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Hydrogels play an important role in drug delivery and tissue engineering applications due to their excel-
lent biocompatibility and their variable mechanical and physical properties, which allow their optimiza-
tion for many different aspects of the intended use. In this study, we examined the suitability of
poly(ethylene glycol) (PEG)-based hydrogels as release systems for nanometer-sized drugs or drug carri-
ers, like nanoparticles, using the radically cross-linkable oligo(poly(ethylene glycol)fumarate) (OPF)
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were correlated with the physical properties and the chemical structure of the gels, indicating a strong
dependence of the release on the chosen PEG prepolymers. The prepared hydrogels were characterized
Characterization by oscillatory rheometry and swelling experiments. Release experiments as well as diffusion measure-
Release ments using fluorescence recovery after photobleaching showed the great potential of this type of hydro-
FRAP gels for the preparation of adjustable release systems by altering the molecular weights of the used PEG
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1. Introduction

Hydrogels are widely used materials for drug delivery systems
and as scaffolds for tissue engineering approaches due to their
excellent biocompatibility, founded in their high water content,
and their very flexible chemical and physical properties [1]. In situ
cross-linkable oligomers, like oligo(poly(ethylene glycol)fumarate)
(OPF), or other unsaturated poly(ethylene glycol)-based oligomers,
e.g. acrylates, offer the possibility to easily adapt their chemical
and physical properties by varying the distance between the unsat-
urated bonds or by using different types and amounts of added
cross-linkers, such as poly(ethylene glycol) diacrylate (PEG-DA)
or N,N’-methylene bisacrylamide (BIS) [2-5]. Furthermore, the rad-
ically cross-linkable oligomers can be used to prepare hydrogels
with other chemical functionalities, like short cell adhesion pep-
tides (e.g. Arg-Gly-Asp (RGD)) to enhance cellular adhesion or
additional binding sites for growth and differentiation factors,
which can both be introduced by mono-acrylated peptides or more
sophisticated functional spacers [6,7]. Especially for tissue engi-
neering applications, the controlled delivery of soluble bioactive
substances, such as growth factors or plasmids for gene delivery
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approaches, can be seen as a key to success [8]. If a controlled re-
lease during these applications is intended, the exact timing of the
release and the released drug amounts are crucial for the restora-
tion of the damaged tissue, as cultured cells often need to be ex-
posed to stimuli in an accurately timed fashion, which can range
from days to weeks depending on the desired cellular effects [9].
A similar well-timed release scheme is necessary for hydrogels
used in drug delivery applications, where hydrogels can control the
release of bioactive molecules over longer time frames not only at
specific locations, but also for a systemic delivery from locally ap-
plied drug depots [10,11]. Depending on the final application as
controlled drug delivery system, one could think of three possible
strategies to prepare radically cross-linked hydrogels with incor-
porated bioactive molecules. The first would be the direct entrap-
ment of nanometer-sized bioactive substances (e.g. high molecular
weight proteins) inside the hydrogel with a subsequent diffusion-
controlled release, which can be further governed by external stim-
uli like the degree of swelling, changes in temperature or pH, a
hydrolytic or enzymatic cleavage of network chains or individual
cross-links, or a combination of all of these principles [12-15]. A
second alternative for hydrogel release systems is the permanent
entrapment of degradable or non-degradable polymeric particles
within the gel network via chemical ligation or simply via physical
fixation due to the small hydrogel mesh size. In this later case, the
release of the embedded particles only proceeds with the break-
down of the hydrogel network, or alternatively, the individual drug
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molecules are slowly released from their depot inside the particles
and subsequently freely diffuse through the hydrogel mesh in or-
der to reach their site of action [16,17]. A possible third alternative
is the combination of both release principles by simultaneously
using free and encapsulated drug molecules, to allow the con-
trolled release of two substances from the hydrogel-particle com-
posite at the same time [18]. All the described release systems
can be applied in the field of tissue engineering or drug delivery,
but their applicability strongly depends on the intended drug sub-
stance and the clinical setting. Independent of the later application,
it is of utmost importance to carefully characterize each developed
system, since only the appropriate combination of mesh and drug
substance is suited to provide a sufficiently prolonged release from
the hydrogel matrix.

