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A bifunctional nanocarrier based on amphiphilic
hyperbranched polyglycerol derivatives†

Indah N. Kurniasih,a Hua Liang,b Sumit Kumar,c Andreas Mohr,d Sunil K. Sharma,e

Jürgen P. Rabeb and Rainer Haag*a

We here report on the synthesis of a bifunctional nanocarrier system based on amphiphilic hyperbranched

polyglycerol (hPG), which is modified by introducing hydrophobic aromatic groups to the core and

retaining hydrophilic groups in the shell. “Selective chemical differentiation” and chemo-enzymatic

reaction strategies were used to synthesize this new core–shell type nanocarrier. The system shows an

innovative bifunctional carrier capacity with both polymeric and unimolecular micelle-like transport

properties. Hydrophobic guest molecules such as pyrene were encapsulated into the hydrophobic core

of modified hPG via hydrophobic interactions as well as p–p stacking, analogous to a unimolecular

micelle system. A second guest molecule, which has a high affinity to the shell like nile red, was

solubilized in the outer shell of the host molecule, thus connecting the nanocarrier molecules to form

aggregates. This model is confirmed by UV-Vis, fluorescence, atomic force microscopy, and dynamic light

scattering, as well as release studies triggered by pH-changes and enzymes. Encapsulated guest

molecules, respectively in the core and in the shell, present different controlled release profiles. The

bifunctional nanocarrier system is a promising candidate for simultaneous delivery of different

hydrophobic drugs for a combination therapy, e.g., in tumor treatment.
Introduction

Nanocarrier systems based on amphiphilic macromolecules for
drug delivery have become increasingly interesting in recent
years due to the unique properties of these polymer systems,
such as their enhanced permeability and retention (EPR) effect
on tumor tissue1,2 as well as their high aqueous solubility and
biocompatibility. They help to improve therapeutic efficiency
and lower toxicity by increasing drug solubility and by targeted
delivery and controlled release. In particular, polymeric
micelles (10 to 100 nm) composed of an amphiphilic linear
block copolymer, such as a pluronic block copolymer in
aqueous solution, can complex hydrophobic drugs inside their
hydrophobic core by non-covalent interactions.3,4 Their prom-
ising carrier properties have been explored and already
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employed in clinical applications.5,6 However, polymeric
micelles are not very stable under varying conditions like the
changes of temperature and pressure used in sterilization. They
also break apart when the concentration is lower than its critical
micelle concentration (CMC). Therefore the polymer concen-
tration needs to always be kept above the CMC during appli-
cation, which leads to an increase in dose and toxicity.

Alternatively, single dendrimers (ca. 5–20 nm), with a
hydrophobic inner core and a hydrophilic shell, can form so-
called “unimolecular micelles,” which are stable and suitable
for applications even at low polymer concentrations.7 However
the multi-step synthesis and purication of perfect branched
structure dendrimers hinder practical usage.

Alternatively, hyperbranched polymers, synthesized by a one-
pot process, combine the advantages of both polymeric micelles
and unimolecular micelles in drug delivery.8 Dendritic poly-
glycerol (dPG) architectures with controlled molecular weights,
sizes, surface charges, and chemical diversity have been synthe-
sized lately.9–11 A mechanism for cellular internalization of
hyperbranched polyether derivatives consisting of dye-function-
alized hyperbranched polyglycerols (hPGs) with variedmolecular
mass and size range has been studied recently.12 The results
suggest that endocytotic uptake of macromolecules can be ach-
ieved above a certainmolecularweight level and is suppressed for
lower molecular weights. The structure–biocompatibility rela-
tionship of dPG derivatives possessing neutral, cationic, and
anionic chargeshas also been exploredbyour groups.13The effect
J. Mater. Chem. B, 2013, 1, 3569–3577 | 3569
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of solution pH on the surface charge was studied in buffered
aqueous solutionbetweenpH4.8and7.4. In vivo results also show
that thedPGshave a similar safety prole to the established linear
PEG. Therefore, dPG is an ideal candidate as anewbiocompatible
polymer for drug delivery.11,13–15 Lately, hyperbranched dendritic
PG core architectures have been modied with PEG moieties.
These architectures have great potential for biomedical applica-
tions.16–18Brooks et al. also reported the synthesis of a new class of
unimolecularmicellesbasedonhPGs that canbeusedaseffective
human serum albumin substitutes and as general drug delivery
vehicles. These amphiphilic systems have also been reported to
adsorb onto the humanRBCs in vitro and to show very promising
sustained drug-release characteristics in vitro using the drug
paclitaxel, low organ accumulation, high stability with a long
shelf life, and degradation under acidic conditions.16,17,19 Frey
et al. have developed linear-hyperbranched a,un-telechelic block
copolymers, consistingofa linearPEGblockandahPGblockwith
a single amino moiety in the a-position and subsequent attach-
ment of biotin in this position. They have used this material
subsequently for non-covalent bio-conjugation which can be
achieved with or without a linear PEG-spacer.20 Furthermore,
Paleos et al. prepared functional hyperbranched polymers based
on a commercially available polyether polyol and bearing
protective PEG chains at their end. These PEG chains provide a
protective coating for drugs and their carriers, enhance the
encapsulation efficiency, and control the release of pyrene and
tamoxifen.21

