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We present a rapid synthetic method for the development of hyperbranched PEIs decorated with different
oligosaccharide architectures as carrier systems (CS) for drugs and bioactive molecules for in vitro and in vivo
experiments. Reductive amination of hyperbranched PEI with readily available oligosaccharides results in sugar
functionalized PEI cores with oligosaccharide shells of different densities. These core-shell architectures were
characterized by NMR spectroscopy, elemental analysis, SLS, DLS, IR, and polyelectrolyte titration experiments.
ATP complexation of theses polycations was examined by isothermal titration calorimetry to evaluate the binding
energy and ATP/CS complexation ratios under physiological conditions. In vitro experiments showed an enhanced
cellular uptake of ATP/CS complexes compared to those of the free ATP molecules. The results arise to initiate
further noncovalent complexation studies of pharmacologically relevant molecules that may lead to the development
of therapeutics based on this polymeric delivery platform.

Introduction

The development of nanosized carrier systems is a rapidly
growing research field due to their high potential for application
in medicine, biology, and pharmaceutics.1-5 For that purpose,
the generation of materials with specifically designed structural,
molecular, and biological properties, which can be used as tools
for a specific diagnostic and therapeutic purposes, is of major
importance. Besides their successful use as polymer conjugates
as anticancer therapeutics in nanomedicines,2 both types of
dendritic polymers, dendrimers and hyperbranched polymers
with dimensions up to 10 nm, are among the leading carrier
molecules for drugs, fluorescent particles, and nucleic acids like
RNA or DNA.1,3-7 With the introduction of DNA in gene
therapy as well as with the identification of small RNAs as the
key mediators of RNA interference (RNAi), the development
of delivery platforms for the systemic application of nucleic
acids has gained particular relevance for the establishment of
novel therapeutic strategies.8 The success of dendritic macro-
molecules is based on the combination of high end-group
functionalities and a globular molecular structure. In particular,
the properties of dendritic polymers in these applications, for

example, with regard to important parameters like solubility,
receptor-mediated interaction, or biocompatibility, depend strongly
on the nature of the surface groups.

Since the mid-1990s, various dendritic carrier systems have
been established and continuously further developed from initial
dendritic box via unimolecular micelles to dendritic multishell
architectures as universal nanocarriers.9-17 Recent developments
of these carrier systems mainly focused on the enhancement of
their biocompatibility. This can be achieved through introduction
of water-soluble and biocompatible surface groups, neutral or
with anionic charges, in the outer shell of dendritic core
macromolecules like poly(propylene imine) (PPI), poly(amido
amine) (PAMAM), poly(ethylene imine) (PEI), and other
dendritic polyamine scaffolds.10,11,16-26 For that purpose,
poly(ethylene glycol) chains have been preferably used and
extensively explored so far.27-30 However, there is a need to
study alternative surface modifications in such core-shell
architectures. The coupling of mono- and oligosaccharide units
to the outer shell has been successfully introduced in the outer
shell as well, and these amphiphilic macromolecules have been
explored as carrier systems for drugs23,31,32 and DNA macro-
molecules.33,34 In these systems, in addition to the increase in
biocompatibility, the molecular recognition potential of mono-
and oligosaccharide units can be used for enhanced and selective
cell uptake.35-40 Recently, PPI dendrimers with a densely
organized oligosaccharide shell proved to be promising as
antiprion agent.41

The goal of this work was to establish defined, novel
oligosaccharide architectures on dendritic polymer surfaces for
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their use as nanosized carrier systems for drugs, bioactive
molecules, or (noble) metal nanoparticles. In other words,
multifunctional carrier systems will be realized at which the
nature of the oligosaccharide shell, ranging from very dense to
very open oligosaccharide shell, exhibits different structural,
physicochemical, and biological features and significantly
contrary noncovalently interaction properties. For that purpose,
hyperbranched PEI was selected as dendritic core macromol-
ecule stimulated by the fact that hyperbranched PEI derivatives
have been successfully applied previously as multifunctional
nanocarrier for drugs and dyes, including first in vivo imaging
studies with a PEI/dye system in tumor tissues.42 To introduce
mono- and oligosaccharide units on PEI surface, one- and
multistep approaches in organic solution have been employed
in most so far.43-48 These oligosaccharide-modified PEI showed
already enhanced encapsulation and stabilization of (noble)
metal nanoparticles43,49 and were used successfully as nonviral
transfection agent for DNA macromolecules.44-48 However,
with both synthetic approaches an only a limited degree of
functionalization was realized, not exceeding 35% of the PEI
surface, thereby limiting the potential of these modifications.
Thus, to the best of our knowledge there is still a need to
establish novel synthetic strategies which allow the generation
of advanced core-shell architectures for hyperbranched PEI-
based polymers.

In this paper, we describe the synthesis of hyperbranched PEI
cores with different degrees of oligosaccharide shell function-
alizations. For the generation of various oligosaccharide sub-
stitution degrees, we establish an easy one-pot approach on the
PEI surface (Scheme 1), and we extensively characterize the
products, allowing us to distinguish between three different
groups with regard to their structure. Thus, this is the first step
toward the development of novel dendritic core-shell archi-
tectures as nanocarriers which allows the formation of H-bonds
and electrostatic interactions as well as hydrophobic-hydrophobic
interactions. The oligonucleotide functionalized PEI mediate the
complexation/encapsulation of their “payload” followed by
enhanced cellular uptake. To analyze this in more detail,
isothermal titration calorimetry experiments were carried out
using ATP as a model compound, elucidating the complexation
behavior between ATP molecules and different PEI derivatives.
This allowed us to establish structure-activity relationships
between our oligosaccharide-functionalized PEI, as compared
to naked PEI, and ATP as a representative molecule. Finally,
to test our oligosaccharide-modified PEIs more rigorously, we
demonstrate its capability to mediate cellular uptake of ATP in
tissue culture by showing enhanced delivery over free ATP
molecules.

