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Physical aggregates of amphiphilic molecules, such as
micellar structures, are frequently proposed as drug-delivery
systems.[1] These aggregates can be unstable under shear force
and other kinds of environmental effects as a result of their
weak assembly. They are also not very suitable for the active
release of the encapsulated species through the application of
an external trigger, such as pH change. For drug delivery in
biological systems, in particular, the release of the encapsu-
lated species must occur as a result of a weak external signal,
for example, a pH drop in tumor and infected tissues
(pH 5±6).[2,3] Furthermore, it has been demonstrated that
nanoparticles larger than 5 nm, such as liposomes and macro-
molecular carriers, can pass through biological membranes by
different mechanisms than small molecules, and thereby
enhance the specificity of drugs for certain tissues (for
example, tumor).[4±6]

In contrast to physical aggregates of amphiphilic molecules,
the covalent modification of dendritic macromolecules[7] with
an appropriate shell results in stable micelle-type structures,
which are suitable for the noncovalent encapsulation of guest
molecules.[8] While the encapsulation and the transport of
guest molecules into these dendritic architectures have been
studied by several research groups,[9±16] relatively little is
known about the active release of the encapsulated guest
molecules by the pH-triggered cleavage of the shell under
physiological conditions. So far, a pH-dependent release from
dendritic architectures has only been reported under drastic
conditions[17] or by protonation of poly(propyleneimine)
dendrimers[18] and their derivatives.[19,20]

Herein we describe a simple and general synthetic concept
for the generation of pH-responsive molecular nanocarriers
based on the selective and reversible shell functionalization of
dendritic polymers, such as polyglycerol (PG, 1) and poly-
ethyleneimine (PEI, 2, Scheme 1). Polyglycerol (1) and
polyethyleneimine (2) are randomly branched, but well-
defined dendritic structures with a degree of branching of 60
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abilities in transformed HaCaT keratinocytes within 24 h, is of
interest to the development of tumor suppressors.
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to 75%. They are prepared in a one-step process and are
readily available on a large scale with low polydispersities
(< 2).[21] The chemical differentiation and selective modifica-
tion of the linear (blue) and terminal groups (red) in
polyglycerol (1) results in core-shell-type architectures.[22]

However, a pronounced polarity difference between core
and shell is necessary to generate unimolecular micelle-type
architectures with good transport properties,[8] but this was
not possible with the previously reported core-shell-type
architectures.[22] We have now developed a general synthetic
concept to construct amphiphilic dendritic architectures for
potential application in pH-dependent delivery of the encap-
sulated guest by using two types of acid-sensitive linkages for
the shell: PG-acetals/ketals 3 and PEI-imines 4 (Scheme 2).
Formally, the selective functionalization of the shell of both

dendritic polymers (PG (1) and PEI (2)) is a simple
condensation reaction between the terminal groups (1,2-diol
or NH2, respectively) and a carbonyl compound. However,
the direct conversion of polyglycerol (1) with unreactive or
lipophilic carbonyl compounds was not possible.[23] A two-step
(one-pot) protocol based on two consecutive transketalization
reactions (see Supporting Information) was developed to
generate pH-responsive molecular nanocarriers. In the first
step PG (1) was treated with an excess of acetone dimethyl-
acetal to give the corresponding PG-acetonide,[22] which can
subsequently be converted with an equimolar amount of a
large variety of carbonyl compounds, for example, long-chain

alkyl ketones, into dendritic core-shell architec-
tures 3. The situation is even more straight
forward in the case of PEI (2), since simple
nonpolar carbonyl compounds, such as 6-unde-
canone and 1-hexadecanal, can be directly
treated with PEI (2) to give the corresponding
core-shell architectures 4.[24] The reaction even
occurs spontaneously at room temperature in
the case of hexadecanal. Both types of core-
shell architectures (3 and 4) are now accessible
in high yields (70±90%) and multigram quanti-
ties. We have investigated several dendritic
core-shell architectures which differ in 1) the
type of the core polymer, 2) the molecular
weight of the core polymer, 3) the structure of
the attached shell, and 4) the density of the
attached shell (the degree of alkylation).