In many macromolecular architectures, post-polymerization
modication is a powerful approach for ne tuning functional
groups. Such chemical modication can be easily performed on
hPG using classical hydroxyl group chemistry to change the hPG
hydroxyl groups, namely, to alkynes, amines, and many
others.22 Unlike dendrimers, hPGs show no clearly distin-
guishable interior or periphery. Instead they possess two types
of hydroxyl functionalities arising from linear and terminal
hydroxyl units. These linear hydroxyl groups are close to the
core while the terminal ones are close to the periphery of the
molecule. The “selective chemical differentiation” strategy
enables one to selectively modify these two types of hydroxyl
groups to generate core–shell-type architectures within the hPG
scaffold.22–25 In recent work, we synthesized a new core–shell
architecture based on hPG by attaching a mono(methoxy)poly-
ethylene glycol (mPEG) shell either directly or through a
hydrophobic biphenyl spacer to the hPG scaffold via “click
chemistry” as a nanocarrier system. Alternatively, the hPG core
was decorated with hydrophobic segments specially located
around the hPG using the “selective chemical differentiation”
strategy and mPEG as the shell. Introduction of biphenyl frag-
ments as hydrophobic spacers near the hPG core substantially
increased the hydrophobic guest encapsulation efficiency of the
resulting system. The diameter of the nanocarriers was around
50 nm as an aggregate and increased upon interaction with the
guest species.25 The unimolecular micelle-like transport mech-
anism has also been reported. This nanocarrier system consists
of a hPG shell graed from a dendritic polyethylene core.26

However, these amphiphilic nanocarrier systems were non-
biodegradable.
3570 | J. Mater. Chem. B, 2013, 1, 3569–3577
Chemo-enzymatic modications on hPGs have been
explored leading to amphiphilic polymeric architectures with
easily hydrolyzable ester linkages, PEG blocks and alkyl chains.
These architectures were used to encapsulate nile red. The
release of nile red from these polymers was observed with a
half-life time of 8 hours at pH 5.0, while no release was found
at pH 7.4.27

Despite these initial results for molecular transport systems
based on hPGs, further studies are required to better under-
stand the mechanism of molecular transport (unimolecular
versus micelle or aggregate), the inuence of the polarity
gradient between the core and the shell, and the interactions
between guest molecules and nanocarriers. A systematic study
of the effects of core topology, exibility, and shell composition
on the overall transport effectiveness of core–shell nano-
structures will provide new insights into this still open
question.

Here we report the synthesis of a bi-functional nanocarrier
system based on amphiphilic hyperbranched polyglycerol
(hPG). Hydrophobic aromatic groups and hydrophilic groups
were introduced to the core and the shell through “selective
chemical differentiation” and chemo-enzymatic reaction strat-
egies, respectively. The nanocarrier system transports hydro-
phobic dyes by both polymeric and unimolecular micelle
mechanisms. Hydrophobic guest molecules such as pyrene
were encapsulated in the hydrophobic core of modied hPG via
hydrophobic interactions as well as p–p stacking, resulting in a
unimolecular micelle. A second guest molecule, which has a
higher affinity to the shell such as nile red, was solubilized in
the outer shell of the host molecule, connecting the host
molecules to form aggregates. Furthermore, different controlled
release proles of encapsulated dyes under acid conditions and
in the presence of enzyme were observed.
Results and discussion
Synthesis of amphiphilic core–shell modied hPG

hPG with a molecular weight (Mn) of 5000 g mol�1 was prepared
by anionic ring-opening polymerization of glycidol from depro-
tonated trimethylolpropane using potassium tert-butoxide.9,28

Post-polymerization modication was performed to diversify
macromolecular architecture. The combination of the “selective
chemical differentiation” strategy22 and chemo-enzymatic reac-
tion strategy29 was used to create three different core–shell
nanoparticles based on the hPG scaffold (Table 1 and Scheme 1).

