(95)00316-2
http://dx.doi.org/10.17815/jlsrf-2-101
http://dx.doi.org/10.17815/jlsrf-2-101
http://dx.doi.org/10.1007/s003390201561
http://dx.doi.org/10.1007/s003390201561
http://dx.doi.org/10.1107/S0021889877013879
http://dx.doi.org/10.1107/S0021889892001663
http://dx.doi.org/10.1107/S0021889892001663
http://dx.doi.org/10.1146/annurev.pc.37.100186.002031
http://dx.doi.org/10.1146/annurev.pc.37.100186.002031
http://dx.doi.org/10.1016/0921-4526(95)00316-2
http://dx.doi.org/10.17815/jlsrf-2-101
http://dx.doi.org/10.17815/jlsrf-2-101
http://dx.doi.org/10.1007/s003390201561
http://dx.doi.org/10.1007/s003390201561
http://dx.doi.org/10.1107/S0021889877013879
http://dx.doi.org/10.1107/S0021889892001663
http://dx.doi.org/10.1107/S0021889892001663
http://dx.doi.org/10.1146/annurev.pc.37.100186.002031
http://dx.doi.org/10.1146/annurev.pc.37.100186.002031
https://doi.org/10.1007/s10118-019-2260-x

