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Abstract. Zwitterions are a class of unique molecules that can be modified onto nanomaterials to render
them with antifouling properties. Here we report a thorough NMR investigation of dendrimers modified
with zwitterions in terms of their structure, hydrodynamic size, and diffusion time in aqueous solution.
In this present work, poly(amidoamine) (PAMAM) dendrimers of generation 5 (G5) were partially dec-
orated with carboxybetaine acrylamide (CBAA), 2-methacryloyloxyethyl phosphorylcholine (MPC), and
1,3-propane sultone (1,3-PS), respectively with different modification degrees. The formed zwitterion-
modified G5 dendrimers were characterized using NMR techniques. We show that the zwitterion modifi-
cation leads to increased G5 dendrimer size in aqueous solution, suggesting that the modified zwitterions
can form a hydration layer on the surface of G5 dendrimers. In addition, the hydrodynamic sizes of G5
dendrimers modified with different zwitterions but with the same degree of surface modification are dis-
crepant depending on the type of zwitterions. The present study provides a new physical insight into the
structure of zwitterion-modified G5 dendrimers by NMR techniques, which is beneficial for further design
of different biomedical applications.

1 Introduction

Reducing the adhesion of environmental molecules to sur-
faces has long been a goal of applied surface science. The
most active areas at the biological interface are to ren-
der the particles with improved antifouling property [1].
Zwitterion is a kind of material that possesses moieties
with both cationic and anionic groups, allowing for the
formation of a thick hydration layer onto the particle sur-
face after the particles are coated with them [2–5]. The
zwitterion-coated particles can be rendered with excellent
antifouling property to resist the non-specific protein ad-
sorption, to escape the recognition of the reticuloendothe-
lial system (RES) after systemic injection, and to prolong
the blood circulation time in the body for enhanced accu-
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mulation in the disease site [6–11]. At present, the com-
monly studied zwitterion types include phosphoric acid
choline (PC) [12,13], carboxylic acid betaine (CB) [14,
15], and sulfonic acid betaine (SB) [16,17], etc.

The main methods to characterize the antifouling
properties of zwitterion-modified nanoparticles (NPs) in-
clude nonspecific protein adsorption test, macrophage
cellular uptake assay in vitro and pharmacokinetics in
vivo [18–20]. All of these detection methods require a
complicated equipment, and cell and animal experiments,
which require specialized experimental skills and instru-
ments to obtain reliable experimental data. In addition
to the above characterization techniques, the structural
characterization of zwitterion-modified materials can be
usually realized through NMR and/or Fourier transform
infrared (FTIR) spectroscopy. However, in most cases,
besides the above-mentioned bio-based techniques, cur-
rently the physical characterization of zwitterion-modified
nanoparticles in aqueous solution is still lacking.

Recently, with the rapid development of NMR tech-
niques, high-resolution NMR spectroscopy, NMR diffu-
siometry, and NMR cryoporometry have been used to
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Fig. 1. Schematic representation of the preparation of CBAA-, MPC- or 1,3-PS-modified G5 dendrimer. Et3N and Ac2O denote
triethylamine and acetic anhydride, respectively.

characterize NPs in aqueous solution [21–26]. For instance,
in our previous work [26], we used NMR techniques to
characterize the internal structure of polyethylenimine
(PEI)-entrapped gold nanoparticles and disclosed the
strong interaction existing between the Au NPs and the in-
nermost PEI, providing evidence to demonstrate that Au
NPs are entrapped within an individual polymer instead of
being stabilized. In another work [27], we employed NMR
diffusiometry to examine the diffusion rate and hydro-
dynamic size of dendrimer/carbon dot nanhybrid materi-
als to confirm the interaction between the multifunctional
dendrimers and the carbon dots. These studies underscore
the importance to use advanced NMR techniques to de-
lineate functional dendrimers and hybrid materials.

In this present study, we prepared three representa-
tive zwitterionic dendrimers by reacting carboxybetaine
acrylamide (CBAA), 2-methacryloyloxy ethyl phosphoryl-
choline (MPC) and 1,3-propanesultone (1,3-PS) with gen-
eration 5 (G5) poly(amidoamine) (PAMAM) dendrimers
with different modification degrees (fig. 1). 1H NMR, 2D
COSY, 2D DOSY and diffusion NMR were used to char-
acterize the structure of the synthesized dendrimers and
to calculate the hydrodynamic sizes of the dendrimers in
aqueous solution. The obtained results are beneficial for a
better understanding of the physical structure of the zwit-
terionic dendrimers for different biomedical applications.