In this study, different hydrogels were prepared by radical poly-
merization of two types of OPFs made of different molecular
weight PEG prepolymers. Furthermore, the polymers were reacted
with different amounts and types of cross-linkers, which were cho-
sen to produce a wide range of different hydrogel compositions.
The increasing amount of cross-linker should furthermore eluci-
date the effect of a low molecular weight substance on the overall
gel properties. The chosen cross-linkers were used in concentra-
tions similar to those known from literature for bisacrylamide
(e.g. 8% in literature [18,19]), but due to the smaller molecular
weight of the used poly(ethylene glycol) diacrylate, it was used
in significantly lower amounts than stated in literature for tissue
engineering applications to keep the hydrogel defined mainly on
OPF (33% in literature [20,21]). To investigate the controlled re-
lease solely based on the size of the investigated drug substances,
no additional release systems, like for example gelatin particles,
were incorporated in the gels, which is usually done in the studies
known from literature and would furthermore complicate the
investigation of the obtained release curves [18-20]. To investigate
solely the size dependency, nanometer-sized model substances or
nanoparticulate drug carriers were used in order to elucidate the
network design criteria for future release systems. For this pur-
pose, different fluorescent nanoparticles with respect to size and
physical structure were incorporated in the afterwards cross-
linked hydrogel-forming polymers, and the obtained release pro-
files were correlated with the determined physical properties and
the chemical structures of the gels. The chosen dextrans should
resemble typical drug substances applied in literature using hydro-
gels, like for example, insulin (5.7 kDa), TGF-$ (44 kDa), immuno-
globulins (~150 kDa) or plasmid DNA (~2000 kDa). For a rational
design of suitable delivery systems in the future, exclusion limits
and release profiles should be identified, which allow for a suitable
retardation of active drug substances using the here described
hydrogel materials. Application of the here described methods to
other gel systems would furthermore also allow for the adjustment
of the release profiles obtained with other hydrogel-forming
oligomers.

2. Materials and methods
2.1. Materials

Ethyl acetate was purchased from Acros Organics (Geel, Bel-
gium). Chloroform stabilized with 1% ethanol (HPLC grade) was ob-
tained from Carl Roth GmbH (Karlsruhe, Germany). Deuterated
chloroform was purchased from Deutero GmbH (Kastellaun, Ger-
many). N,N,N',N’-tetramethyl ethylenediamine (TEMED) was pur-
chased from Fluka (Buchs, Switzerland). Poly(ethylene glycol) (3
and 10 kDa) was obtained from Hoechst (Frankfurt am Main, Ger-
many). FluoSpheres® (2% dispersion, nominal diameter 100 nm)
were purchased from Invitrogen GmbH (Karlsruhe, Germany). Dex-

tran standards (M,, = 180; 342; 908; 3300; 8100; 18,300; 35,600;
100,000 and 236,000 Da) were purchased from PSS GmbH (Poly-
mer standard service; Mainz, Germany). Ammonium persulfate, a
higher molecular weight dextran standard (M,, = 410,000 Da), fluo-
rescein isothiocyanate-dextrans (FITC-dextran) (4, 40, 500 and
2000 kDa), fumaryl chloride, N,N’-methylene bisacrylamide (BIS),
poly(ethylene glycol) diacrylate (PEG-DA, M, =575 g/mol) and
dibasic sodium phosphate were purchased from Sigma-Aldrich
(Taufkirchen, Germany). Diethyl ether and methylene chloride
were of technical grade and were used without further purifica-
tion. 1N NaOH solution, ortho phosphoric acid 85%, monobasic
potassium phosphate, sodium azide, sodium chloride and toluene
were obtained from Merck KG (Darmstadt, Germany).

A phosphate-buffered saline (320 mosmol) with higher buffer-
ing capacity than commercially available PBS was used for the
cross-linking of the oligomers, it was prepared by dissolving 0.6 g
monobasic potassium phosphate, 6.4 g dibasic sodium phosphate,
5.85 g sodium chloride and 250 mg sodium azide (for conserva-
tion) in 11 purified water and was subsequently adjusted to pH
of 7.4 using ortho phosphoric acid.

The purified water used for all experiments was obtained using
a Milli-Q water purification system from Millipore (Schwalbach,
Germany).