In contrast to dendrimers that contain reactive functional-
ities only in the shell, i.e., terminal units, additional linear units
in hyperbranched polymers are present throughout the struc-
ture and can be used for further functionalization. Although
randomly incorporated, when the polymers are prepared by
slow monomer addition, the linear units will predominate in
the proximity of the “core” unit of the macromolecule. A
“chemical differentiation” strategy allows a selective modica-
tion of the linear units in the “core” of hPG that incorporates
the new functional groups. These can be modied indepen-
dently of the “shell” functionality. In order to distinguish
between linear and terminal units, the terminal 1,2-diol groups
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Physical characteristics of the core–shell functionalized hPG derivativesa

Polymer –R –R mol% mPEG22 mol% Mn � 104 Mw/Mn Dh nm (DLS)

hPG-A H 40 30 2.69 1.9 10b

hPG-B 20 30 2.91 1.5 10.8

hPG-C 20 30 2.93 1.4 11.1

a Mn number average molecular weight; Mw/Mn polydispersity; Dh mean hydrodynamic diameter. b The DLS experiment shows the aggregation as
well as small particles of polymer with sizes up to 100 nm, but single particles are around 10 nm.
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in the shell were selectively protected with acetone dimethyla-
cetal to yield polyglycerol acetal.23

Moreover, a given percentage of the remaining core OH
groups were converted into biphenyl ester and biphenyl ether.
In the last step, all core functionalized macromolecules were
deprotected by treatment with an acidic ionic exchange resin in
methanol.23,24 The core-functionalized hPG-architectures were
then pegylated in a regioselective manner by a chemo-enzy-
matic reaction using the PEG carboxylic acid Novozyme-435 as a
biocatalyst.27,29 The PEG acid was synthesized in a single step
from the commercially available PEG monomethyl ether by
reacting it with succinic anhydride. The esterication reaction
of hPG occurs primarily through the 1� hydroxyl groups of
polyglycerol leaving the 2� hydroxyl groups intact (Scheme 1).

Three different core–shell nanocarrier systemswere prepared.
The core and shell functionality degrees were determined by
NMR. The number average molecule weight was obtained by
GPC and NMR. The hydrodynamic diameters obtained from
dynamic light scattering experiments are listed in Table 1.
Carrier properties of hPG

Unimolecular micelle-like carrier properties: solubilization
of pyrene. Pyrene was used as a model drug to get information
about the microenvironment and binding sites of the drug
delivery system. For the encapsulation experiments of pyrene, a
2 mM pyrene solution was freshly prepared by dissolving an
appropriate amount of the dye in dry THF. Aliquots (200 mL)
were then added to 2 mL of the aqueous polymer solutions with
various concentrations in Milli-Q water. Aer subsequent
removal of the organic solvent, the obtained aqueous solutions
were stirred for at least 18 h at room temperature. The mixture
was ltered through a syringe lter (Rotilabo, 0.45 mmpore size)
to remove the insoluble excess of pyrene.

Fig. 1 demonstrates absorbance spectra of pyrene encapsu-
lated at different concentrations of hPG-C. A linear dependence
of pyrene absorbance on the polymer concentration was
obtained. From the absorbance data, the encapsulated pyrene
concentration was calculated. At a polymer concentration of
0.75mgmL�1, an average of 1.4 mol pyrene was encapsulated in
onemol polymer hPG-C and 2.0mol pyrene was encapsulated in
one mol polymer hPG-B (ESI†).
This journal is ª The Royal Society of Chemistry 2013
The diameter of the polymer was around 10 nm (Table 1). No
signicant changes in size were observed aer pyrene was
encapsulated, which was conrmed by DLS and AFM results
(Fig. 5 and Table 2). Both ndings support the suggestion that
the polymer encapsulated pyrene is a unimolecular nanocarrier.