Experimental Section

General and Materials. Poly(ethylene imines) [PEI as general
abbreviation; Lupasol G20 with Mw 1300 g/mol (PEI-I), Lupasol G100
with Mw 5000 g/mol (PEI-II), and Lupasol WF with Mw 25000 g/mol
(PEI-III)] were received from BASF SE (Ludwigshafen, Germany).
D(+)-Glucose monohydrate (Glc), lactose monohydrate (Lac), maltose
monohydrate (Mal), maltotriose (Mal-III), adenosine 5′-triphosphate
(ATP, disodium salt hydrate), sodium borate, and borane pyridine
complex (BH3*Py complex, 8 M solution in THF) were used as
purchased from Fluka (Germany).

Maltoheptaose (Mal-VII) was synthesized as described elsewhere.50

Characterization. The NMR measurements were carried out on a
Bruker DRX 500 NMR spectrometer operating at 500.13 MHz for 1H
and at 125.75 MHz for 13C using D2O as solvent. Sodium 3-(trimeth-
ylsilyl)-3,3,2,2-tetradeuteropropionate was added for internal calibration

(δ (13C) ) 0 ppm; δ (1H) ) 0 ppm). The signal assignments were
done by combination of 1D and 2D NMR experiments using the
standard pulse sequences provided by Bruker. For quantitative 13C NMR
measurements on PEI-I-PEI-III the inverse gated pulse sequence with
90° 13C pulses and a delay of 8 s were applied. The IR inVestigations
were carried out on a Bruker FS66 spectrometer equipped with a Golden
Gate Diamond ATR-Unit (SPECAC). A total of 100 scans for one
spectrum were added at a spectral resolution of 4 cm-1. Elemental
analysis was performed with a Vario MICRO Cube elemental analyzer
(Elementar Analysegerät GmbH, Hanau/Germany). Materials were dried
at 60 °C overnight in a vacuum oven prior to investigate directly by
elemental analysis. Dynamic light scattering (DLS) experiments were
performed at a scattering angle of θ ) 90° using an ALV goniometer
system (model ALV/CGS-8FS/N 025). Further details of the equipment,
condition for experiments, and calculation of hydrodynamic radii Rh

are described elsewhere.51 Static light scattering (SLS) experiments
were performed at a modified FICA 50 (SLS Systemtechnik G. Baur,
Denzlingen, Germany) with a He-Ne laser (wavelength of λ0 ) 632.8
nm) in a range of the scattering angle of 15-145°. The refractive index
increment (dn/dc) of the polymers was estimated by using a differential
refractometer DR 1, (SLS Systemtechnik G. Baur, Denzlingen,
Germany) with a He-Ne laser (λ0 ) 632.8 nm) as the light source.
Further details of the equipment, condition for experiments, and
calculation of weight-average molar mass Mw and radius of gyration
Rg are described elsewhere.51 Charge densities (q) of unmodified and
modified PPI dendrimers were determined by polyelectrolyte titration
in a particle charge detector (PCD-03, Mütek, Germany) combined with
702 SM Titrino (Metrohm, Switzerland). Solutions of low molecular
weight sodium polyethylene sulfonate (PES-Na) or poly(diallyldim-
ethylammonium chloride) (PDADMAC) were used as titrants for
cationic and anionic systems, respectively. q (meq/g) was calculated
according to the following formula: q ) CtitrantVtitrant/Vm, where Ctitrant

is the concentration of titrant (meq/L), V is the volume of titrated
solution, Vtitrant is the equivalent titrant volume, and m is the content of
polyelectrolyte in titrated solution (g/L).

Synthesis of Oligosaccharide-Modified PEI. The following general
experimental procedure was applied to obtain the various oligosaccha-
ride-modified PEI: PEI-I, PEI-II, or PEI-III (0.2 g) was taken up in
sodium borate solution (0.1 mol in distilled water) followed by the
addition of the corresponding mono- or oligosaccharide (Glc, Lac, Mal,
Mal-III, or Mal-VII) and BH3*Py complex. The reaction solution was
stirred at 50 °C for 7 days. Then, the crude product was purified by
dialysis toward double-distilled water for 3 days. The different
oligosaccharide-modified PEIs were obtained via freeze-drying. The
yields were between 50 and 98%. For the synthesis of the structures
A-C, further details of the molar ratio PEI/(oligo-)saccharide are given
in the Tables 1, 2, and Table 1, Supporting Information. In this context,
the molar amount of (oligo)saccharide and the reduction agent have to
be used in an equimolar ratio.

1H NMR Spectra. 1H NMR data of the oligosaccharide-modified
PEI are given, which present the typical structures A-C of the modified
PEI-I-PEI-III, shown in Scheme 1. To understand the assignment of
the 1H signals, the (oligo-)saccharide units were divided into reductive,
middle and terminal units. This assignment is also used for the
description of the 13C signals in the Supporting Information. The
numbering of the different units always starts from the anomeric carbon
atom of the unit. Thus, Glc is described as 1-6 for the reductive unit;
Lac is described as 1I-6I for the reductive unit and 1II-6II for the
terminal unit; Mal is described as 1I-6I for the reductive unit and 1II-6II

for the terminal unit; Mal-III is described as 1I-6I for the reductive
unit, 1II-6II for the middle unit and 1III-6III for the terminal unit; Mal-
VII is described as 1I-6I for the reductive unit, 1II-6II-1VI-6VI for
the five middle units and 1VII-6VII for the terminal unit. The purity of
the oligosaccharide-modified PEIs with respect to unreacted oligosac-
charide was proven by 1H NMR. Generally, the 1H NMR spectra of
all products show signals in three characteristic regions containing in
each case several more or less broadened signals: 2.2-3.3 (PEI protons
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and H-1 or H-1I of the reductive unit), 3.3-4.4 ppm (oligosaccharide
protons, except the anomeric ones), and 4.4-4.6 [anomeric proton of
Lac (H-1II)] or 4.9-5.6 ppm [anomeric protons (H-1II - H-1VII) or of
oligosaccharides Mal-Mal-VII]. Despite the appearance of the spectra
(Figure 2 and Figures 1-4 of the Supporting Information) depending
on the used oligosaccharide and the obtained structures A-C (Scheme
1), significant information concerning the residual primary and second-
ary amino groups cannot be obtained.

