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ABSTRACT: Dendritic core-double-shell architectures consisting of a hyperbranched polyglycerol core, a
long aliphatic hydrophobic inner shell, and hyperbranched polyglycerol-based hydrophilic outer shell have
been synthesized and characterized. They have been prepared from simple building blocks by applying an
anionic ring-opening polymerization protocol. The obtained, well-defined, globular, nanometer-sized
architectures possess the ability to host polar and nonpolar guest molecules in water. The polymer—guest
molecule complexes were characterized by UV and DLS measurements. Unimolecular transport behavior
was observed for nonpolar guest molecules with transport capacities of 1.5 guest molecules per nanocarrier
and particle sizes of 7—10 nm. However, for polar guest molecules, the formation of uniform aggregates with
a diameter of 70 nm and transport capacities up to 10 guests per nanocarrier was detected.

Introduction

Dendrimers have been investigated for a variety of applica-
tions, such as unimolecular nanocarriers for encapsulation of
small guest molecules and supports in catalysis.'~” Their poten-
tial as hosts for other molecules was noticeably demonstrated by
a number of research groups.®”'> However, in spite of many
improvements in the synthesis of dendrimers,"> "7 it is still
difficult to achieve bulk quantities of high generations at low
prices.'®! One way to avoid these drawbacks is to make use of
hyperbranched polymers, which are considered as potential
alternatives for perfect dendrimers in many applications.”’~>*
Unlike dendrimers, hyperbranched polymers are obtained in a
single step by polymerization of an AB, monomer.”***** As these
highly branched, three-dimensional architectures maintain “den-
dritic function”, they can be exploited in a number of different
ways. We recently showed that hyperbranched polymers could be
used to create liposome-like multishell architectures that tend to
aggregate above a certain concentration.”® These aggregates can
accommodate hydrophobic and hydrophilic guest molecules.
While the hyperbranched polymer-based core-shell architec-
tures possessing a linear outer shell have been studied,”® >’ the
effect of branched analogues on the properties of the final
molecules has not yet been investigated.

The primary goal of this research was to obtain core-double-
shell architectures with different densities and flexibility than
those previously reported. We were targeting an architecture that
would mimic perfect dendrimers and imitate dendritic cavities
while still maintaining dendritic shell properties such as multiple
exterior groups with a large sterical demand (Figure 1). Since in
many cases smaller (nonaggregating) nanocarriers are of interest,
not only to increase the ratio of surface to volume but also to
improve the particle size distribution, investigation of easily
accessible dendrimer-like architectures is of great relevance.

Herein, we report on the synthesis and characterization of new
hyperbranched polyglycerol-based architectures with a highly
branched outer shell. They have been prepared from simple and
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nontoxic building blocks by applying straightforward and heavy
metal-free synthesis. The periphery of the hyperbranched poly-
glycerol (HPG) was modified with different length aliphatic
chains which were further decorated with monoamino HPGs
(HPG-NH,). By variation of the hydrophobic and hydrophilic
domain of the polymers we studied the effect of the individual
building blocks on guest encapsulation. For this purpose a
number of polar and nonpolar guest molecules have been
employed. Initially, common dyes, such as nile red, rose bengal,
and congo red, which exhibit useful absorption and fluorescence
properties to permit measurement of uptake, have been probed.
Finally, the solubilization of the drug nimodipine and the
hydrophobic model compound pyrene were examined.

Furthermore, we performed physical studies on these archi-
tectures in order to understand the transport mechanism. For this
purpose dynamic light scattering (DLS), size exclusion chroma-
tography (SEC), and atomic force microscopy (AFM) methods
were carried out.

Results and Discussion

The synthesis of the dendritic core-double-shell systems was
preceded by the “core to shell” approach, which involves two
distinct steps (Scheme 1): (i) coupling of a bifunctional inner shell
to the HPG core and (ii) attaching of an external shell to it. The
proposed strategy allows variation of the building blocks, thus
leading to a variety of new architectures containing hydrophobic
interiors surrounded by highly branched hydrophilic domains.

Synthesis of the Core-Single-Shell Architecture. As a core,
we decided to use 3 kDa hyperbranched polyglycerol (HPG).
Multiple reasons, namely, biocompatibility, large numbers
of functionalizable end-groups, low polydispersity, and so-
lubility in numerous solvents, make this polymer an out-
standing candidate for this research. The synthesis and the
full characterization of the polymer followed reported pro-
cedures.* 32 As shown in Scheme 1, polyglycerol-based
core-single-shell architectures were synthesized by functio-
nalization of the HPG hydroxyl groups with C;; or Ciq
aliphatic acids containing terminal olefins. The usage of
activating coupling agents such as EDC or DCC for this
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Figure 1. Schematic representation of a new double-shell hyperbranched polyglycerol-based architecture.