The polarity index of pyrene (I3/I1, the ratio of the intensities
of the third (384 nm) and rst (372 nm) vibronic peaks in the
emission spectrum) can be used as an indicator of the hydro-
phobicity of the environment in which the pyrene is located.30

The uorescence spectroscopy study indicated that the I3/I1
ratios of pyrene in hPG-B and hPG-C were 1.02 and 0.97,
respectively (ESI†). These values were signicantly larger than
those of ethylene glycol (0.63) and methanol (0.75), which have
a similar composition to the PG shell. Similar results (1.08) were
reported for hPG with a polyethylene core.26 Therefore we
conclude that pyrene was encapsulated in the hydrophobic core
of hPG by a “unimolecular micelle-type” mechanism.

Polymeric micelle carrier properties: solubilization of nile
red. To determine the transport capacity properties of the
polymeric scaffolds in buffered aqueous solution nile red dye
was used as a solvatochromic (lipophilic) guest molecule.31 For
the encapsulation experiments, a 20 mM nile red stock solution
was freshly prepared by dissolving an appropriate amount of
the dye in dry THF. Aliquots (5–200 mL) were then added to 5 mL
of the aqueous polymer solutions (5 mg mL�1) in Milli-Q water,
and aer subsequent removal of the organic solvent, the
obtained aqueous solutions were stirred for at least 18 h at room
temperature. The mixture was ltered through a syringe lter
(Rotilabo, 0.45 mm pore size) to remove the insoluble excess of
nile red. The aqueous solutions of the polymers were then
analyzed by means of UV-Vis and uorescence spectroscopy.

Fig. 2a presents typical UV-Vis spectra of nile red-loaded
hPG-C in water. At low amounts of the dye (5 and 10 mL), a single
broad peak around 570 nm was observed. In general, absor-
bance increases with an increasing amount of nile red added to
the system within the experimental concentration range with
vibrations between 30 mL and 50 mL (Fig. 2a). At amounts higher
than 20 mL an additional growing peak around 670 nm was
observed, with an increasing amount of nile red. For example,
from 20 mL to 30 mL, the extra peak remains almost the same;
while from 30 mL to 40 mL, it doubles its height and stays
constant up to 60 mL (Fig. 2a). A shoulder peak around 510 nm
J. Mater. Chem. B, 2013, 1, 3569–3577 | 3571
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Scheme 1 Two strategies for making a core–shell nanotransport system: (a) chemical differential strategies ((i)–(iii)) and (b) enzyme reaction (iv).
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becomes obvious to the eye aer 60 mL and dominates from
100 mL. Fig. 2b shows the corresponding uorescence emission
spectra of dye-loaded hPG-C polymers excited at 550 nm.Within
3572 | J. Mater. Chem. B, 2013, 1, 3569–3577
the experimental concentration range, all emission curves
exhibit single broad peaks with a peak maximum around
630 nm, which slightly shi to longer wavelengths with a rising
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 (a) UV-Vis spectra of pyrene loaded hPG-C and (b) linear dependence of
loaded pyrene on the polymer concentration: hPG-B (circle) and hPG-C (star).

Fig. 2 (a) UV-Vis spectra and (b) fluorescence spectra of nile red-loaded hPG-C in
water.

Fig. 3 Gaussian fitting of the excitation curves at (a) 20 mL, (b) 30 mL, (c) 60 mL,
and (d) 200 mL together with (e) variation of emission intensity (square) as well as
the ratio of Peak 2 to Peak 3.
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amount of nile red, e.g., from 626 nm at 5 mL to 636 nm at 200 mL
(Fig. 2b). Similar to the absorbance in excitation spectra, the
uorescence intensity rises from 5 mL to 30 mL and oscillates
between 30 mL and 50 mL. It reaches the maximum intensity at
60 mL and then drops, saturating aer 100 mL.

In order to separate the three peaks in UV-Vis spectra, a 3-
peak Gaussian tting is used. All curves from 20 mL to 200 mL are
tted (Fig. 3a–d). The three peaks are shown by blue dotted
lines. Details of the peaks are listed in Table 2 (ESI†). Fig. 3e
demonstrates the variation of emission intensity between 5 mL
and 200 mL (square) as well as the peak height ratio between
peak two to peak three. The uorescence intensity prole shows
a similar variation pattern to the peak ratio, which reects the
ratio of monomer to J-aggregate in the solution.