Isothermal Titration Calorimetry. Microcal VP-ITC microcalo-
rimeter (MicroCal, LLC, Northampton, MA) was used to carry out the
calorimetric experiments. Degassed Millipore water was used to prepare
the reagent solutions (using 10 mM HEPES buffer to dissolve ATP
and various carrier systems, i.e., PEI-II, PEI-III, and their oligosac-
charide-shelled derivatives) and the pH was adjusted to pH 7 and

measured prior to individual experiments. A series of test experiments
has been done for each of the carrier systems to fix up experimental
parameters, including the concentration of the carrier systems and ATP.
Thus, for all the systems, the sample cell of the microcalorimeter (1.4
mL) was filled with 1 µM solution of respective carrier molecules,
and after baseline equilibration, 0.8 mM of ATP solution was injected
in 34 × 8 µL aliquots using the default injection rate. It was found
that adding ATP solution from the syringe to the carrier system solution
in the cell gives a better representation of the saturation process of the
polymers by ATP. The resulting titration curves were corrected for
heat of dilution of ATP alone in buffer and analyzed using the Origin
7.0 ITC software supplied by MicroCal, LLC. Experimental parameters
for titration experiments were number of injections, 34; cell temperature,
30 °C; stirring speed, 290 rpm; cell volume, 1.43 mL; injection volume,

Scheme 1. Synthesis of Hyperbranched PEI with Various Oligosaccharide Architectures
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8 µL; injection duration, 16 s; spacing, 300 s; and filter speed, 2 s.
Figure 17 in the SI shows a typical ITC result of ATP titration to the
carrier system 7-Mal-VII compared to the heat of dilution (zero effect)
of ATP in pure buffer. Considerable strong interaction occurs when
ATP was titrated with such a carrier system, as indicated by the heat
flow signal (in µcal/sec in Figure 17, SI).

Cellular Uptake of ATP by PEI Derivative. For nucleotide
complexation, 1 µg ATP in 10 µL of 10 mM HEPES/150 mM NaCl
buffer (pH 7) was mixed with 4-Mal (750 µL of a 1 mg/mL 4-Mal
solution in the same buffer). A total of 2 µL [R-32P]dCTP was added
for detection purposes as a tracer prior to a 2 h incubation at room
temperature. As negative control, the same mixture was prepared
without addition of 4-Mal, thus, resulting in the naked nucleotide.
SKOV-3 ovarian carcinoma cells or HepG2 hepatocytes were seeded
at 100000 cells/well in six-well plates and grown overnight under
standard conditions (IMDM medium supplemented with 10% fetal calf
serum (FCS), 37 °C, 5% CO2). The complexed or the noncomplexed

nucleotides, respectively, were added to 400 µL of serum-free medium,
and cells were exposed to this mixture for 10, 20, or 30 min prior to
removing the medium and three times washing of the cells with 1 mL
PBS. Cells were lysed in 100 µL of Tris-buffered saline + Tween-20
(TBST)/20 µL 10% SDS and, upon microscopical checking for
complete lysis after 10 min, lysates were transferred to Eppendorf vials
and counted in a Scintillation counter (Beckman LS 6000IC).

Optical Rotation (OR). The automatic digital polarimeter P3002
RS (A. Krüss Optronic GmbH, Hamburg, Germany) featuring an angle
range from -45° to +45°, an angle resolution of 0.001°, and a minimum
sample transmittance of 1% was used to measure the specific rotation
angle of the PEI maltose derivatives. For the measurements of specific
rotation angles [R] solutions of concentrations C ) 0.5 g (MaI) or C
) 0.25 g (2-MaI, 3-MaI) in 100 mL of Millipore, respectively, and a
polarimeter tube of path length L ) 1 dm was used. From the original
experimental rotation angle values R (Mal, 0.594 ( 0.022°; 2-Mal,
0.172 ( 0.004°; 3-Mal, 0.156 ( 0.004°) [R] values were calculated

Table 1. Educt Ratios and Yields for Isolated Hyperbranched PEIs with Different (Oligo-)Saccharide (OS) Surface Groups and Degree of
Functionalization (DF), Total Degree of Functionalization (TDF), and Degree of T, L, and D Units of Modified PEI-I-PEI-III Obtained from
Elemental Analysis for Hyperbranched PEI Derivatives with structure A

substrate educt ratio PEI/OS yield (%) DFa,b 2×T + L (%) TDFa,c 2×T + L + D (%) T unita (%) L unita (%) D unita (%)

PEI-I 36.4 36.2 27.4
1-Glcd 1:5 49.0 94 75 7 93
1-Mald 1:10 63.0 95 76 5 95
1-Mal-IIId 1:5 81.3 83 66 19 81
PEI-II 32.6 36.7 30.7
2-Glce 1:5 72.7 95 72 7 93
2-Male 1:10 69.0 91 70 9 91
2-Mal-IIIe 1:5 72.1 77 58 24 76
2-Lace 1:5 67.0 80 61 21 79
PEI-III 29.3 40.4 30.3
3-Glcf 1:4.5 98.0 92 71 8 92
3-Malf 1:4.25 85.9 86 66 14 86
3-Mal-IIIf 1:4.25 55.2 78 60 22 78
3-Lacf 1:4.25 74.0 NDg NDg NDg NDg

a Calculation based on elemental analysis; further details are given in Supporting Information. b 2×T means that two oligosaccharides can be coupled
on one T unit. L means that one oligosaccharide can be coupled on the L unit. c All branching units are considered for the calculation of functionalization.
d Based on converted PEI-I. e Based on converted PEI-II. f Based on converted PEI-III. g Not determined.