The transport capacities (amount of encapsulated guest
molecules per polymer molecule) of these molecular nano-
carriers were first determined using congo red as an easily
detectable polar model compound (Table 1). For this purpose
the dendritic core-shell architecture was dissolved in chloro-
form and treated with aqueous dye solutions of different
concentrations. Alternatively the guest can also be encapsu-
lated from the solid-phase/organic-solution interface. The
amount of encapsulated dye was determined in all cases by
UVabsorption of the organic phase (see Supporting Infor-
mation). Similar to other dendritic core-shell architectures,[8] a
minimum core size (ca. 3000 gmol�1) and a highly branched
architecture are required for successful encapsulation of the
guest molecules.[14b] For efficient transport the degree of
alkylation should be about 45±50% and the alkyl chains
should have a minimum length (>C10). For example, the
conversion of the terminal groups in polygylcerol 1
(21000 gmol�1) with a C16 aldehyde (3a) containing one alkyl
chain per diol unit results in an effective degree of alkyl
functionalization of 25% (Table 1) and a poor transport
capacity (0.15 congo red molecules). With the same PG core
(21000 gmol�1), the ketal functionalized nanocarrier 3b with
two alkyl chains per diol unit and 45% effective alkyl
functionalization (Table 1) can transport up to 13 congo red
molecules. A higher degree of ketal functionalization (3c :
55%, Table 1) indicates an optimal shell density of 45±50%.
However, only two dye molecules were encapsulated in 3c

and the encapsulation process was very slow.
Smaller core polymers, shorter alkyl chains, and
lower degrees of functionalization also result in
lower transport capacities. It is also noteworthy
that the selective core-shell architecture 3b
(Table 1) can be up to eight times more efficient
than polyglycerols of the same core size ran-
domly functionalized with palmityl ester.[14a,25]

This comparison demonstrates that the polar
core environment of these nanocarriers is maxi-
mized as a result of the selective core-shell
functionalization. The exact determination of
the transport capacities for the amine based
nanocarriers 4 (Table 1) was complicated be-
cause of the hydrolytic sensitivity of the imine-
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Scheme 1. Polyglycerol (PG, 1) and polyethyleneimine (PEI, 2) were used as hydrophilic
dendritic core molecules for the selective generation of pH-responsive molecular nano-
carriers. The depicted structures containing 30±40% of linear functional groups (blue) and
60±70% terminal groups (red) are only small idealized fragments of the large polymer cores.

Scheme 2. General synthetic concept for the generation of amphiphilic core-shell architec-
tures (compare Table 1). Terminal groups (red: 1,2-diols or NH2, respectively) were
selectively functionalized with aldehydes and ketones by either a twofold transketalization or
imine condensation. Linear units (blue) remain unreacted. PTSA¼ p-toluene sulfonic acid.



bound shell in the PEI-based systems in some cases, for
example, 4b (see below). To avoid hydrolysis the dye was
directly encapsulated from the solid/organic solution inter-
face. Nevertheless, underestimation might occur because of
partial cleavage of the shell.[26] For comparison, a chemically
stable PEI-amide, for example,Mn(PEI)¼ 6000 gmol�1 with a
palmitylic amide shell (50%), can encapsulate up to 15 congo
red molecules.[27]

The structure and the particle sizes of these nanocarriers in
the unloaded and fully loaded states have been determined
with molecular resolution by atomic force microscopy (AFM)
in the tapping mode (Table 1, see also Supporting Informa-
tion). The C33-ketal-functionalized polyglycerol 3b is shown
as an example in Figure 1a. The height of the nanocapsules
was obtained from the cross-sectional profiles (for example,
recorded along the track marked by the dotted line in
Figure 1a) to be in the range of 2±3 nm. The diameter

distribution of the particles was calculated by evaluation of
more than 120 particles of each sort and subsequent decon-
volution with the AFM tip (Table 1). The number-average
diameter of the nanocarrier 3b appeared to be 10� 2 nm for
the unloaded state and 13� 2 nm for the dye-loaded state
(Figure 1b,c). This behavior can be explained by a swelling of
the polymer core upon encapsulation of the guest molecules.
All the particle sizes determined by AFM studies for the PG-
based systems 3 are in good agreement with those calculated
by extrapolation from a core with a molecular weight of
4000 gmol�1.[28] This observation indicates that these dendritic
nanocarriers act as inverted unimolecular micelles in dilute
solutions (< 10�4m). However, larger aggregates are observed
at higher concentrations (> 10�3m).[29] The particle sizes of the
PEI-based nanocarriers 4 indicate formation of partial
aggregates in some cases as a result of partial hydrolysis on
the mica surface (see Supporting Information).[26] For com-
parison, the hydrolytically stable PEI-amides, for example,
Mn(PEI)¼ 6000 gmol�1 with a palmityl amide shell (d¼
6 nm), show the expected particle sizes.[27]

