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ABSTRACT 
 

In this paper we report on the preparation of calix[8]arene functionalized polyglycerol 
nanogels by miniemulsion polymerization. The gel macromonomers were prepared by anionic 
ring-opening multibranching polymerization of glycidol using calix[8]arene as initiator. 
1,1 ,3,3,3 ,3 -hexamethyl-2,2 -indotricarbocyanine iodide (HITC) red fluorescent dye was used as 
a guest molecule. Photobleaching upon strong laser illumination was significantly reduced when 
the dye was encapsulated inside the nanogel.   
 
INTRODUCTION 
  
Multifunctional polymers, which include materials properties like biofunctionality, 
biodegradability, multivalency, and shape memory effects, are an exciting class of materials [1, 
2]. 

The combination of a high density of endgroups and a compact, well defined molecule 
structure makes multifunctional dendritic architectures attractive for biomedical applications [3]. 
Due to their narrow degree of molecular weight dispersity, flexible design, and biocompatible 
nature, dendritic polyglycerols (dPGs) have a broad range of potential applications in medicine 
and pharmacology [4]. dPG is traditionally prepared by anionic ring-opening multibranching 
polymerization of glycidol under slow monomer addition [5]. Polymers with a number average 
molecular weight (Mn) of up to 20 kDa and narrow molecular weight dispersities (MWD) are 
obtained by the use of macroinitiators [6]. Recently, Brooks and co-workers reported a molecular 
weight extension of dPG up to 1 MDa, which corresponds to a hydrodynamic diameter of 20 
nm.[7] Since polymeric nanoparticles with sizes between 25 and 100 nm are expected to show 
efficient endocytosis into cancer cells [8], we developed polyglycerol nanogels in this size range 
which were synthesized using miniemulsification methods. The crosslinking of both dPG 
macromonomers and commercial glycerol-based monomers in miniemulsion nanodroplets 
yielded biocompatible nanogels which show excellent cell penetration [9,10]. We also reported 
on the preparation of disulfide-containing polyglycerol nanogels which degrade in the reductive 
environment of cells. This responsiveness is beneficial for the controlled intracellular drug 
release, and the resultant low molecular weight polymer fragments can be cleared by the kidneys 
[11]. Additionally, we extended the size of dPGs to the micrometer scale by gelling dPG and, in 
part, PEG macromonomers in aqueous droplets. We used microfluidic emulsification to prepare 
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micrometer-sized pre-particle droplets and cure these droplets by free-radical crosslinking 
polymerization of the dPG building blocks and the PEG macro-crosslinkers. Mild gelation 
conditions allowed us to encapsulate living yeast cells into the resultant microgels, thus 
demonstrating the high biocompatibility of the dPG material [12]. Our groups have previously 
shown that intramolecularly crosslinked dendritic polyglycerol is an excellent material for the 
selective encapsulation of polar guests and their UV-light triggered release [13-15].  

Despite these improvements, dPG materials still suffer from a low capacity for binding and 
transporting hydrophobic guests because of their highly hydrophilic gel network. One possible 
solution is the incorporation of discrete hydrophobic domains capable of binding hydrophobic 
guests into the dPGs network. Calixarenes are excellent host moieties for biorelevant 
hydrophobic guest molecules [16,17]. Hence, we report in this paper the incorporation of 
calix[8]arene hosts into polyglycerol gels. To study the effects of these gels for binding guest 
molecules calix[8]arene gels were used to encapsulate the red fluorescent dye 1,1 ,3,3,3 ,3 -
hexamethyl-2,2 -indotricarbocyanine iodide(HITC). The encapsulated dyes also showed a 
significant improvement in photostability based on laser based photobleaching experiments. 

EXPERIMENTAL PART 
 
Materials and Methods 
 

All chemicals were purchased from Acros Organics and used as received or as described 
below. Acryloyl chloride, Span 80, and (NH4)2S2O8 (APS) were obtained from Fluka; HITC dye 
was purchased from Aldrich. Glycidol was dried over CaH2 and distilled under reduced pressure. 
The purified monomer was stored at 4 °C under inert atmosphere. All solvents were purchased 
from Aldrich and used without further purification. Anionic ion exchanger Dowex Monosphere 
650C UPW was purchased from Supelco and used as received. All deuterated solvents were 
obtained from Deutero GmbH and used as received. 