Table 2. Influence of the Educt Ratio PEI-II: Oligosaccharide (OS) on the Degree of Functionalization (DF) of Converted T and L Units and
Total Degree of Functionalization (TDF) of Modified PEI, Obtained from Elemental Analysis, the Determination of the Degree of Branching
(DB) by Quantitative 13C NMR, and Degree of T, L, and D Units by Elemental Analysis and Quantitative 13C NMR

substratea ratio PEI/OS DFb,c 2×T + L (%) TDFb,d 2×T + L+ D (%) DBe (%) T unitb (%) L unitb (%) D unitb (%)

PEI-II 67.4 32.6f 36.7f 30.7f

2-Mal (A) 1:10 91 70 9 91
2-Mal (A) 1:5 88 67 12 88
2-Mal (A) 1:2 86 67 14 86
4-Mal (B) 1:0.5 36 28 65 35
6-Mal (C) 1:0.2 16 14 16 53 31

81 19f 48f 33f

2-Mal-III (A) 1:5 77 58 24 76
4-Mal-III (B) 1:0.5 32 25 69 31
6-Mal-III (C) 1:0.2 16 12 17 52 31

83 17f 46f 37f

6-Mal-VII (C) 1:0.5 22 17 10.3 59 30.7
91 9f 49f 42f

a Character in brackets presents the structure type for PEI derivative. b Calculation based on elemental analysis; further details are given in Supporting
Information. c 2×T means that two oligosaccharides can be coupled on one T unit. L means that one oligosaccharide can be coupled on the L unit. d All
branching units are considered for the calculation of functionalization. e Using Fréchet equation: DB ) (T + D)/(T + L + D); example of calculation is
presented in Table 3. f Determination by quantitative 13C.

Table 3. Structural Parameters of Hyperbranched PEIs Used in this Study

substrate Mn
a g/mol Mw

a g/mol DPb T unitc (%) L unitc (%) D unitc (%) DBd (%)

PEI-I 800 1300 18.6 36.4 (6.8) 36.2 (6.7) 27.4 (5.1) 63.8
PEI-II 3600 5000 84 32.6 (27.4) 36.7 (30.8) 30.7 (25.8) 67.4
PEI-III 9600 25000 222.8 29.3 (65.3) 40.4 (89.9) 30.3 (67.6) 70.6

a Given by the supplier (BASF, Germany). b Degree of polymerization estimated according DP ) Mn/M(CH2CH2NH) ) Mn/43 g mol-1. c The percentages
of terminal (T), linear (L), and dendritic (D) units were calculated from 13C NMR signal intensities (Figure 1): T ) Ia + Ib; L ) 0.5 (Ic + Id + Ie); D ) 1/3
(If + Ig + Ih), with If ) I (52-55 ppm) - Ib. The absolute numbers of T, L, and D units are given in brackets and were estimated from DP and the
percentages of the according units. d Degree of branching calculated according DB ) (T + D)/(T + L + D).

PEI with Various Oligosaccharide Architectures Biomacromolecules, Vol. 10, No. 5, 2009 1117



according to [R] ) 100 R/(L C) using the units given above. The
following specific rotation angle values were received: [R] ) 118.8 (
2.6° for Mal, [R] ) 68.8 ( 0.3° for 2-Mal, and [R] ) 62.3 ( 0.3° for
3-Mal. Furthermore, as an approximation we assume, that the chemical
coupling of maltose on PEI-II and PEI-III for the synthesis of structure
2-Mal (structure A) and 3-Mal (structure A), respectively, had no
further influence on the optical rotation properties of the maltose units
compared to the parent Maltose unit.

Results and Discussion

Hyperbranched PEI with Oligosaccharide Architectures.
Poly(ethylene imine) (PEI) offers both terminal (T) primary
amino functions (which can react twice to dendritic (D) units)

as well as linear (L) secondary amines for postmodification
reactions. Previously described synthetic approaches to realize
PEI with chemically coupled oligosaccharides43-48 focused on
the introduction of, at least, one (oligo-)saccharide per T unit.
The application of the reductive amination41,52 allowed to
introduce the complete range of various oligosaccharide archi-
tectures from only a low number of converted T units to nearly
completely converted T and L units. The tailoring of the
substitution degree was achieved using the strong reductive
agent borane-pyridine complex in borate buffer at 50 °C for
7 d, converting PEI-I with Mw 1300 g/mol, PEI-II with Mw

5000 g/mol, or PEI-III with Mw 25000 g/mol with minor
amount or excess of oligosaccharides (Glc ) glucose, Mal )

Figure 1. 13C NMR spectrum of PEI-II in D2O with assignment. The abbreviations T, L, and D represent neighboring terminal (T ) -NH2), linear
(L ) -NRH), and dendritic (D ) -NR2) units.

Figure 2. 1H NMR spectra of PEI-II (A) and 2-Mal (B) in D2O obtained from the reaction of PEI-II with excess Mal (R ) reductively attached
maltose unit).

1118 Biomacromolecules, Vol. 10, No. 5, 2009 Appelhans et al.



maltose, Lac ) lactose, Mal-III ) maltotriose, and Mal-VII
) maltoheptaose), as shown in Scheme 1. With this synthetic
method, the following oligosaccharide architectures in the outer
sphere of the PEI (Scheme 1) were realized.