2 Experimental

2.1 Materials

Ethylenediamine core amine-terminated G5 PAMAM den-
drimers (G5.NH2) were purchased from Dendritech (Mid-
land, MI). 2,6-Bis(1,1-dimethylethyl)-4-methylphenol

(BHT), β-propiolactone (98%), 2-methacryloyloxy
ethyl phosphorylcholine (MPC) and 1,3-propanesultone
(1,3-PS) were from J&K Scientific (Shanghai, China).
Acetic anhydride, triethylamine, HAuCl4 · 4H2O and all
the other chemicals and solvents were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Water used in all experiments was purified
using a Milli-Q Plus 185 water purification system
(Millipore, Bedford, MA) to have a resistivity higher than
18.2MΩ · cm. Regenerated cellulose dialysis membranes
with a molecular weight cut-off (MWCO) of 10000 were
acquired from Fisher (Pittsburgh, PA).

2.2 Synthesis of carboxybetanie acrylamide (CBAA)-,
MPC-, and 1,3-PS-modified G5 dendrimers

CBAA was first synthesized according to our previous
work [28]. G5 PAMAM dendrimers were partially mod-
ified by CBAA via Michael addition reaction according to
protocols reported in the literature with slight modifica-
tion [28]. In brief, CBAA (20mg) dissolved in an aque-
ous NaCl solution (0.138M, 5mL) was dropwise added
into a methanol solution of G5.NH2 dendrimers (10mg,
5mL) under stirring at room temperature. After 72 h, the
mixture was dialyzed against phosphate buffered saline
(PBS, 3 times, 4 L) and water (6 times, 4 L) using a dialy-
sis membrane with an MWCO of 10000 for 48 h, and then
lyophilized to get the product of G5.NH2-CBAA20.

G5.NH2 dendrimers were also partially modified with
MPC via Michael addition and 1,3-PS via a one-step ring-
opening reaction according to our previous work [29].
Accordingly, the generated G5.NH2-CBAA80, G5.NH2-
MPC20, G5.NH2-MPC80, G5.NH2-PS20, and G5.NH2-
PS80 products are listed in table 1.
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Table 1. Synthesis of CBAA-, MPC-, and 1,3-PS-modified G5 dendrimers.

Reactant Reactant Product

G5.NH2 (10 mg, in 5mL methanol) CBAA (20 mg, in NaCl solution (0.138 M, 5 mL)) G5.NH2-CBAA20

G5.NH2 (10 mg, in 5mL methanol) CBAA (65 mg, in NaCl solution (0.138 M, 5 mL)) G5.NH2-CBAA80

G5.NH2 (10 mg, in 5mL water) MPC (26.5 mg, in 5 mL water) G5.NH2-MPC20

G5.NH2 (10 mg, in 5mL water) MPC (83.5 mg, in 5 mL water) G5.NH2-MPC80

G5.NH2 (10 mg, in 5mL water) 1,3-PS (1.2 mg, in 5mL water) G5.NH2-PS20

G5.NH2 (10 mg, in 5mL water) 1,3-PS (3.8 mg, in 5mL water) G5.NH2-PS80

Table 2. Synthesis of CBAA-, MPC-, and 1,3-PS-modified G5 dendrimers with remaining dendrimer terminal amines being
acetylated.

Reactant Triethylamine Acetic anhydride Product

G5.NH2-CBAA20 (20.00 mg, in 5mL water) 116.40 μL 79.16 μL G5.NHAc-CBAA20

G5.NH2-CBAA80 (20.00 mg, in 5mL water) 80.41 μL 54.69 μL G5.NHAc-CBAA80

G5.NH2-MPC20 (20.00 mg, in 5 mL water) 115.51 μL 75.84 μL G5.NHAc-MPC20

G5.NH2-MPC80 (20.00 mg, in 5 mL water) 71.73 μL 48.78 μL G5.NHAc-MPC80

G5.NH2-PS20 (20.00 mg, in 5 mL water) 125.07 μL 85.06 μL G5.NHAc-PS20

G5.NH2-PS80 (20.00 mg, in 5 mL water) 99.48 μL 67.65 μL G5.NHAc-PS80

Next, to neutralize the remaining dendrimer termi-
nal primary amines, the product of G5.NH2-CBAA20

was added with triethylamine (60.64μL) under stir-
ring for 0.5 h, followed by addition of acetic anhydride
(34.34μL) while stirring 12 h. The reaction mixture was
dialyzed and lyophilized according to protocols described
in the literature [29] to generate G5.NHAc-CBAA20. Un-
der similar reaction and purification conditions, prod-
ucts of G5.NHAc-CBAA80, G5.NHAc-MPC20, G5.NHAc-
MPC80, G5.NHAc-PS20, and G5.NHAc-PS80 were also
produced (table 2).