Miniemulsions with nanometer-sized droplets were prepared using a SonicatorTM from Heat 
Systems-Ultrasonics, Inc., Model W-220f. Dynamic light scattering measurements were 
conducted using a NanoDLS particle size analyzer (Brookhaven Instruments). Samples were 
filtered through 0.4 μm filters prior to measurement. Dialysis cassettes (Float-A-Lyzer dialysis 
tubes, MWCO = 50,000 Dalton) were purchased from Spectra Pro. 

Molecular weight distributions were determined by size exclusion chromatography coupled 
to a refraction index detector obtaining the complete distribution (Mn, Mp, Mw, DI). 
Measurements were performed under highly diluted conditions (10 mg / mL, injected volume 20 

L) from a SEC consisting of an Agilent 1100 solvent delivery system with dosing pump, 
manual injector, and an Agilent 1100 differential refractometer. Three 30 cm columns (PSS 
SUPREMA, 5 m particle size) were used to separate polymer samples using water at a flow rate 
of 1.0 mL/min. The columns were operated at room temperature and the differential 
refractometer at 50 °C. WinGPC Unity from PSS was used for data acquirement and 
interpretation. 

1H-NMR spectra were recorded on Bruker AC 250 (250 MHz). 13C-NMR spectra were 
recorded on Delta Jeol Ecplise 700 MHz spectrometer (175 MHz). Proton and carbon NMR were 
recorded in ppm and were referenced to the indicated deuturated solvents. NMR data were 
reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet), 
integration. Multiplets (m) were reported over the range (ppm) at which they appear at the 
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indicated field strength. Degrees of branching were calculated from 13C-NMR spectra according 
to reference.[6] 

 
Synthesis of dPG grafted calix[8]arenes 
 

The polymerization was carried out similarly to a procedure reported previously.[4] The 
calix[8]arene initiator was pre-dried in the reactor at 60 °C under high vacuum overnight. To 
obtain a degree of deprotonation of 10%, KOtBu (2.008 mmol,1M in THF) and subsequently 2.5 
mL NMP were added. The reaction mixture was heated to 120 °C for 2 h to remove THF by 
distillation. After complete deprotonation, the monomer/THF mixture (v/v = 1:2.5) was slowly 
added over a period of 18 h using a precision dosing pump. The polymer was stirred over 
methanol and ion exchange resin for 3 d. Workup was performed by dialysis in methanol for 2 d. 
Calix[8]arene-dPG: 1H-NMR (250 MHz, CD3OD):  (ppm) = 6.84 (m, calix[8]arene), 4.00 – 
3.20 (m, dPG backbone). 13C-NMR (175 MHz, CD3OD):  (ppm) = 156.1, 135.6, 130.3, 125.5 
(s, calix[8]arene), 82.0 – 81.0 (dPG backbone, linear 1-3 units), 80.5 – 79.5 (dPG backbone, 
dendritic units), 74.5 – 73.5 (dPG backbone, linear 1-4 units), 73.5 – 72.0 (dPG backbone, 
terminal/dendritic units), 72.0 – 70.5 (dPG backbone, linear 1-3/1-4 units), 68.4 (s, C6H6-O-CH2-
CH2-O-), 65.0 – 64.0 (dPG backbone, terminal units), 63.5 – 62.0 (dPG backbone, linear 1-3), 
50.8 (s, C6H6-O-CH2-CH2-O-). GPC/SEC: Mn = 6.5 kDa, Mw = 7.6 kDa, PDI = 1.17. 
 
Preparation of Calix[8]arene-dPG-Decaacrylate (Calix[8]arene-dPG-Dea) 
 

A cold solution of acryloyl chloride (0.21mL, 2.6mmol) in dry DMF (4 mL) was added 
dropwise to a stirred solution of Calix[8]arene-dPG (2 g, 0.26mmol) and TEA (0.24 mL, 1.72 
mmol) in DMF (60 mL) at 0 ºC. The reaction was allowed to run at 25 ºC for 12 h. After the 
reaction the polymer was concentrated by cryo-distillation and 50 mL of water was added to the 
condensate. Calix[8]arene-dPG-Dea was purified by dialysis in water for 2 days and then stored 
in solution with stabilizer (p-methoxy phenol) at room temperature. 
Calix[8]arene-dPG-Dea:1H-NMR (500 MHz, D2O),  (ppm)  =  6.48–6.30 (m, 1H), 6.18–6.02 
(m, 1H) 5.90–5.76 (m, 1H), 4.6– 3.0 (m, 5H). 
 