(1) Structure A with preferred D units over the PEI
macromolecule. This means that nearly all T units and also most
L units are converted into D units at which the T unit had to
react twice with a (oligo-)saccharide unit leading to a dense
oligosaccharide shell; (2) Structure B with preferred L units as
peripheral groups at which all T units are converted into L units
leading to a loose shell; (3) Structure C with a mixture of T
and L units as peripheral groups leading to isolated oligosac-
charide units in the periphery. The results of the reductive
amination of PEI-I-PEI-III are summarized in the Tables 1
and 2 and Table 1, SI. The hyperbranched PEI with oligosac-
charide architectures A, B, and C (Scheme 1) were characterized
by NMR, elemental analysis, IR, DLS, and SLS.

PEI-I-PEI-III were investigated by 1H and 13C NMR in
D2O (Figure 1 and 2A and Table 3). Similar chemical shifts
and signal patterns of the T, L, and D units for PEI-I-PEI-III
core were received in D2O, as described previously for measure-
ments in CDCl3.

53 As one example, the 13C NMR spectrum of
PEI-II is presented in Figure 1. One can impressively see in
Figure 1 that the T (a and b), L (c and d), and D (f and g) units
are separated into two 13C NMR signals where the adjacent
structure unit belongs to L units or D units. Furthermore, the L
(e) and D (h) units possess also an adjacent T unit. The content
of T, L, and D units and the degree of branching (DB) of PEI-
I-PEI-III are also presented in Table 3.

The main focus of the NMR characterization of the PEI
derivatives was the verification of the oligosaccharide archi-
tectures A-C (Scheme 1), presented by the degree of func-
tionalization (DF) and the degree of T, L, and D units (Tables
1 and 2 and Table 1, SI). DF is characterized by the fact that
two (oligo-)saccharide units can be coupled to one T unit and
one (oligo-)saccharide can be additionally attached to one L
unit [DF is presented as 2×T + L (%) in all tables]. The
following results were obtained: (1) The synthesis of structure
A from PEI-I, PEI-II, and PEI-III is based on the use of excess
oligosaccharides. The corresponding DF is in the range between
75 and 95%. Furthermore, the high degree of DF also leads to
a high degree of D units (75-95%; Table 1 and Table 1, SI).
The structure A was fully supported by NMR investigations
(Tables 2 and 3, SI). A typical 1H NMR spectrum of the PEI
derivative, 2-Mal, in D2O is presented in Figure 2B in
comparison with that of PEI-II (Figure 2A). As further
examples, the 13C NMR spectra of 2-Glc and 2-Mal are shown
in Figure 3. Generally, the spectra are characterized by
broadened signals for the coupled oligosaccharide units and,
especially, for the PEI core compared to those received from
the unmodified PEI-II (Figures 1 and 2A). One can conclude
from 13C NMR spectra in Figure 3 that the D unit (D-CH2-
CH2-D) at 53.3 ppm for 2-Glc and at 53.9 ppm for 2-Mal is
the dominant structure unit of the PEI core (Table 2, SI). In
sharp contrast, the L unit (D-CH2-CH2-L) of the PEI core is
certainly the minor component in 2-Glc and 2-Mal. Also, a new
structure unit 1 and 1I, the CH2 group converted carbonyl
function of the reductive unit of (oligo-)saccharide, is observed
at 59.4 ppm for 2-Glc (Figure 3; top) and at 60.3 ppm for 2-Mal
(Figure 3; bottom). The structure unit 1I is always observed after
the reductive amination of PEI-I-PEI-III no matter if excess
or under stoichiometric amounts of oligosaccharides (Table 3,
SI) are used. Finally, the results of 13C NMR confirm the high

DF and the content of low L units and high D units, as
determined also by elemental analysis (Tables 1 and 2 and Table
1, SI).

(2) Structure B was tailored by varying the molar ratio PEI/
oligosaccharide from 1:0.5 to 1:2 (Table 2 and Table 1, SI).
The corresponding DF is in the range between 32 and 48%.
This is accompanied by a higher degree of L units (51-70%)
and a low degree of D units (Table 2 and Table 1, SI). Full
NMR analysis is summarized in Tables 2 and 3, SI. The 13C
NMR spectrum of 4-Mal is shown in Figure 4 (top) as one
typical example for structure B. In contrast to structure A of
2-Mal (Figure 3, bottom), the 13C NMR spectrum of 4-Mal
reveals the desired presence of different D units (D-CH2-CH2-D
and D-CH2-CH2-L) and L units (L-CH2-CH2-L and D-CH2-

Figure 3. 13C spectra of 2-Glc (top; structure A) and 2-Mal (bottom;
structure A) in D2O.

Table 4. Hydrodynamic Radii Rh, Radii of Gyration Rg, and
Weight-Average Molecular Weights of PEIs with Different Surface
Groups Obtained from Dynamic and Static Light Scattering

substrate Rh (nm) Rg (nm) Mw (g/mol)

PEI-II a a a

2-Glc (A) 2 a a

2-Mal (A) 3 10 35.800
2-Lac (A) 4 b 24.100
2-Mal-III (A) 17c 12 28.500
4-Mal-III (B) 3 16 16.900
PEI-III 5 5 20.800
3-Mal (A) 6 b 159.000
3-Mal-III(A f B)d 6 10 227.000
a Samples were not suited for these investigations; for PEI-II, Rh is

below 1 nm. b Not determinable. c Bimodal distribution. d Intermediate
structure; transition from structure A to structure B received by PEI/Mal-
III ratio 1:2.
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CH2-L), which were also determined in the parent PEI cores
(Figure 1). Also, all T units (Figure 4, top) disappeared after
the reductive amination of PEI-II with Mal as the minor
component. Further, the structure unit 1I in structure B is shifted
to high field, overlapped by L and D units in the case of 4-Mal
(Figure 4, top).