2.2. Synthesis of OPF oligomers

OPFs were synthesized starting from the differently sized PEG
prepolymers (3 and 10 kDa) according to a procedure adapted from
Jo et al. [2] without the addition of a base in order to avoid the for-
mation of dark colored byproducts. For a typical reaction, 50 g of
PEG was dissolved in toluene, and an appropriate amount of tolu-
ene was distilled off in order to remove any residual water using a
Dean-Stark trap. A solution of an appropriate amount of freshly
distilled fumaryl chloride (molar ratio PEG:fumaryl chloride
1:1.2) in anhydrous toluene was added dropwise under constant
stirring at 50 °C in order to evaporate the formed hydrochloric acid.
The reaction further proceeded for 2-3 days under permanent stir-
ring at room temperature. To isolate the product, the solvent was
removed by rotoevaporation. An excess of methylene chloride
was added three times to the residue and rotoevaporated in order
to completely remove toluene. The liquid residue was then dis-
solved in ethyl acetate and recrystallized twice in the freezer and
was subsequently washed with ice-cold diethyl ether. The ob-
tained oligomers were kept in a refrigerator at —20 °C until use
to avoid cross-linking and degradation.

2.3. Characterization of OPF oligomers by 'H NMR

For the '"H NMR measurements, about 25 mg of the oligomer
was dissolved in 1 ml deuterated chloroform. Spectra were re-
corded at 300 MHz with a Bruker NMR spectrometer Avance 300
(Bruker Elektronik, Rheinstetten, Germany) using tetramethylsil-
ane as internal standard. All spectra were recorded at 300 K.

2.4. Characterization of OPF oligomers by GPC

For further characterization of the synthesized OPF oligomers,
gel permeation chromatography (GPC) was performed using a Shi-
madzu LC-System consisting of a system controller (SCL-10A), a
pump (LC-AT), a degasser (DGU-10B), an autosampler (SIL-10AD),
a column oven (CTO-10AC) and a refractive index detector (RID-
10A). A Phenomenex Phenogel 5 pum linear column (300 mm x
7.8 mm) was used for the analysis and kept at 40 °C during the
experiments. About 100 mg of the oligomers was dissolved in
3 ml chloroform and filtered through a chloroform resistant
syringe filter (0.2 pm) prior to use. Chloroform stabilized with 1%
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ethanol was used as eluent. The flow rate for the experiments was
preset at 1 ml/min. Molecular weights were determined using the
GPC software for Class VP Version 1.00 from Shimadzu. The GPC
calibration curve for the analysis was obtained by measuring the
elution time of different PEG standards (M, = 1080; 2000; 4120;
6450; 8500; 12,000; 20,000 Da).

2.5. Cross-linking of OPF hydrogels

Due to the incorporated double bonds of the fumarate groups in
the OPF oligomers, they are cross-linkable via temperature- or UV-
light-initiated radical polymerization [22]. In this study, the OPF
oligomers were cross-linked using a water soluble cross-linking
system consisting of ammonium persulfate as a radical initiator
and TEMED as catalyst for the polymerization. In order to get a
wide variety of hydrogels with different properties, like for exam-
ple mesh size, stiffness or swelling behavior, different cross-linking
agents and concentrations were used, similar to those known from
literature. Table 1 gives an overview over the prepared hydrogel
compositions used in this study.

2.6. Rheological characterization

For the investigation of the cross-linking reaction, the oligomer
solutions according to Table 1 were prepared in ice-cold water and
subsequently cast on the lower plate of an Advanced Rheometer
AR2000 from TA Instruments (Eschborn, Germany), which was
cooled to 5 °C in order to prevent an early cross-linking. The mea-
surement was then started by heating up the sample to 37 °C. Time
sweep measurements were conducted using a 40-mm steel plate
(gap size of 1000 pm). A deformation of 1.000% and an oscillatory
frequency of 1 Hz were preset for the instrument. The storage
modulus G’ and the loss modulus G” were recorded for 60 min.
During all conducted experiments, a solvent trap was used to pre-
vent drying of the hydrogel samples.