2.3 NMR techniques

All samples were dissolved in deuterium oxide (D2O). 1H
NMR, diffusion ordered spectroscopy (DOSY), and corre-
lation spectroscopy (COSY) and diffusion time were ana-
lyzed by a Bruker DRX 400 NMR spectrometer (Karl-
sruhe, Germany) according to the standard pulse pro-
grams [26]. The diffusion coefficient was calculate accord-
ing to [26]

I = I0 exp(−Dobs(Δ − δ/3)γ2G2δ2), (1)

where G is the gradient field strength (in gauss/cm), in-
creasing with 32 square distant steps from 0 to approxi-
mately 50G cm−1; I is the integral of the peak area at a
given value G; I0 is the integral of the peak area at G = 0;
γ is the magnetogyric constant of the nucleus (2.675 ×
108 T−1 s−1 for 1H); δ is the diffusion gradient length pa-
rameter (4.0ms); Δ is the diffusion delay (100.0ms), and
the non-linear least squares method was used to deter-
mine the diffusion coefficient; Dobs is in individual units

and Dobsγ
2 was calculated after fitting the exponential

curve (1) at the measured echo intensity (I) as a function
of G2 determined by the number of experiments. The real
diffusion coefficient D was calculated as κDobsγ

2, where
κ is the calibration constant of the gradient. MestReNova
6.1 software was used for post processing.

3 Results and discussion

3.1 1H NMR spectroscopy

1H NMR spectroscopy was first performed to confirm the
modification of CBAA, MPC, and 1,3-PS onto the surface
of G5 PAMAM dendrimers and the modification degree
(fig. 2). For G5.NH2-CBAA20 and G5.NH2-CBAA80, by
comparison of the CBAA -CH2- proton peak at 1.86 ppm
with the G5 methylene protons [28], the number of CBAA
coupled to each G5 dendrimer was calculated to be 19 and
78, respectively. Similarly, by comparison of the methyl
proton of MPC at 0.97 ppm with dendrimer methylene
protons [30], the G5.NH2-MPC20 and G5.NH2-MPC80

were calculated to have 20 and 79 MPC moieties linked
onto each dendrimer, respectively. Furthermore, the com-
parison of the characteristic methylene protons of 1,3-PS
at 1.88 ppm with those of G5 dendrimers led us to con-
clude that the number of 1,3-PS attached to each G5 den-
drimer was 20 and 80 [31], respectively for the G5.NH2-
PS20 and G5.NH2-PS80.

The above products were then acetylated to shield the
residue dendrimer terminal amines according to the lit-
erature [32]. Obviously, the peaks at 1.8 ppm associated
to the acetyl groups appear, validating the success of the
acetylation reaction (fig. 3). Although there is somehow
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Fig. 2. 1H NMR spectra of G5.NH2-CBAA20 (a), G5.NH2-
CBAA80 (b), G5.NH2-MPC20 (c), G5.NH2-MPC80 (d),
G5.NH2-PS20 (e), and G5.NH2-PS80 (f), respectively.

an overlap between the acetyl protons and the CBAA and
1,3-PS -CH2- protons, the sharp peaks of acetyl protons
are prominent.

3.2 2D COSY and DOSY

The acetylated dendrimers were further characterized by
2D COSY (fig. 4) and DOSY (fig. 5). As for G5.NHAc-
CBAA20 and G5.NHAc-CBAA80 dendrimers, the cross
peaks in the frames may be between CH2, formed on
CBAA after the addition, and CH2-NH- of the end groups
of G5 dendrimer. In other words, scalar coupling between
the two H protons of OC-CH2-CH2-NH-CH2- units oc-
curs. As for G5.NHAc-MPC20 and G5.NHAc-MPC80 den-
drimers, the newly formed H2C-NH-CH2- unit cannot be
seen because it is under the dendrimer peaks. Probably it
is in the red square, and the cross peaks are also under the
dendrimer (b)CH2 – (d)CH2 cross peaks in green squares.

There are no cross peaks between the dendrimer
peaks and the 1,3-PS peaks. After incorporating the
1,3-PS into the dendrimers, the formed new unit is
(b)H2C-N+ . . .−O-SO2-CH2(γ). In this unit the distance
between the (b) proton of dendrimer and the (γ) proton
of 1,3-PS is 6 bonds. It is too much for scalar coupling,
therefore no scalar coupling can be expected.