The transport properties of these nanocarriers were then
tested with different guest structures using the PG- and PEI-
based nanocarriers 3 and 4. Different types of dye molecules
containing polar or ionic organic groups were used as model
systems. Many organic dyes, such as bromophenol blue, congo
red, methyl orange, methyl red, and fluorescein,[30] all of which
contain polar anionic sulfonate or carboxylate groups and
sodium counterions, were readily encapsulated and trans-
ported by both types of carrier systems 3 and 4 (see also
Supporting Information). In contrast, cationic dyes, such as
the triphenylmethane-based malachite green with an oxalate
counterion, were not transported at all.
The complexation of an antitumor drug (mercaptopurine),

several oligonucleotides, as well as bacteriostatic silver
compounds (for example, AgI salts and Ag0 nanoparticles)[27]

have been studied for the potential use of these nanocarriers
in drug and gene delivery. Successful encapsulation and
transport were observed in all cases by the PEI-based
nanocarriers 4. No complexation, however, was observed
with the PG-based nanocarriers 3 for these guest molecules.
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Table 1. Sizes and transport capacities of dendritic nanocarriers 3 and 4.

Structure Polymer core Mn core [gmol�1] Shell Degree of alkylation Size[a] [mm] Height[a] [nm] Transport capacity[b]

1 PG 21000 ± ± 8� 2 2.7� 0.6 ±[c]

3a PG 21000 25% 10� 2 2.5� 0.5 0.15� 0.05

3b PG 21000 45% 10� 2 2.7� 0.6 13� 4

3c PG 21000 55% 10� 2 2.5� 0.5 2� 0.5

2 PEI 25000 ± ± 18� 4 3.2� 0.5 0.02� 0.005[d]

4a PEI 25000 33% 20� 4 3.5� 0.5 0.6� 0.1[d]

4b PEI 25000 53% 84� 16 9� 2[e] 0.2� 0.05[d,e]

[a] Corrected particle diameter and height without encapsulated guest molecules fromAFM data (see Supporting Information). [b] Number of encapsulated
dye molecules (congo red) per polymeric nanotransporter and transport into the chloroform phase. [c] Not soluble in chloroform. [d] Loading capacities were
determined in chloroform without aqueous phase by using a UV calibration curve. [e] Partial hydrolysis and aggregate formation is possible with water.

Figure 1. a) AFM images and cross-sectional height profile of individual
nanocapsules 3b prepared by spin-casting of a 10�5m solution in chloroform
onto a mica substrate. The z-axis scale is 10 nm. The length of the inserted
3D area is 200 nm. Histograms of the size distribution of the: b) unloaded
nanocarriers and c) loaded nanocarriers. The histograms were plotted
based on the evaluation of more than 120 particles in the AFM images.



The initial objective to develop a pH-sensitive
carrier was now tested using several buffer sol-
utions for both the acetal- and imine-bound shells.
The encapsulated congo red dye in the nanocarrier
3b was stable for several months at neutral and
basic pH values (pH> 7). However, an immediate
release of the guest molecules occurred in acidic
media (pH< 3; Figure 2). Since congo red is a pH
indicator dye (for pH 4±5), a change of color
(red!blue) was observed concurrently with the
cleavage of the shell (Figure 2). The cleavage of the
PG-ketals also depends significantly on the per-
centage of shell functionalization: 45% (3b : 2 h,
pH 2±3, 37 8C) versus 55% (3c : 2 days, pH 0±1,
37 8C). The imine-based nanocarriers are even
more sensitive to an external drop in the pH value.
In the case of nanocarrier 4a the hydrolysis of the
shell and the release of the encapsulated guest
(namely, congo red) occurs over a period of four
days at pH 6. However, it is stable over several
weeks at neutral pH. On the other hand, the
hydrolysis of the nanocarrier 4b and the release of
the encapsulated guest even occurs spontaneously at pH< 7.
In the case of 4b, a slow release can be observed after several
hours (pH 8, ca. 3 h, 25 8C) or days (pH 12, 2 days, 25 8C) even
without acidification. These PEI-based nanocarriers 4a,b also
show no color change of the indicator dye upon release
(Figure 2).
In these release experiments it was demonstrated by