(3) Structure C was achieved by the use of a molar ratio PEI/
oligosaccharide 1:0.2 to 1:0.5 (Table 2 and Table 1, SI). The
corresponding DF is in the range between 16 and 30%. Thus,
modified PEIs of structure C possess (a) a higher degree of L
units (48-67%) than D units and (b) a low content of unreacted
T units (2-17%) (Table 2 and Table 1, SI). Full proof of
structure C as by NMR investigations can be seen in Tables 2
and 3, SI. The 13C NMR spectrum of 6-Mal is presented in
Figure 4 (bottom) as one typical example for structure C. Beside
the expected signal patterns for PEI-II converted with Mal as
the minor component, T units are also determinable for structure
C (Figure 4, bottom). The degree of branching (DB)54 was also
calculated by the Fréchet equation (Table 3) after analyzing the
T, L, and D units by quantitative 13C NMR investigations (Table
2). One can conclude that the DB (Table 2) of 81% for 6-Mal,
83% for 6-Mal-III, and 91% for 6-Mal-VII increases compared
to the parent PEI-II with a DB of 67.4%.

(4) The tailoring of the oligosaccharide architectures was
carefully studied by the conversion of PEI-II with Mal and
Mal-III (Table 2). Surprisingly, the desired structures A-C
could be realized in both cases. Furthermore, structures A-C
on PEI-III surface with higher Mw (up to 25000 g/mol) could
also be established (Table 1, SI) when maltotriose (Mal-III) as
oligosaccharide was used. Furthermore, we could show that also
PEIs with Mw 50000, 250000, and 750000 g/mol could be
modified by this method with various oligosaccharides reaching

also the structures A-C. The received data and results are not
shown here due to high similarity of the received data and
results.

(5) The introduction of the oligosaccharides with increasing
size (glucose < maltose < maltotriose) was possible by reductive
amination aiming for structure A. But, generally the number of
oligosaccharide units decreases in the outer sphere of PEI-
I-PEI-III with increasing the size of the oligosaccharide (Table
1). This means that the accessibility for larger oligosaccharide
units on the PEI surface is reduced at high substitution degree.
Further, the reactivity of the disaccharide maltose is higher than
that of the disaccharide lactose which results in a higher DF
and higher degree of D units for structure A in 2-Mal (PEI/OS
with 1:5 in Table 2) compared to 2-Lac (PEI/OS with 1:5 in
Table 1).

(6) The most surprising result was the successful introduction
of the largest oligosaccharide maltoheptaose (Mal-VII) on the
PEI-II surface (Table 2 as 6-Mal-VII). For the ratio PEI/OS
1:0.5, approximate 70% of the T units of PEI-II were converted
preferably once with Mal-VII to obtain 6-Mal-III with structure
C (Figure 10, SI).

(7) The 13C NMR investigations of the chemically coupled
oligosaccharide units on various PEI macromolecules revealed
no further specific information for the characterization of the
structures A, B, and C. The reductive amination reaction of the
reducing unit of the parent (oligo-)saccharide results in a
noncyclic unit partly restricted in mobility by its neighborhood
to the PEI scaffold and, therefore, with signals of different
broadening, as illustrated by the 13C NMR spectrum of 2-Glc
(Figure 3, top). Additional broadening and splitting should be
caused by different stereochemistry and by the substitution
pattern of the neighboring amine nitrogen, for example, L or D
unit with one or two bonded oligosaccharides. If oligosaccha-
rides were reacted with PEI, this chemically coupled reducing
unit connects PEI with retained (oligo-)saccharide moiety. The
13C chemical shifts of the m and t units are only less affected
compared to the parent oligosaccharide and the signals are quite
narrow. While confirming the successful coupling of the
reductive unit of oligosaccharides and preservation of the
residual saccharide rings of the former (oligo-)saccharide units,
a detailed signal assignment to substructures failed due to broad
and overlapping signals. Nevertheless, for the PEI derivatives
with glucose, maltose and maltotriose a general signal assign-
ment independent of structures A, B, and C was obtained by
combination of 1D and 2D techniques (Table 3, SI).

For their use as carrier system for biologically active
molecules, further studies on the PEI with various oligosac-
charide substitution degree were undertaken to determine their
hydrodynamic radii (Rh), radii of gyration (Rg), and weight-
average molecular weight (Mw) by dynamic and static light
scattering experiments. Furthermore, first studies on charge
density by polyelectrolyte titration experiments were performed
to learn about their properties in water. The results of the light
scattering experiments for structure A (2-Glc, 2-Lac, 2-Mal,
2-Mal-III, 3-Mal, 3-Mal-III) and structure B (4-Mal-III) are
summarized in Table 4. Also, PEI-III was investigated for
comparing with 3-Mal and 3-Mal-III. Within the series of PEI
derivatives for structure A based on PEI-II (2-Glc, 2-Lac,
2-Mal, 2-Mal-III) Rh values with unimodal distribution in-
creases with growing size of the oligosaccharide units (from 2
nm for 2-Glc to 4 nm for 2-Lac). Only 2-Mal-III (structure A)
shows a tendency to aggregate outlined by a bimodal distribu-
tion. Also, within this series for modified PEI-II, 4-Mal-III
with structure B reveals a lower Rh value (3 nm) compared to

Figure 4. 13C NMR spectra of 4-Mal (top; structure B) and 6-Mal
(bottom; structure C) showing the influence of the substrate ratio PEI-
II/Mal 1:0.5 and 1:0.2, respectively.
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the Rh (17 nm) for 2-Mal-III with structure A. Within the series
of PEI derivatives based on PEI-III, it can be concluded that
the structure A for 3-Mal and 3-Mal-III possesses larger Rh

values than the parent PEI-III. As expected, Mw for PEI-III
derivatives dramatically increases compared to the Mw value
of PEI-III. Also, an increasing Mw can be determined going
from structure B to structure A for the series where PEI-II was
converted with increasing amounts of oligosaccharide (2-Glc,
2-Lac, 2-Mal, 2-Mal-III, and 4-Mal-III in Table 4). The lower
Mw of 2-Lac compared to 2-Mal confirms also the results from
DF that the lactose unit possesses a lower reactivity than the
maltose unit and thus a lower DF was achieved.