Nile red has been extensively used as a probe molecule for
solvent polarity and hydrophobicity. Due to its solvatochromic
behavior, the absorption and emissionmaxima strongly depend
on the polarity of the environment.32 From the spectroscopic
results, absorption maxima between 558 nm and 566 nm as well
as emission maxima between 626 nm and 636 nm were
observed (Fig. 3). These values t well with the absorption
maxima of nile red in a mixture of 60 wt% of dioxane in water
(lmax ¼ 559 nm 3 ¼ 40.9), respectively, as well as in ethylene
glycol (lmax ¼ 557 nm). By looking carefully at the core–shell
structure of the host molecule, one can infer that nile red
preferably resides within the outer layer of the host molecule,
where the local polarity is close to that of ethanol and ethylene
glycol. The peak in the lower wavelength regions appears to be
around 510 nm for the H-aggregate and the peak is around
670 nm for the J-aggregate of nile red.

In aqueous solution nile red-modied 2-deoxyuridine has
been shown to self-assemble into le-handed helically twisted
H-type aggregates.33 An unusual hypsochromic shi has been
assigned to p–p interactions between the aromatic dye
Table 2 Polymer loading capacity

Polymer
Solubility of
nile reda,b

Solubility of
pyrenea

I3/I1 in
uores

hPG-A 6.8 � 10�4 — 0.58
hPG-B 7.1 � 10�3 2.0 1.02
hPG-C 7.7 � 10�3 1.4 0.97

a Moles of dye per mole of polymer. b The maximum concentration of nile
from DLS experiment in nm.

This journal is ª The Royal Society of Chemistry 2013
molecules in combination with hydrogen bonding ability of the
nucleoside and sugar moieties. Similar observations by our
group support the formation of H-aggregates of nile red in
aqueous solution.34 As shown for a series of sugar based poly-
mers, nile red tends to form dye–polymer (dye) aggregates, in
accordance with an unusual hypochromic shi in aqueous
media.

The formation of dye aggregate is also supported by exam-
ining the changes of uorescence on the nile red concentration.
The excitation was carried out at 550 nm, which is mainly the
monomer absorption region. Since the absorption band of the J-
aggregate overlaps with the emission band of the monomer and
the J-aggregate is the main uorescence quench factor, the
uorescence intensity depends on the ratio of monomer to J-
aggregate. A similar dependence of uorescence and monomer
to J-aggregate ratio on the nile red concentration (Fig. 3e)
soundly conrms the co-existence of nile red monomer and
aggregate in the system. The formation of nile red aggregate is
further supported by DLS and AFM size examination experi-
ments (Fig. 5). In summary, we conclude that nile red resides in
the outer shell of hPG, connecting hPG molecules to form
pyrene
cence spectra

Dh pyrene-loaded
polymerc

Dh nile red-loaded
polymerc

— 215
12 184
11 191

red monomer binding in polymer. c Dh: mean hydrodynamic diameter

J. Mater. Chem. B, 2013, 1, 3569–3577 | 3573
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Fig. 5 AFM height images of (a) 0.1 mg mL�1 hPG-C, (b) 0.1 mg mL�1 hPG-C
loaded with pyrene, (c) 0.1 mg mL�1 hPG-C loaded with nile red, and (d) 0.02 mg
mL�1 hPG-C loaded with nile red.
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aggregates. By controlling the amount of the nile red (to avoid
the H- or J-type nile red aggregates) the loading capacity of the
nanocarrier systems was calculated and is listed in Table 2. Note
that the values are not the maximum nile red loadings but only
the loading of the nile red monomer (nile red aggregates are not
included).

Co-carrier properties: simultaneous solubilization of pyrene
and nile red. To understand the nanocarrier–guest and guest–
guest interactions, the polymer hPG-C was co-loaded with both
pyrene and nile red. First, pyrene was encapsulated into the
nanocarrier systems and a 2 mM pyrene solution was freshly
prepared by dissolving an appropriate amount of the dye in dry
THF. Aliquots (50 mL) were then added to 5 mL of the aqueous
polymer solutions (5 mg mL�1) in Milli-Q water aer subse-
quent removal of the organic solvent and the obtained aqueous
solutions were stirred for at least 18 h at room temperature. The
mixture was ltered through a syringe lter (Rotilabo, 0.45 mm
pore size) to remove the insoluble excess of pyrene. 10 mL nile
red aliquot solution was added to the pyrene–polymer solution
aer subsequent removal of the organic solvents. The obtained
aqueous solutions were stirred for at least 18 h at room
temperature. The mixture was ltered through a syringe lter
(Rotilabo, 0.45 mm pore size) to remove the insoluble excess of
nile red.