2.7. Swelling behavior of the hydrogels

In order to characterize the swelling behavior of the OPF hydro-
gels, gel cylinders were prepared by injection of an oligomer solu-
tion mixed according to Table 1 into a Teflon mold (each well had a
diameter of 4.6 mm and a height of 15.4 mm). After cross-linking
the oligomer solution at 37 °C for 1 h, the gel cylinders were re-
moved from the mold and cut to equal lengths of 10 mm, except
for the high molecular weight OPF10k composition. In this case,
only a piece of the cylinders was used in order to ensure that the
swollen cylinders still fit in the density measuring pan. The sam-
ples were weighed in air and hexane and finally put into a glass
vial. The glass vial was filled with deionized water, sealed properly
and placed in a dry box at 37 °C. The cylinders were weighed until
equilibrium swelling was reached. For all weighings, an AT 261

balance with the appropriate density determination kit from Met-
tler-Toledo (Giessen, Germany) was used. A volumetric swelling
ratio Q of the gels was calculated based on equations found in lit-
erature for this kind of hydrogel systems [16,23]:
—1_-o¥

Q=(1-9)y (1)
where ¢ is the hydrogel sol fraction. The parameters v and v, rep-
resent the polymer volume fraction in the hydrogel after swelling
and after cross-linking but before swelling. ; and », were calculated
using
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where W, 4 and W, 4 represent the weight of the cross-linked hydro-
gel in air or hexane after swelling and freeze drying. Wy s and Wi
correspond to the weight of the hydrogel in air or hexane after equi-
librium swelling. W, and W,,, represent the weight of the hydrogel
in air or hexane directly after cross-linking.

The hydrogel sol fraction was calculated using Eq. (4)
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where x represents the weight fraction of the polymer and the
cross-linker in the solution prior to cross-linking. For all hydrogel
formulations, x = 0.26.

2.8. Determination of the hydrogel mesh sizes

Mesh sizes of the hydrogel networks were calculated using
equations described in literature for this kind of hydrogel system
[16,23]. In addition to swelling experiments, stress—strain data sets
had to be recorded. In brief, data sets were recorded on a Desktop
50 universal test machine from Hegewald and Peschke (Nossen,
Germany) equipped with a 20 N load cell using dog bone-shaped
samples according to ASTM D638-02 type IV. All samples were
swollen in water at 37 °C for several days prior to testing. Tensile
testing was possible for all hydrogel formulations except the
OPF10k 5% PEG-DA, which did not provide the necessary mechan-
ical strength for testing on the used equipment. For all samples, the
strain at fracture (o) as well as the strength at fracture (t) was
determined. Strain at fracture was calculated by
L-1Lo

L (5)

where Ly and L represent the initial and final specimen length,
respectively.

Table 1
Hydrogel compositions prepared by temperature-induced radical polymerization using different OPF oligomers and cross-linkers.
Hydrogel
OPF3k OPF3k 2.5% BIS OPF3k 5% BIS OPF10k 5% PEG-DA
OPF3k oligomer 500 mg 487.5 mg 475 mg -
OPF10k oligomer - - - 475 mg
PBS (pH 7.4) 1125 ul 625 pl 125 ul 180 pl
BIS solution (25 mg/ml) - 500 pl 1000 pl -
PEG-DA solution (25 mg/ml) - - - 1000 pl
Ultrasound treatment ~3 min X X X X
1 N NaOH (neutralization) 75 ul 75 ul 75 ul 20 pl
Persulfate solution (82.2 mg/ml) 100 pl 100 pl 100 pl 100 pl
TEMED solution (41.8 mg/ml) 100 pl 100 pl 100 pl 100 pl
Cross-linking at 37°C, 1 h X X X X
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The molecular weights between cross-links (M.) were calcu-
lated by

1t Q2
M. o (1/o2) RTC " M,’ ®)

where R represents the gas constant (8.31 kPa I/mol K), T is the tem-
perature at which the tensile tests were conducted (293 K), C is the
mass concentration of polymer in solution before cross-linking
(357 g/1), and M,, is the number average molecular weight as deter-
mined by GPC (see Table 2). 7, « and Q have already been introduced
before.

In order to calculate a mesh size also for the OPF10k 5% PEG-DA
formulation and for comparison, the molecular weight between
the cross-links (M;) was approximated for all formulations using
Eq. (6) [24].

n(OPFxKk) .
M. = mMH(OPFXk) + M (cross-linker), (7)
where n is the amount of substance either of the cross-linker or the
OPF used. M,, (OPFxk) is the number average molecular weight of
the OPFs according to Table 2. M,, (PEG-DA) = 575 g/mol (according
to the supplier) and M, (BIS) = 154 g/mol were used.

The mesh sizes (¢) of the hydrogel formulations were calculated
using
= () ()L, (8)
where % is the end to end distance of polymer chains in the unper-
turbed state. r3 is estimated from the characteristic ratio (Cy), calcu-
lated by

M
Cp =521, 9
" P3M, ®)
where I = 1.47 A, the weighted average length of C-C and C-0 bond
lengths. C, is taken to be 4.0 for PEG [25]. M, is the repeating unit of
the PEG chain (44 g/mol).