Preparation of nanogels by miniemulsion polymerization 
 

Calix[8]arene-dPG-Dea(200 mg) and APS (50 mg) dissolved in PBS buffer (0.75 mL, pH 
7.4) were pre-emulsified under strong stirring in a solution of Span 80 (300 mg) and Tween 80 
(100 mg) in cyclohexane (15 mL). After subsequent miniemulsification with a tip sonicator, the 
emulsion was degassed for 5 min, and a free-radical crosslinking polymerization was initiated by 
the addition of N,N,N’,N’-tetramethylethylenediamine (TEMEDA) to the continuous phase. 
After 20 min, all remaining acrylate groups on the surface of the resultant nanogels were 
converted into diols by the addition of 3-mercapto-1,2-propanediol (34.6 μL) and additional APS 
(50 mg). The dPG nanogels were isolated by diluting the emulsion with cyclohexane (35 mL) 
and ultracentrifugation (4000 rpm). The nanogels were washed three times with cyclohexane (50 
mL) to remove remaining surfactant. A final water dialysis (3 d, 3 solvent exchanges per day, 
molecular weight cutoff 50 kDa) was performed to remove the remaining salts and unreacted 3-
mercapto-1,2-propanediol. After water evaporation, about 50% of the dPG nanogels could be 
recovered. 
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Preparation of macrogels 
 

Bulk gels were prepared in 1 mL vials following the same procedure as described for the 
nanogels. 
 
Photobleaching of HITC 
 

A solution of HITC dye (1.0 uM ) was prepared in a pH 8.1 sodium phosphate buffer with or 
without 1.0 mg/mL dPG calix[8]arene nanogels. Samples were prepared for photobleaching by 
placing droplets on grooves (0.3 mm diameter, 0.25 mm deep) carved into a polycarbonate 
surface.  Droplets were tested using a focused 1.8 mW HeNeon laser, set at 633 nm.  A filter was 
used to maintain a consistent 1.3 mW power output to the sample and the beam was focused to 
the size of the droplet.  Data was collected on a CCD camera and plotted as the change in the 
maximum fluorescence over time relative to the initial fluorescence. Each curve represents an 
average of three samples. 
 
DISCUSSION  
 
Macromonomer preparation 
 

To prepare hydrophilic gel networks that have calix[8]arene hosts incorporated, we started 
with the preparation of water soluble, calix[8]arene initiated dendritic polyglycerols. The use of 
the eight phenol groups of the calix[8]arene as initiator for the anionic multibranching 
polymerization of glycidol produced polyglycerols with a MWD of 1.17 compared to 1.45 for 
polyglycerols prepared with (1,1,1-Tris(hydroxymethyl)propane (TMP), providing three 
hydroxyl groups for initiation). This effect can be explained by an increase of active anionic sites 
during the polymerization and the greater number of initiation sites [5]. These polymers were 
acrylated with acryloylchloride and triethylamine as a base. Polyacrylates are easy to prepare and 
can be fabricated to gel materials by a free radical crosslinking polymerization. 
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Scheme 1. Anionic polymerization of glycidol using calix[8]arene as initiator and subsequent 
acrylation. 
 
Gel preparation and dye encapsulation 
 

As a guest molecule we chose HITC red fluorescent dye due to the excellent penetration of 
emitted light through tissues [18,19]. To prove that calix[8]arene functionalized polyglycerol 
hydrogels can encapsulate the hydrophobic HITC red fluorescent dye (Figure 1a), we prepared 
bulk hydrogels by adding a 1:1 molar ratio of a APS and TEMEDA to an aqueous dPG-
calix[8]arene solution. As a control, we also prepared bulk hydrogels from acrylated 
polyglycerol precursors initiated from TMP. After the incubation of both hydrogels with a 
methanolic HITC solution we washed the gels ten times with methanol to remove unbound HITC 
dye. Interestingly, the calix[8]arene functionalized polyglycerol hydrogels still showed a strong 
HITC absorbance (Figure 1b), while hydrogels prepared from TMP core polyglycerol 
macromonomers were colorless (Figure 1c) demonstrating the critical role of the calix[8]arene 
groups for binding to the dye. 
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Figure 1. (a)  Schematic representation of the calix[8]arene (black) functionalized polyglycerol 
gel (grey) with encapsulated HITC dye; (b) calix[8]arene functionalized polyglycerol hydrogel 
showing HITC absorbance after washing; (c) TMP functionalized polyglycerol hydrogel without 
HITC absorbance after washing; (d) schematic representation of a polyglycerol gel (grey). 