Scheme 1. Synthesis of Dendritic Multishell Architectures”
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coupling step turned out to be problematic. First, the
purification of the polymer from side products stemming
from the coupling agents proved to be challenging. Second,
esterification was incomplete with only 60% conversion of
all hydroxyl groups. Because of these problems, the car-
boxylic acid moiety of the linker was converted into an acid
chloride and directly coupled to the HPG core using triethy-
lamine (TEA) as a base. Structural characteristic of the
obtained products showed nearly complete core functiona-
lization (>95%). Overall yields of up to 80%, after dialysis,
have been achieved by this method.

Synthesis of the Outer Bifunctional Dendritic Shell. Design
of the outer shell was a particularly important issue of this
research. In the presented concept the shell should isolate the
interior of polymer from the bulk environment and hence
create a unique microenvironment for guest molecules but
still be flexible enough to enable the small molecules to
penetrate inside the polymer’s cavities. For the synthesis of
the bifunctional external HPG shell, 2-(dibenzylamino)pro-

pane-1,3-diol (DPD) starter was selected.*® Apart from an
easy and efficient synthesis, beginning from inexpensive D,L-
serine, the simple and clean deprotection of the benzyl
groups made this compound a good starting point. On the
basis of the selected starter, and according to the previously
reported procedure, two dibenzyl-protected hyperbranched
polyglycerols with molecular weights of M, =650 g/mol and
M, = 1200 g/mol were prepared. Protected HPGs were
converted into the corresponding monoamino hyper-
branched polyglycerols (HPGsoq and HPG (o) by a simple
hydrogenation procedure with 10% Pd/C (Scheme 2). The
reaction was performed under 5 bar of hydrogen pressure for
12 h. The resulting product was separated from the catalyst
by filtration through a pad of Celite to obtain the fully
deprotected polymers in 90—95% yield.

Synthesis of Dendritic Core-Double-Shell Architectures.
In order to couple a HPG outer shell to the previously
prepared core-shell structure, the inner shell’s terminal
olefins were oxidized to corresponding aldehydes via
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ozonolysis reaction (Scheme 1). The experiment was per-
formed by passing ozone through a methanol solution of
the starting material. The reactions with ozone were
carried out at —78 °C, and after a short period of time
(ca. 2—5 min) the conversions were completed. The major
advantage of this method over the others, such as metal-
mediated oxidation (e.g., RuCly; or OsQy), is that the
products were obtained in high purities and did not con-
tain any heavy metal contaminations.

Finally, HPG-NH, was coupled to the respective core-
shell intermediate via reductive amination using sodium
borohydride as a reducing agent. The received polymer
was purified by preparative SEC since an excess of the
HPG-NH, outer shell had been employed. The pure, off-
white and highly viscous oil was received in 70% yield
(Figure 2).

Structural Characterization. The molecular weights of the
prepared core-double-shell architectures were determined
using SEC and "H NMR spectroscopy (Table 1). Molecular
weight calculations using "H NMR spectroscopy were based
on the relative intensity of the aliphatic protons of the inner
shell and the HPG protons before and after outer shell
coupling. Molecular weight calculations based on SEC were
performed with the use of PEG and Pullulans standards.
However, both standards gave comparable results.

solvent

—— after purification
------- before purification

2 4 6 8 10
Retention Volume [mL]

Figure 2. SEC elugram of polymer 1 (see Table 1) before and after
purification.

Scheme 2. Synthesis of the Monoamino Hy]%erbranched Polyglycerol
(HPG-NH,) Outer Shell>**“
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Two general observations were made: first of all, the
longer aliphatic chains affect higher shell coupling. Second,
a higher molecular weight HPG shell limits the number of
attachments. The latter can be explained by the shielding
effect of the already connected shell. However, the observed
lower functionalization of the outer shell for a 16-carbon
linker can also be associated with a possible back-folding
phenomenon.

Most importantly, the synthesized multishell polymers
possess low polydispersities which is an important issue for
many potential applications, especially for the biomedical
purposes.

Another important characteristic of the synthesized core-
multishell architectures is the hydrodynamic radius (Ry},). The
Ry, of the synthesized polymers was measured with DLS in
water solution (Table 1). The hydrodynamic radius of the 3
kDa HPG core was found to be ~1.5 nm. The Rj, of the
synthesized architectures increased up to 5.2 nm for a 10-
carbon aliphatic inner shell with 1100 Da HPG outer shell.
These results once again show that a 10-fold increase in the
molecular weight leads to a dramatic increase in the mole-
cules’ size.