2.9. Characterization of the FITC-dextrans by SEC

The sizes of the 4, 40, 500 and 2000 kDa FITC-dextrans were
confirmed by gel filtration chromatography (GFC) using a Shima-
dzu LC-System consisting of a system controller (SCL-10Avp), a
pump (LC-ATvp), a degasser (DGU-14A), an autosampler (SIL-
10ADvp), a column oven (CTO-10ASvp), a fluorescence detector
RF-10Axl and a TSK-gel G4000SWXL column from Tosoh Biosci-
ence GmbH (Stuttgart, Germany). About 0.5 mg of each FITC-dex-
tran was dissolved in 6 ml purified water. Fifty microliter of
these solutions were injected, and the fluorescence signal was re-
corded at Jex =490 nm, Jem =520 nm for 45 min. The GFC was
operated at a flow rate of 0.7 ml/min.

2.10. Characterization of FluoSpheres® by light scattering

To exclude that fluorescence of the nanoparticles distracts the
light scattering experiments, their fluorescence spectra were re-

Table 2
Molecular weights of the PEG prepolymers and the synthesized OPFs calculated using
PEG standards for calibration.

M,, (g/mol) M,, (g/mol) Polydispersity (M,,/M,)
PEG3k 2980 2493 1196
PEG10k 12,511 10,764 1162
OPF3k 8826 4517 1954
OPF10k 17,135 9964 1720

corded at the wavelength used for the light scattering experiment
(633 nm) on a LS 55 Fluorescence Spectrometer from Perkin Elmer
(Rodgau-Jiigesheim, Germany). Since no measurable fluorescence
signal was obtained, the samples for the size measurements were
then prepared by diluting 10 ul of the FluoSpheres® stock solution
(2% dispersion) with 1990 pl 1 mM NaCl. The final 0.01% Disper-
sion was filled in fluorescence cuvettes, and size measurements
were conducted with a Zetasizer 3000 Hsa from Malvern Instru-
ments (Herrenberg, Germany). Afterwards, the samples were di-
luted two times and measured again.

2.11. Release of FITC-dextrans and FluoSpheres®

FITC-dextrans and fluorescent polystyrene nanoparticles (Fluo-
Spheres®, nominal bead diameter 100 nm) were used for the re-
lease experiments. The oligomer solutions according to Table 1
were prepared, but 125 pl of the PBS solution was replaced by
the same amount of FITC-dextran solutions 4, 40, 500 and
2000 kDa (180 pu for the OPF10k hydrogels), or 17 pl PBS was re-
placed by 17 pl of the 2% FluoSpheres® solution. The amounts of
fluorescent probes added to the oligomer solutions were chosen
in this way to ensure a sufficient fluorescence signal during the re-
lease experiments. The solutions were filled in the same Teflon
molds as described for the swelling study. The hydrogel cylinders
were subsequently cut to an equal length of 10 mm and put into
glass vials (n = 3). The glass vials were filled with 5 ml of PBS and
maintained at 37 °C on an orbital shaker (60 rpm). At specified
time intervals, 300 pl samples were taken for analysis and replaced
with 300 pl fresh PBS. The released amounts of FITC-dextran
(Zex=490 NM, e =520nm) and FluoSpheres® (Jex =540 nm,
Jem =560 nm) were determined using a LS55 fluorescence spec-
trometer from Perkin Elmer.

2.12. Confocal laser scanning microscopy of the entrapped FITC-
dextrans in the hydrogels

In order to get an insight in the distribution of the FITC-dextrans
inside the hydrogels, pictures were taken with a confocal laser
scanning microscope LSM510 from Carl Zeiss (Jena, Germany).
The samples were prepared according to Table 1, but only a fifth
of all components was used, additionally 10 pl of PBS were re-
placed by 10pul of a FITC-dextran solution (4, 40, 500 and
2000 kDa; 10 mg/ml). The not yet cross-linked solutions were
poured into Lab-Tek™ Chamber Slides™ (Nunc™), closed, and subse-
quently cross-linked for 1 h in a dry box at 37 °C. Microscopic pic-
tures were taken by exciting the sample with 1% transmission at
488 nm and collecting the emitted light through a long pass filter
(505 nm) using a 10x objective with a numerical aperture of 0.3.
The picture size was set to 512 Pixel x 100 Pixel and the data
depth to 12 bit. The scan zoom was set to 5, the pinhole to
200 pm. After measuring the non-swollen samples, the gels were
removed from the Chamber Slides™, and an appropriate amount
of water, according to the swelling experiments, was added to
the gels. The wet gels were then again placed in the dry box at
37 °C and allowed to swell until almost all the water was soaked
up by the samples. The wet gels were then cut into appropriately
sized pieces and placed back in the Chamber Slides™. Pictures were
taken using the same parameters as for the non-swollen samples.