dialysis (see Supporting Information) that no complexation
of the encapsulated guest (for example, sodium picrate)
occurred with either nanocarriers 3 or 4 in the aqueous phase
at pH< 7.[31] For the PEI-based nanocarrier 4b, the amount of
dye release/shell cleavage was followed by IR spectroscopy
through the disappearance of the imine signal (Figure 3). The
kinetics of the imine hydrolysis on a KBr surface shows a

rapid decay over about 3 h. This observation might also
explain the formation of aggregates seen by AFM measure-
ments as arising from partial shell cleavage on the mica
surface. The analysis of different cleavage stages showed that
approximately 30% shell cleavage is sufficient to destroy the
ability of the dendritic macromolecules to act as molecular
nanocarriers. This is also supported by the poor transport
capacity of a 25% alkylated core-shell architecture 3a
(Table 1).
Although the detailed mechanism of encapsulation is

currently being investigated, the higher selectivity for large
anionic guest molecules can be explained by the strong
interaction of such species with the polar groups in the core of
these dendritic macromolecules. The hydroxy or amine

groups in the dendritic core
(shown in blue, Scheme 1) can
replace the hydrate shell of the
polar guest molecules, thus lead-
ing to a significant entropic gain
by the liberated water mole-
cules. The location of the encap-
sulated guest molecules (for ex-
ample, methyl red) inside the
dendritic architecture 3b is also
supported by a significant high-
field shift (0.2 ppm) of the meth-
yl group signal as a result of the
shielding effect of the core-shell
architecture, as observed in the
1H NMR spectrum of the methyl
red complex with 3b (see Sup-
porting Information). In addi-
tion, it was not possible to re-
lease the encapsulated methyl
red from 3b by either heating to
reflux or ultrasonication at neu-
tral pH. This result clearly dem-
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Figure 2. Encapsulation and transportation of polar guest molecules with dendritic nanocarriers 3 and 4 (blue
and red dots indicate linear and terminal groups, respectively) into the organic phase. Cleavage of the shell leads
to the release of the encapsulated guest back to the aqueous phase. Congo red (pH indicator: pH 4±5) was used
as a model compound for the demonstration of the pH-dependent shell cleavage.

Figure 3. Time-dependence of the shell cleavage of PEI-imine 4b on a KBr plate. Inset:
The IR band of the imine peak at 1655 cm�1 decreases because of cleavage, while the N�H
out of plane vibration at 1565 cm�1 increases.



onstrates the high mechanical stability of these unimolecular
nanocarriers, which is not observed for physical aggregates,
such as liposomes or micellar systems. Nevertheless, the
release of an encapsulated guest molecule can be achieved by
substitution with a molecule of higher binding affinity, as
demonstrated by the titration of a bromophenol blue loaded
nanocarrier 3b with a solution of congo red (see Supporting
Information). Hence, the encapsulation process is an equili-
brium phenomena, which allows the guest molecules to be
exchanged by competitive binding. This experiment also
indicates that the binding mechanism can not be purely
entropically driven and should also contain an enthalpic
component.
In summary we have presented a simple general synthetic

concept for the selective shell functionalization of dendritic
polymers (namely, PG (1) and PEI (2)) to generate molecular
nanocarriers 3 and 4 for the encapsulation and transport of
polar guest molecules. The concept is highly flexible in terms
of the shell and the core molecules. Dendritic polymers with a
pH-responsive shell have been prepared which, for the first
time, can selectively release the encapsulated guest molecules
in a physiologically relevant pH range. AFM measurements
with molecular resolution indicate that these nanocarriers act
as inverted unimolecular micelles in concentrations below
10�3m. In addition, various dyes and drugs, for example,
bacteriostatic, cytostatic compounds, as well as oligonucleo-
tides have been successfully encapsulated and transported by
the amine-based nanocarriers 4. This concept of pH-respon-
sive molecular nanocarriers might have potential application
for selective drug delivery in tissues of a lower pH value (for
example, infected or tumor tissue). Further work on the pH
sensitivity, biocompatibility, and water solubility of these
controlled release systems is in progress.
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