In order to image the synthesized molecules at the molec-
ular level, the atomic force microscopy (AFM) technique,
using the tapping mode, has been performed. The aqueous
solution of the polymer was spread by spin-coating on a
freshly cleaved mica surface and was allowed to slowly dry at
room temperature. The AFM image of a film deposited from
a polymer solution (0.001% w/w) consists of monodisperse,
globular structures (Supporting Information Figure S4).
Using analytical capabilities of the AFM instrument, the
thickness of molecules on the surface was estimated. The size
of the molecules was found to be smaller than the value
obtained by the DLS measurements. This suggests that high
attractive forces exist between the surface groups of the
polymer and the mica surface, as observed previously.?
The characteristics of these architectures, such as their high
surface density of functional groups that are able to form
hydrogen bonds as well as the relative rigidity of the shell,
play an important role in this interfacial behavior.

Encapsulation Studies. To probe the host—guest proper-
ties of the synthesized architectures and to understand the
guest transport principles, we selected a variety of hydro-
phobic and hydrophilic guest molecules. Nimodipine, nile
red, and pyrene were chosen as representatives of nonpolar
molecules. The first one is a calcium channel blocker used
for the treatment of high blood pressure. Nile red is an
environmentally sensitive fluorescence dye®> which is used
as a fluorescent probe in many biological and medical
studies for localizing and quantitating enzymes or identify-
ing hydrophobic sites on the surface of proteins.’*?’ As
polar guest molecules, rose bengal and congo red dyes were
initially selected. One primary goal of this study was to
understand the effect of the shell on the host—guest proper-
ties of the synthesized polymers, in particular to examine
whether the propagation of the hydrophobic shell or the
thickness of the outer shell will influence the transport

Table 1. Molecular Weights and Polydispersities of the Synthesized Core-Multishell Polymers®

SEC
polymer product abbreviation expected molecular weight "H NMR M, M, DPI DLS Ry, (nm)
1 HPG3009-C1o-HPG5g 28800 25500 26700 1.24 3.5
2 HPG13000-C15-HPGisg 31200 24300 27600 1.32 3.5
3 HPG3000-C10-HPG 100 56 800 46800 42500 1.47 5.2
4 HPG3000-C15-HPG 100 59200 33500 29200 1.37 4.3

“The product abbreviation reflects the M,, of the core—alkyl chain length— M, of the shell, respectively.
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Figure 3. Transport capacity (Mgyest/Mpolymer) for different core-double-shell architectures.
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Figure 4. Vis spectra of the nile red in pure ethanol and the dye
associated with polymer 1 in water.

capacity. Additionally, more knowledge about the trans-
port mechanism was desirable.

The uptake of guest molecules into the polymer was
accomplished by two methods. For nonpolar molecules, a
small amount of guest was added in the solid state to water
solution of polymer in which the guest is not soluble. After
12 h of agitation, the mixture was centrifuged and addition-
ally filtrated via 0.45 um cellulose acetate filters to remove
any trace of unsolubilized drug or dye. The clear polymer
solution with entrapped guests was then analyzed by means
of UV—vis spectroscopy. For studies of polar molecules,
both guest and polymer were dissolved in water and stirred
for 12 h. The solution was then purified by size-exclusion
chromatography on the Sephadex-25 gel to separate the
unassociated guest from the polymer—guest complexes.
UV measurements were carried out with the corresponding
drug-free polymer solution as reference. These homoge-
neously soluble polymer—guest complexes were stable for
several months at ambient temperature.

The results from solubilization experiments, demonstrated in
Figure 3 for nimodipine and congo red (for other guest
molecules see Supporting Information Table S1), show that
despite their different polarity and structure all guest molecules
could be encapsulated by this new core-double-shell architec-
tures. This again highlights the universal transport behavior.

The structure—transport relationships were studied using
nimodipine and congo red guest molecules. It can be noticed
that the transport capacity of nonpolar molecules (nimodi-
pine) was in general higher for polymers with a smaller outer
shell. However, only a slight effect of the aliphatic shell on
the transport capacities was observed. Encapsulation of
polar guests was very efficient but almost similar for all
examined polymers.

Characterization of Polymer—Guest Complexes. In order
to better understand the transport mechanism and the
encapsulation process, further physical studies on the
host—guest complexes were performed. Because of our
recent observations that the core-shell dendritic nanocarriers
can form supramolecular aggregates, the DLS technique was
used to detect potential polymer assemblies. For the poly-
mer—nonpolar guest complex, however, no particles larger
than 10 nm were observed. The indication of the unimole-
cular transport phenomenon could be further confirmed by
UV studies for the encapsulation of nile red. The performed
measurements revealed a strong blue shift (4,,,x =503 nm) of
the dye’s absorption band, as compared to the ethanol
solution of a free dye (Figure 4).