Results for the determination of charge density of PEI-II,
2-Mal, and 6-Mal-VII by polyelectrolyte titration experiments
at various pH values are summarized in Figure 5. PEI-II and
its derivatives are weak polyelectrolytes. Therefore, a strong
dependency of the charge density on different pH values is
recognizable in Figure 5. With increasing pH values the charge
density decreases. The isoelectric point of 2-Mal-III (structure
A), 6-Mal-VII (structure C), and PEI-II is at pH 8, 9, and 10.5,
respectively. From this study, one can conclude that the higher
the degree of chemically coupled oligosaccharide units on the
PEI surface, the lower is the charge density. Thus, a much lower
positive charge density of 2-Mal (structure A) and even 6-Mal-
VII (structure C) were found compared to the parent PEI-II at
pH range between 2 and 11.

ATP Complexation and Cellular Uptake of Oligosaccharide-
Modified Hyperbranched PEI. The interaction between diverse
(macro-)molecules as well as the tailoring of biological processes
is governed by noncovalent interactions (e.g., electrostatic forces
and H-bonding) as the main driving force in nature. The
structural features of the PEI derivatives, generated in this study,
prompted us to investigate the complexation, interaction, and
carrier behavior of the PEI derivatives, as ideal polymers with
potential for noncovalent interaction properties toward biologi-
cally active (macro-)molecules. Investigations were undertaken
to receive first insights of the complexation and carrier behavior
of selected PEI derivatives toward negatively charged ATP
molecules in HEPES buffer at pH 7 under physiological
conditions. Interesting questions to be answered are: Is there
an influence of the different oligosaccharide structures A-C
on the encapsulation properties of the PEI derivatives (Table
5) toward ATP molecules and do the oligosaccharide architec-
tures suppress the encapsulation/complexation/interaction prop-
erties of the PEI scaffold?

The following PEI derivatives as carrier system (CS) were
selected for this study: 4-Mal (B) and 6-Mal-VII (C) based on
PEI-II and 3-Mal-III (A) and 7-Mal-III (C) based on PEI-
III. Also, the complexation properties of the PEI derivatives
were compared with that of the parent PEI macromolecules,
PEI-II and PEI-III. The complexation ratios ATP/CS were
determined by isothermal titration calorimetry (ITC) investiga-
tions encouraged by the fact that ITC has been proven its
efficiency and high level of accuracy for studying thermody-
namic and kinetic properties of macromolecular interactions.55,56

Binding isotherms of ATP to PEI-II and derivatives thereof
(4-Mal and 6-Mal-VII), as obtained by integration of ITC
signals, are illustrated in Figure 6. The isotherm for the ATP
interaction with PEI-II shows an exothermic interaction effect.
Also, the use of structure B (4-Mal) and structure C (6-Mal-
VII) does not change the binding energetic properties to
considerable extent. The enthalpy change versus ATP addition
followed a fairly similar pattern for all these carrier systems
based on PEI-II. Furthermore, one can conclude that the
exothermic isotherms can be mainly attributed to electrostatic
interaction between the cationic PEI derivatives and the anionic
ATP molecules.

In sharp contrast, the binding isotherms of ATP to PEI-III
and its derivatives 3-Mal-III and 7-Mal-III deviated strongly
from those of the PEI-II series (Figure 7). Again, a strong
exothermic binding region is observed while ATP interacted
with the pure PEI-III. However, the shape of the binding curve
was completely different from its PEI-II counterpart (Figure
6). The maximum in the binding curves imply that two distinct
energetic processes exist during the complexation/encapsulation
of the ATP molecules in the presence of PEI-III, indicating a
possible two binding site pattern for the interaction between
PEI-III and ATP molecules. A simpler exothermic binding
process of the ATP molecules in the cases of structure A (3-
Mal-III) and structure C (7-Mal-III) is observed. These ITC
experiments clearly suggest that the introduction of larger
maltotriose units on the PEI surface plays a critical role on the
nature of interaction between the high molar mass PEI-III based
carrier systems and the ATP molecule.

The binding isotherms of the ATP solution to the various
PEI derivatives form the fundamental basis for the calculation
of the ATP/CS ratios (using the inflection method). The different
ATP/CS ratios are presented in Table 5. From these data, the
following conclusions can be extracted: Within the series of
PEI-II, a similar ATP/CS ratio (∼25) is observed. This means
that there is no influence of the degree of attached maltose in
structure B and of attached maltoheptaose in structure C on
ATP/CS ratios compared with the parent PEI-II. Furthermore,
the structural parameters (Mw, polydispersity or degree of
branching units) of parent and modified PEI-II play obviously
no critical role for the interaction between the carrier system
and the ATP molecules. In contrast, totally different ATP/CS
ratios for the series of PEI-III core were found, from 40 ATP
molecules for structure A (3-Mal-III) up to the highest value
of about 100 ATP molecules for the parent PEI-III. In this case,
one can clearly conclude that there is a marked influence of
molar mass and degree of functionalization of the PEI surface
with maltotriose unit on the interaction between the carrier
systems and ATP molecules.

In summary, the ITC experiments done in this study bring
out surprisingly contrary facts regarding the parameters which
govern the interaction between the carrier system and the ATP
molecules. This allows, however, to fine-tune the ATP/CS ratios
and, thus, the interaction by the core macromolecule and the

Figure 5. Charge density of PEI-II, 2-Mal, and 6-Mal-VII in depen-
dence of pH value determined by polyelectrolyte titration experiments.
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degree of oligosaccharide substitution. Under defined pH
conditions (HEPES buffer at pH 7) we can assume that the
complexation behavior of oligosaccharide-shelled PEI macro-
molecules toward bioactive molecules is mainly tailored by the
predominant effect of electrostatic interaction. In other words,
the accessibility of binding sites (primary, secondary, and tertiary
amino groups) for ATP interaction is hampered by the maltot-
riose functionalized PEI-III core in contrast to PEI-II with
different but not very dense maltose and maltoheptaose decoration.