By comparing the UV-Vis (Fig. 4) and uorescence spectros-
copy (ESI†) of co-encapsulated pyrene and nile red with only
pyrene or nile red encapsulated in the polymer, one may see
that the intensity and peak maxima of pyrene and nile red
remained unchanged. This result implies that there is no strong
interaction between two guest molecules, which conrms our
hypothesis that pyrene stays in the core of the hPG while nile
red is located in the outer shell.

Characterization of guest–nanocarrier complex by AFM and
DLS. AFM experiments were performed to gain a deeper
insight into nanocarrier–guest interaction. The pure nano-
carrier existed as single particles with a diameter of around
10 nm on the surface (Fig. 5a), which ts well with the DLS
results (Table 1).

We attribute the single particles to single polymer molecules.
A similar size (11 nm) was obtained from DLS experiments.
Fig. 4 UV absorbance spectroscopy of co-loaded nile red and pyrene in hPG-C.

3574 | J. Mater. Chem. B, 2013, 1, 3569–3577
Pyrene is located inside the core of the polymer, which led to an
insignicant change in the size of the polymer–pyrene complex
compared with a pure polymer. This is conrmed by a similar
size distribution from AFM and DLS results. On the other hand,
nile red tends to locate in the outer shell of the polymer, con-
necting polymer molecules, which leads to the formation of
large aggregates (100–200 nm). The nile red-polymer complexes
were not stable and fell apart by dilution.
Guest molecule release study

Release of nile red under acidic conditions. We studied the
time dependent release of solubilized nile red at acidic pH
(100 mM, pH 5.0, 37 �C) by means of uorescence spectroscopy.
Experiments were performed to investigate the derivative hPG
polymer. We pursued the protocols described by Gillies et al. in
2004.35 The polymers were rst equilibrated with nile red over-
night in 10 mM phosphate buffer (pH7.4). The solution was
divided into two samples. The pH of one sample was adjusted to
5.0 by addition of a small aliquot of concentrated acetate buffer
(4 M). The second sample was maintained at pH 7.4 but the salt
concentration was adjusted to the same as that of the previous
sample, which was 100 mM, by addition of concentrated
phosphate buffer (2 M) to exclude any effect due to changes of
salt concentration.

Fig. 6a presents the uorescence spectra of nile red-loaded
hPG-C in an acidic solution of pH 5.0 at different time intervals.
The maximum intensity decreased exponentially with time at
pH 5.0 while no signicant changes were observed at pH 7.4
(Fig. 6b). From the data a half-life time of 38.2 and 38.0 hours
for hPG-B and hPG-C was obtained at pH 5.0 respectively. A
complete release was observed aer one week.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 (a) Fluorescence intensity curves observed at different time intervals
during release of nile red from hPG-C and (b) maximum fluorescence intensity
observed at different time intervals in buffered solution of pH 5.0 (triangle) and
pH 7.4 (circles) at 37 �C.

Fig. 7 Time-dependent GPC chromatograms of hPG-C after incubation in buffer
solution of pH 5.0 at 37 �C.

Fig. 8 Fluorescence intensity decay of pyrene-loaded hPG-C with and without
enzyme at 37 �C.
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Compared with a previous result, the half time of the poly-
mer was much longer,27 in other words, the polymer degraded
slowly. To conrm the degradability of the polymer under acidic
conditions, DLS experiments were performed. The DLS results
showed a signicant decrease in diameter from around 200 nm
before nile red was released to 9.5 nm aer nile red was
completely released (which is similar to the size of the pure
polymer). The in vitro release of guest molecules under acidic
conditions makes the polymer a potential candidate for drug
delivery and release in an acidic environment, such as skin,
inammation, and tumor tissue.

We also performed release experiments for the pyrene-
loaded polymer using the same protocol. Contrary to the nile
red as a guest molecule, pyrene did not show release in the
acidic solution at pH 5.0 within 2 weeks of observation.

To conrm the degradability of the polymer under acidic
conditions an in vitro aqueous degradation study was per-
formed. The experiment was done under the same conditions
already described by Brooks et al.17 The polymer hPG-C was
dissolved in buffer solutions of pH 5 (30 mM acetate buffer with
70 mMNaNO3) at a concentration of 10mgmL�1 and incubated
at 37 �C. Samples were withdrawn at 10 days and 27 days and
analyzed by size exclusion chromatography for molecular
weight characteristics of the polymer. A decrease in molecular
weight was detected aer 10 and 27 days (Fig. 7).