This phenomenon indicates a highly nonpolar environ-
ment of the dye and is additional evidence for the unim-
olecular transport behavior of the synthesized polymers.

In contrast, the DLS studies on the polar molecules
associated with the polymer revealed the presence of 70 nm
diameter aggregates in addition to the single molecules. This
may be due to the fact that the dye molecules are preferen-
tially located on the outer shell of the polymer and thus might
act as noncovalent linkers between molecules. The observed
phenomenon has been already reported for the hyper—
branched polymer-based core-shell architectures possessing
a linear outer shell.>” However, these linear shells did not
prevent aggregation even for nonpolar guest molecules.

Conclusions

We here described a new type of core-double-shell architecture
that contains a highly branched, hydrophilic periphery and hydro-
phobicinterior. For their modular synthesis a simple, heavy-metal-
free synthetic approach has been developed, which leads to
efficient and readily scalable products. More importantly, this
strategy produces well-defined, globular, nanometer-sized trans-
porters that possess many interesting features such as multiple OH-
functionalities for further transformations, controllable polarity
gradients, and defined internal structure. In addition, low poly-
dispersities have been confirmed by DLS and SEC measurements.
Moreover, this new type of core-double-shell architecture in
contrast to our previously reported core-multishell architecture?’
acts as an unimolecular nanocarrier system for nonpolar guest
molecules. In consequence, the guests are isolated from the bulk
environment as indicated by the bathochromic UV shift of nile red
upon encapsulation. This shielding effect can increase the stability
of often sensitive guest molecules, which suffer such negative
effects as aggregation and photobleaching. Moreover, by increas-
ing the polymer concentration to 10 wt % the solubility of
nonpolar guests could be increased up to 11000-fold (for pyrene),
relative to pure water. In addition, the formation of uniform
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aggregates of 70 nm diameter was detected for the polymer—polar
guest complexes. Furthermore, the complexes of polymers and the
guest molecules showed long-term stability for several months. On
the basis of the presented results, it is believed that these novel and
easily accessible dendritic architectures will be of great interest for
many biomedical applications.

Experimental Section

General. All solvents and reagents were of reagent quality,
purchased commercially, and used without further purifica-
tion, except as noted below. Methanol (MeOH), 1-methyl-2-
pyrrolidone (NMP), and N,N-dimethylformamide (DMF)
were stored over 4 A molecular sieves. Tetrahydrofuran
(THF) was freshly distilled from sodium prior to use. Water
was deionized and distilled in a Milipore-Q system. Hyper-
branched polyglycerol 3 kDa (HPG) was prepared according
to a published procedure.®' 3

Analytical size-exclusion chromatography (SEC) was per-
formed on PSS Agilent 1100 system with Suprema (10 xm)
column (8.0x300 mm) using DMF as eluent. The aqueous SEC
analysis was carried out on PL aquagel—OH (8 um) column
(7.5%300 mm) with 0.005% sodium azide solution as the mobile
phase. The system was calibrated by narrow polystyrene stan-
dards (MW range: 200—4 x 10° Da) and poly(ethylene glycol)
standards (MW range: 106—4 x 10° Da) for aqueous analysis,
respectively. Preparative SEC was performed on PSS Gral
(10 um) column (300 x 20 mm) using methanol as eluent. A
refractive index RI 1100 detector and UV double beam detector
were used for all analysis.

UV—vis measurements were performed on Scinco S-3100
PDA UV-—vis spectrophotometer at 25 £+ 0.1 °C with wave-
length from 190 to 850 nm. Dynamic light scattering measure-
ments were made using a Bio DLS 90 Plus/Bi-MAS from
Brookhaven Instruments Corp. Tapping-mode atomic force
microscope Digital Instrument Nanoscope II was used to image
the samples. Cantilevers (NanoAndMore) with resonance be-
tween 160 and 210 kHz, force constants of 31—71 N/m, and tip
apex radii between 5 and 10 nm were used. The samples were
obtained by spin-coating under ambient conditions at a speed of
3000 rpm for 45 s. Immediately before spin-coating, the mica
surface was cleaved, and 5 uL aqueous polymer solution was
dripped on the surface. All mass spectra were performed on an
Ultraflex II MALDI-TOF/TOF instrument equipped with
SmartBeam laser. Spectra were recorded in reflector positive
mode. The samples were freshly prepared before performing the
measurements by mixing saturated HCCA matrix solution with
1% w/w of analyte in 1:1 ratio. Ozonolysis was performed on
Argentox ozone generator GLX 8 with 7.28 g O3/h.