Finally, the favorable results regarding the complexation/
binding of ATP molecules by parent PEI and its derivatives,
which are based on various oligosaccharide architectures,
encouraged us to assess whether this complexation also trans-
lates into enhanced cellular uptake. Thus, cellular internalization
of free nucleotides was compared to nucleotides complexed with
4-Mal (B), and intracellular levels were analyzed by adding
traces of radioactively labeled nucleotide. Because ATP is
involved in several biochemical reactions which may lead to
the rapid loss of the radioactive label, dCTP rather than ATP
was used as tracer molecule. However, the fact that cold ATP
represented the by far largest amount of nucleotides in the
complex and dCTP displays fairly similar physicochemical

properties ensured that the complexes used for assessing cellular
uptake were comparable to complexes employed in the previous
experiments. As shown in Figure 8, the complexation resulted
in enhanced time-dependent cellular uptake of ATP as compared
to the naked nucleotide (Figure 8, left). In fact, upon 4-Mal
complexation a more than 3-fold increased ATP uptake in
SKOV-3 cells was observed (Figure 8, right). This is particularly
remarkable because transporters57 have been described which
may lead to some “background” internalization as observed in
these experiments, thus, rather underestimating the potency of
4-Mal-mediated ATP delivery. This was particularly true for
HepG2 cells and may account for the somewhat lower, ∼2-
fold, enhancement of ATP uptake in this cell line (Figure 18,
SI). Taken together, the significant increase of cellular ATP
internalization upon 4-Mal complexation reveals the great
potential of oligosaccharide-shelled hyperbranched PEI as a
noncovalent carrier for pharmacologically relevant, bioactive
molecules.

Conclusions

In summary, reductive amination is a highly efficient working
tool to introduce various oligosaccharide architectures in the

Table 5. Comparison of ATP/Carrier System (CS) Ratios in HEPES Buffer at pH 7 Determined by ITC; Structure Parameters of Carrier
System Used in this Study

CS core Mn
a (g/mol) structure T unitb (%) L unitb (%) D unitb (%) ATP/CS

PEI-IIc 5000 32.6 36.7 30.7 25
4-Mal PEI-II 13800 B 65 35 25-28
6-Mal-VII PEI-II 26800 C 10 59 31 25
PEI-IIIc 25000 29.3 40.3 30.3 100
3-Mal-III PEI-III 110000 A 22 78 40
7-Mal-III PEI-III 54100 C 3 67 30 60

a Determined by elemental analysis. Further details for calculation in Supporting Information. b Determined by elemental analysis. Further details for
calculation in Supporting Information. c Data received as mentioned in Table 3.

Figure 6. Binding isotherms of ATP to PEI-II, 4-Mal, and 6-Mal-VII.
In this case, 0.8 mM ATP solution was injected into a 1 × 10-3 mM
solution of PEI (derivatives) at 25 °C under physiological conditions
(10 mM HEPES buffer at pH 7).

Figure 7. Binding isotherms of ATP to PEI-III, 3-Mal-III, and 7-Mal-
III. In this case, 0.8 mM ATP solution was injected into a 1 × 10-3

mM solution of PEI (derivatives) at 25 °C under physiological
conditions (10 mM HEPES buffer at pH 7).
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outer sphere of hyperbranched PEI with low and high molecular
weight. Thus, the establishment of a densely organized oli-
gosaccharide shell with preferred D units (structure A), a PEI
surface with preferred L units in the outer shell (structure B) or
a PEI surface with a combination of nonconverted T units and
of L units (structure C) is possible. The most impressive result
was that the oligosaccharides, maltose, lactose, and maltotriose
can be used to realize all the structures A-C just by varying
the molar ratio PEI to oligosaccharide. The structure of the PEI
derivatives were confirmed by detailed NMR investigations as
well as elemental analysis. Furthermore, DLS studies revealed
that the hydrodynamic radii of the various oligosaccharide-
modified PEI increased up to few nm (from 1 to 4 nm on
average) compared to those of the parent PEI depending on the
nature of chemically coupled oligosaccharide unit and the
realized oligosaccharide architecture. Surprisingly, in most cases,
the PEI derivatives showed no aggregation in aqueous solution
despite the presence of a large number of H-bonding, active
oligosaccharide units in PEI derivatives. By the introduction of
various oligosaccharide architectures in the outer shell, it was
also possible to vary the charge density, which allows the
consideration of such multifunctional PEI derivatives as carrier
systems for diagnostic and therapeutic application.

The calorimetric results support this concept. Generally, the
carrier systems are suited to bind various amounts of ATP
molecules depending on the size of the PEI core and its surface
modification by various oligosaccharides. Furthermore, the
binding of the ATP molecules by the carrier systems is an
exothermic process accompanied by distinct types of binding
phenomena. One binding type can be assigned to the electrostatic
interaction between the negatively charged ATP molecules and
the cationic PEI core of the carrier system. Furthermore, the
electrostatic interaction can be enhanced by other noncovalent
interaction (e.g., hydrophopbic interaction, π-π interaction, or
OH-π interaction) or a combination of noncovalent interactions.
One more challenge for the future is to specify and to
differentiate the binding phenomena between the interacting
species using well-suited fits and binding models of the
calorimetric data.

Finally, our cellular uptake study demonstrated the potential
of oligosaccharide-shelled hyperbranched PEI for the delivery
of drugs or other bioactive molecules with faster and enhanced
cellular uptake. The more detailed analysis of the properties or
these carrier systems upon noncovalent complexation of phar-

macologically relevant molecules may eventually lead to the
development of therapeutics based on this polymeric delivery
platform.
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