2.13. Fluorescence recovery after photobleaching (FRAP)

The diffusion of the FITC-dextrans inside the hydrogels was
characterized via FRAP experiments. Samples were used analogous
to those described in 2.12 in order to determine the diffusion coef-
ficients of the dextrans. Five pictures were taken before bleaching.
Afterwards, a circle with a diameter of 80 Pixel (centre at 256 Pix-
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el x 50 Pixel) was bleached into the sample with three iterations
using 100% transmission at all four laser wavelengths (458, 477,
488 and 512 nm). After bleaching, series of pictures were taken
with parameters analogous to 2.12. The obtained fluorescence
intensities of the two regions Iynee (512 x 100 Pixel) and I (the
bleached circle) were determined using Image] (National Institutes
of Health, USA). The obtained data were normalized according to
Eq. (7)

I whole-pre

Iwhole(t) - Ibase(t)

Ipase(t) is the fluorescence signal of the pure hydrogel, which could
be neglected, because the blank hydrogels did not show any fluores-
cence at the measuring wavelength. Isqp_pre is the normalized mean
intensity of the bleached region before bleaching (1 = 5). Iynote-pre is
the mean intensity of the whole picture before bleaching (n=5).
The data were further normalized to the full range using Eq. (8)

« Ifmp(t) = Ipase (t)
I frap-pre

Ifrap-norm (t) = ) (7)

Ifrap- t) — Ifgp-
Ifrap—full(t) _ frap: norm( ) frap-bleach i (8)
Ifrap—pre - Ifrap-bleach
where Ifap-pieacn 1S the normalized fluorescence intensity directly
after bleaching. Eq. (9) was then fitted to the normalized data
involving modified Bessel functions [26]

0= [u(®) ()] 0

where 1p is the characteristic diffusion time. The diffusion coeffi-
cient was subsequently calculated using Eq. (10)

D_77
Tp

(10)
w is the radius of the bleached spot, which was 14.4 um for all mea-
surements. This model is valid as long as only diffusion and no bind-
ing reactions of the fluorescent molecule to the hydrogel network
take place. A correction because of the use of a scanning laser beam
instead of a stationary beam was not performed.

2.14. Statistical evaluation

The obtained data were analyzed using ANOVA with
subsequent Tukey test to determine statistical significances using
SigmasStat 3.0.1 for Windows.

3. Results and discussion
3.1. Synthesis and characterization of OPF

The synthesized oligomers were characterized by 'H NMR and
GPC. The successful incorporation of the unsaturated fumarate
groups in the OPF oligomers was proven by 'H NMR. All synthe-
sized oligomers showed the characteristic peak at 6.8 ppm in the
'H NMR spectrum, which is attributed to the hydrogen atoms of
the double bond of the fumarate group [2]. The covalent attach-
ment of the fumarate group to the PEG units was verified by GPC
as the formation of covalent bonds between the PEG units and
the fumarate group concomitantly leads to higher molecular
weights of the synthesized OPFs when compared to the PEGs used
for the synthesis. The calculated molecular weights based on PEG
standards are summarized in Table 2 for the used PEG prepolymers
and for the obtained OPF oligomers. Due to the significant increase
in the average molecular weight during synthesis and the observa-
tions in the 'H NMR spectra, it can be concluded that the OPF olig-
omers synthesized for this study consist of multiple PEG units
bound together via fumarate diesters and thus provide multiple
double bonds that are accessible for a radical polymerization of

the evenly spaced fumarate groups. Nevertheless, the observed
growth of the oligomers as indicated by the obtained average
molecular weights was significantly lower for OPF10k when com-
pared to OPF3k. This difference was explained by the higher molec-
ular weight of the used PEG10k, which is less reactive during the
oligomerization with fumaryl chloride due to steric hindrance or
higher molecule flexibility when compared to the significantly
smaller PEG3k. This observation was also reported by Jo et al. [2]
and consequently leads to a smaller degree of average oligomeriza-
tion especially for the high molecular weight PEG derivatives,
which can be as low as 1.5 PEG units for OPF10k, which is indicated
by the integrals obtained from 'H NMR (data not shown). A similar
trend could be observed using the GPC, where a much wider peak
was obtained for the low molecular poly(ethylene glycol) of 3 kDa,
which led to significantly more high molecular weight products,
which is also indicated by the polydispersity index given in Table 2.