The 2D DOSY spectra were also collected to confirm
whether the zwitterions and G5 dendrimers were tightly

Fig. 3. 1H NMR spectra of G5.NHAc-CBAA20 (a), G5.NHAc-
CBAA80 (b), G5.NHAc-MPC20 (c), G5.NHAc-MPC80 (d),
G5.NHAc-PS20 (e), and G5.NHAc-PS80 (f), respectively.

connected into a whole by chemical bonds. If a part of the
zwitterion is not chemically bonded to the surface of the
dendrimer but is physically combined with the dendrimer,
the migration speed of the two parts will be different when
it moves in the aqueous solution. Thus, there will be two
lines in 2D DOSY spectrum except the water. The same
situation is applied for diffusion coefficient. If a part of
zwitterions is physically combined with the dendrimers,
there would be two diffusion coefficients: one is zwitterion-
modified dendrimers and the other is free zwitterions since
the physical combination is not strong enough through the
migration. In each of these six 2D DOSY spectra, there
are only two lines, the below one represents water because
water molecule moves faster than dendrimers. It means
that all zwitterions are modified onto the surface of G5
dendrimers by covalent chemical bonds.

3.3 NMR diffusiometry

NMR diffusimetry was performed to analyze the dif-
fusion rate of G5.NHAc-CBAA20, G5.NHAc-CBAA80,
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Fig. 4. 2D COSY spectra of G5.NHAc-CBAA20 (a), G5.NHAc-CBAA80 (b), G5.NHAc-MPC20 (c), G5.NHAc-MPC80 (d),
G5.NHAc-PS20 (e), and G5.NHAc-PS80 (f), respectively.

G5.NHAc-MPC20, G5.NHAc-MPC80, G5.NHAc-PS20,
and G5.NHAc-PS80. The diffusion time of zwitterion-
modified dendrimers could be obtained from fig. 5. Fur-
thermore, if we supposed that zwitterions were modified
on the surface of spherical dendrimers equably, the hy-
drodynamic sizes of the zwitterionic dendrimers could be
measured based on the Stokes-Einstein equation [33]:

RH =
kBT

6πηD
, (2)

where RH is the hydrodynamic radius, κB is the Boltz-
mann constant, T is the temperature (K), η is the viscos-
ity of deuterated water (∼ 9.7 cP for D2O at 30 ◦C), and
D is the measured diffusion coefficient, respectively. The
calculated data were shown in table 3. Apparently, zwitte-
rion modification was able to increase the hydrodynamic
size of G5 dendrimers regardless of the zwitterion types
when compared to fully acetylated G5 dendrimers. For the

zwitterions of CBAA and MPC, the higher modification
degree on the surface of G5 dendrimers led to the larger
hydrodynamic size of the G5 dendrimers. For instance,
G5.NHAc-CBAA80 dendrimer displayed a hydrodynamic
radius (3.40 nm) slightly higher than that of G5.NHAc-
CBAA20 dendrimer (3.36 nm). As for 1,3-PS-modified G5
dendrimers, G5.NHAc-PS80 had a slightly smaller hydro-
dynamic radius (3.15 nm) than the G5.NHAc-PS20 den-
drimer (3.27 nm), which might be due to the short carbon
chain structure different from CBAA and MPC, thus lead-
ing to the relatively compacted structure after a higher
degree of modification.

4 Conclusion

In summary, we used NMR techniques to systematically
characterize three types of zwitterion-modified G5 den-
drimers with different modification degrees. We show that
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Fig. 5. 2D DOSY spectra of G5.NHAc-CBAA20 (a), G5.NHAc-CBAA80 (b), G5.NHAc-MPC20 (c), G5.NHAc-MPC80 (d),
G5.NHAc-PS20 (e), and G5.NHAc-PS80 (f), respectively.

Table 3. Hydrodynamic sizes of three kinds of zwitterion-modified G5 dendrimers.

Sample D (Sample) D (Water) RH (nm)

(×10−11 m2 s−1) (×10−11 m2 s−1)

D2O 2.02

G5.NHAc 6.40 1.94 3.12

G5.NHAc-CBAA20 5.93 1.93 3.36

G5.NHAc-CBAA80 5.86 1.98 3.40

G5.NHAc-MPC20 6.32 1.95 3.16

G5.NHAc-MPC80 5.99 1.93 3.33

G5.NHAc-PS20 6.10 1.90 3.27

G5.NHAc-PS80 6.33 1.91 3.15
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all of these three kinds of zwitterions can be linked to
the surface of G5 dendrimers through covalent chemical
bonds. In addition, the hydrodynamic size of zwitterion-
modified G5 dendrimers can be determined by NMR diffu-
sion. The thorough NMR structural characterization along
with the hydrodynamic size measurement provide insight
for their solution behaviour, which is beneficial to under-
stand their antifouling performance for biomedical appli-
cations.
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