The averagemolecular weight decreased from 29 to 17 K. The
hPG core was reported earlier to be stable under similar
conditions.16 Therefore we attribute the decrease in molecule
weight to the cleavage of PEG chains.36 The degradation of the
nanocarrier leads to the decomposition of the host–guest
complex aggregates, which was conrmed by the changes in
particle size as observed by DLS. The DLS results showed a
signicant decrease in diameter from around 200 nm to 9.5 nm.
Nile red was thus released during the decomposition of the
aggregates while pyrene stayed unaffected. This explains the
different release proles of nile red and pyrene and is consistent
with our hypothesis that the nile red is located in the PEG shell
while pyrene in the core.

Release of pyrene with enzyme. Since the hPG derivative
polymer contained succinic anhydride as a linker and some of
the polymer contained an ester bond in the core, the enzymatic
breakdown was investigated. The hydrophobic guest molecules
pyrene and nile red were used for monitoring the degradation of
This journal is ª The Royal Society of Chemistry 2013
the polymer. Enzyme mediated cleavage was performed with a
general de-esterication method using Candida Antarctica
Lipase b.37,38 Initially all nile red or pyrene guest molecules were
encapsulated in a sample of the dendritic polymer in PBS buffer
(phosphate buffered saline, 10 mM, pH 7.4, 2 mL). Aer
removing the insoluble excess of the dye by ltering the sample
through a syringe lter (Rotilabo, 0.45 mM pore size), a few
drops of n-butanol were added into the aqueous solution.
Finally, the enzyme (200 wt% of wt dendritic polymer) was
added to the solution. The reaction mixture was stirred at 37 �C
for 4 weeks. The experiment was monitored from time to time
and checked by uorescence spectroscopy.

Fig. 8 presents the exponential decay of uorescence inten-
sity maximum of pyrene-loaded hPG-C in the presence of
enzyme with a half time of 6.6 days. A complete release of pyr-
ene was observed aer 28 days. The I3/I1 ratio was reduced from
1.02 to 0.58. In contrast, for hPG-B the uorescence intensity
was reduced to only 70% of its initial intensity aer 28 days. The
I3/I1 ratio reduced from 0.97 to 0.81. In contrast, in the absence
of enzyme no signicant decay was observed for hPG-B and
hPG-C. When we performed the experiments with nile red as a
J. Mater. Chem. B, 2013, 1, 3569–3577 | 3575
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Fig. 9 Encapsulation and release mechanism: (a) single polymer ca. 10 nm, (b)
encapsulation of pyrene by a unimolecular mechanism, (c) co-encapsulation of
two guest molecules, (d) release of nile red under acid conditions, and (e) release
of pyrene in the presence of an enzyme.
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guest molecule, the uorescence intensity maximum was
reduced to 67% of its initial intensity aer 28 days.

In hPG-C the aromatic moieties are linked to the core by
ester bonds, while in hPG-B they are linked by ether bonds. The
enzyme we used reacted selectively with ester bonds in hPG-C
and therefore removed the hydrophobic aromatic moieties from
the core of hPG-C, which caused the release of pyrene.
Conclusion and outlook

In summary, we have synthesized a bi-functional nanocarrier
system based on a dendritic hyperbranched polyglycerol (hPG)
structure, which contains hydrophobic groups in the core and
hydrophilic groups in the shell. The polymer solubilized and
released pyrene and nile red by different mechanisms. Pyrene
is encapsulated in the core of the polymer, which reveals the
unimolecular micelle type carrier properties of the polymer. No
release of pyrene was observed upon dilution or under acid
conditions in this case. The release of encapsulated pyrene was
only achieved in the presence of enzyme, which selectively
cleaved the biphenylesters in the core of the polymer. On the
other hand, nile red was solubilized in the polymer aggregates
and the aggregates broke down into single molecules upon
dilution, which indicates polymeric micelle-like transport
properties. The release of nile red was achieved at pH 5 (Fig. 9).
The different encapsulation mechanisms and controlled
release proles make this polymer a promising candidate for
3576 | J. Mater. Chem. B, 2013, 1, 3569–3577
simultaneous delivery of two hydrophobic drugs, which is a
current need for combination therapy, e.g., in cancer
treatment.
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