 
Because nano-sized particles have many applications in diagnostics and the delivery of 
bioactives, our goal was to prepare calix[8]arene functionalized polyglycerol gels on the 
nanometer scale. Nanogels can be prepared when crosslinking polymerizations are conducted in 
miniemulsion nano-droplets. This polymerization can be initiated by a 1:1 molar ratio APS and 
TEMEDA in aqueous solution at room temperature; moreover, the water-based emulsion 
templates can be stabilized by biocompatible surfactants such as Span 80 and Tween 80. Under 
these experimental conditions, we emulsified a solution of calix[8]arene-dPG-Dea and APS in 
PBS buffer (pH 7.4) in a solution of Span 80 and Tween 80 in cyclohexane by rapid stirring. 
Upon high energy input by a tip sonicator, transparent miniemulsions formed and served as 
templates for subsequent droplet gelation, as sketched in Figure 2. 
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Figure 2. Fabrication of polyglycerol nanogels. (a) Macroemulsion droplets ( polydisperse grey 
spheres) that are stabilized by Tween80/Span80. The water droplets are loaded with 
calix[8]arene-dPG-Dea (grey monodisperse spheres); (b) formation of miniemulsion nano-drops 
(turquoise spheres) by strong ultrasonication; (c) droplet gelation by TEMEDA addition. 
 
The droplet gelation was achieved by the addition of TEMEDA to the emulsion. Diffusion of 
TEMEDA into the miniemulsion droplets catalyzed the decomposition of APS, which triggered 
the free radical crosslinking polymerization of the calix[8]arene-dPG-Dea building blocks inside 
the drops. To prevent uncontrolled nanogel growth and macrogel formation, remaining acrylate 
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groups were converted into diols by the addition of thioglycerol, as confirmed by subsequent 1H-
NMR analysis. After extensive washing and dialysis, we obtained polyglycerol nanogels which 
exhibit an average diameter of 54 nm with ± 7 nm, as determined by dynamic light scattering 
(DLS). 

To load HITC dye into the calix[8]arene functionalized polyglycerol nanogels we incubated 
the gels in a methanolic dye solution. Following a dialysis against water, nanogels and free HITC 
dye were characterized by UV-VIS spectroscopy. A red shift of 10 nm from the HITC dye 
encapsulated in the polyglycerol nanogel compared to the free dye was observed (Figure 3a). 
This change in absorbance can be explained by the interaction of the HITC guest with the 
calix[8]arene host of the polyglycerol nanogel. From this result we concluded, that the HITC dye 
is encapsulated in the nanogel matrix and thereby interacts with calix[8]arene hosts. 

 
Figure 3. (a) UV-VIS spectra of free HITC dye (black) and encapsulated HITC dye inside 
polyglycerol nanogel network (grey); (b) fluorescence emission spectra of free HITC dye 
(squares) and HITC dye encapsulated in the nanogel (circles). Measurements were performed in 
a pH 7 sodium phosphate buffer solution. 
 
As many fluorescent dye molecules photo-bleach after intensive illumination [20] we 
investigated if the encapsulation of the HITC dye has a stabilizing effect. Figure 3b shows the 
relative fluorescence of free HITC dye (squares) and the encapsulated HITC dye (circles) 
illuminated by strong laser light. The fluorescence of the free dye decreases strongly within the 
first 500 s to about 20%. The fluorescence of the encapsulated HITC dye, however, decreases 
only to 70% within these first 500 s. This demonstrates a stabilization effect of our polyglycerol 
nanogels.  

 

CONCLUSIONS  
 

In conclusion, we prepared polyglycerol hydro- and nanogels functionalized with 
calix[8]arene hosts. The HITC red fluorescent dye was successfully encapsulated and stabilized 
against photo-bleaching. This polymeric material may find broad applications for the 
stabilization and transport of various hydrophobic bioactives. Currently we are introducing 
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biodegradable units into the gel network that degrade quickly under therapeutically relevant 
conditions and release the guest molecule upon degradation.  
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