Undec-10-enoyl Chloride. To 10 mL (49.87 mmol) of undec-
10-enoic acid dissolved in 50 mL of THF, 4.4 mL (59.85 mmol)
of thionyl chloride was slowly added. The reaction mixture was
stirred for 12 h at room temperature. The solvent was then
removed under reduced pressure, and residue product was used
for the next step without further purification.

General Procedure for the Core-Single-Shell Synthesis. To a
solution of 1.6 g (0.53 mmol) of 3 kDa hyperbranched poly-
glycerol (HPG) and 4.46 mL (32 mmol) of TEA in 30 mL of
DMF was slowly added 5.45 g (27 mmol) of undec-10-enoyl
chloride. The reaction was stirred at room temperature for 24 h.
The reaction mixture was vacuum-filtered, and the resulting
filtrate was concentrated under reduced pressure. The residue
product was redissolved in toluene, washed with 10% HCI
solution, water, and brine. After purification by dialysis in
toluene, 2.5 g (73%, >95% conversion by '"H NMR analysis)
of alkyl-functionalized HPG was isolated as a yellowish highly
viscous oil. '"H NMR (400 MHz, CDCls, 9): 5.89 (m, 1H;
CH=C), 5.05 (m, 2H; CH,=C), 4.39 (bm, ~5H; HPG—O0),
2.38 (bs, 2H; CH,—CO), 2.08 (q, J=6.71 Hz, 2H; CH,—C=C),
1.68 (m, 2H; CH,), 1.43 (bs, 10H; CH,).
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Synthesis of Monoamino Hyperbranched Polyglycerol (HPG-
NH,) (General Procedure). 7 g (25.8 mmol) of 2-(dibenzylamino)
propane-1,3-diol was dissolved in 2 mL of NMP. 0.56 g (5 mmol)
of potassium zerz-butoxide was slowly added. The suspension was
stirred for 1 h at 60 °C. After this time temperature was increased
to 120 °C, and 10 mL (0.15 mol) of glycidol, dissolved in 25 mL of
THF, was slowly added over 6 h. After completion of the reaction
the product was dissolved in methanol and neutralized by stirring
with cation-exchange resin for 12 h. The polymer was twice
precipitated into hexane and subsequently dried in vacuo. The
protected HPG, obtained as yellow, highly viscous liquid, was
further converted into the corresponding monoamine-based
hyperbranched polyglycerol. For this purpose, 10 wt % of Pd/C
was added to a methanol solution of protected amine-based
HPG, and the mixture was stirred under 5 bar hydrogen pressure
for 12 h. The resulting polyglycerol was separated from the
catalyst by filtration through a pad of Celite. The final product
was obtained as an off-white, viscous liquid in the yields ranged
between 90 and 95%. 'H NMR (400 MHz, MeOD, 6) before
reduction: 7.30 (m, 1H; Ar), (4.01 (bm, 5H; HPG); after reduc-
tion: 4.0 (broad multiplet from HPG).

Olefin Oxidation (General Procedure). Methanol solution of
the core-shell starter with terminal olefins was cooled down to —
78 °C. A stream of ozone (7.28 g/h) was passed through the
solution. After completion of the ozonolysis (the solution turned
blue) the excess of ozone was swept out with argon followed by
slow addition of PPh; (2 mol equiv per one olefin). The mixture
was stirred at 0 °C for 3 h and at room temperature overnight.
The product was purified by dialysis in toluene to afford
transparent viscous oil in 70—80% yield. '"H NMR (400 MHz,
CDCl;, 6):9.74 (s, 1H; —CHO), 4.39 (bm, ~5H; HPG—O0), 2.46
(t, J=17.22 Hz, 2H; CH,—CHO), 2.38 (bs, 2H; CH,—CO), 1.68
(m, 2H; CH;), 1.43 (bs, 10H; CH,).

General Procedure for the Core-Double-Shell Synthesis. Pre-
viously prepared HPG-based core-shell semiproduct with alde-
hyde end-groups and amine-based HPG (60 equiv) were mixed
in THF/MeOH at rt under argon. Sodium borohydride (1.2
equiv per amine) was slowly added, and the mixture was stirred
for 6 h. The reaction mixture was quenched by adding water,
neutralized with 1 M HCl solution, and filtered. The filtrate was
concentrated and purified on preparative GPC column using
methanol as eluent. The off-white highly viscous oil was received
in ~70% yield.
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