3.2. Rheological characterization of the prepared OPF hydrogels

The synthesized OPF oligomers (OPF3k and OPF10k) were sub-
sequently cross-linked using different types of cross-linkers (BIS,
PEG-DA) and two different concentrations of BIS (2.5% and 5%)
with an aqueous radical initiator system consisting of ammonium
persulfate as radical initiator and TEMED as accelerator. The pro-
gress of cross-linking was followed by oscillatory rheometry.
Fig. 1 shows a typical rheogram for an OPF3k oligomer solution
cross-linked at 37 °C and pH 7.4.

In the first stage of the measurement (approximately 5 min),
the oligomer solution behaved like a free-flowing liquid (G” > G'),
which is advantageous for the application, because the oligomer
solution can be transferred into any kind of mold, resulting in
hydrogels with specific shapes. The crossover of G’ and G” in this
example at about 5 min is regarded as the gel point in literature
[10] and can be used to judge the necessary cross-linking time.
The cross-linking further proceeded with time as indicated in an
ongoing increase in G until a final plateau was reached
(t>30 min). The time needed to reach the gel point as well as
the value of G’ after 90 min was strongly dependent on the compo-
sitions of the used oligomer solutions. With an increasing amount
of cross-linker (BIS) the time till reaching the gel point significantly
decreased and additionally the stiffness of the resulting hydrogel
after 90 min increased (see Table 3). The combination of OPF10k
and 5% PEG-DA exhibited the lowest G’ after 90 min and also the
longest time period until the gel point was reached, although 5%
PEG-DA was included, which is known for its enhanced reactivity
when compared to the fumarate esters [27]. The big differences
in cross-linking times can furthermore be explained by the longer
distance between the individual cross-linking points in the oligo-
mer of the OPF10k when compared to the OPF3k, which also leads
to a reduced concentration of double bonds in the oligomer solu-
tion. The addition of the cross-linking agent PEG-DA shortens this
average distance between cross-links by attributing to the overall
density of unsaturated groups in the oligomer solution, but the
stiffness of the resulting hydrogel still remains significantly lower
when compared to the OPF3k-based gels.

3.3. Swelling behavior of the prepared OPF hydrogels

To quantify the possible degree of swelling for the different OPF
hydrogels as indicator for the water uptake of the gels, the volu-
metric swelling ratio Q was calculated for the different gel compo-
sitions (see Table 4). Q of the different hydrogels changed
conversely to the stiffness of the prepared hydrogels as the OPF10k
5% PEG-DA hydrogel exhibited the strongest swelling followed by
the OPF3k and the OPF 2.5% BIS and the OPF3k 5% BIS hydrogels.
Thus the swelling of the prepared gels strongly depends on the
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Fig. 1. Rheogram of an OPF3k oligomer solution according to Table 1 cross-linked at 37 °C and pH 7.4 (G’ O and G” X). The measurement was performed at 1 Hz using a 40-

mm steel plate with 1000 pm gap size.

Table 3
Rheological results for the cross-linking of the oligomer solutions according to Table 1
at37°Cand pH 7.4 (n=3).

Table 5
Calculated mesh sizes for different OPF hydrogels with different amounts and types of
cross-linking agents.

Oligomer solution Gel point (min)* Gafter 90 min (Pa)*?

OPF10k 5 % PEG-DA 6.87 £0.61 1403 £72
OPF3k
0% BIS 5.43 £ 0.06 12,127 + 2021
2.5% BIS 1.87 £0.25 25,783 +1354
5% BIS 1.40+0.10 28,717 £2428

# Data represent mean * standard deviation, differences between the two dif-
ferent polymers and the individual samples for OPF3k/BIS are statistically
significant.

b Data represent mean * standard deviation, not statistically significant for the
comparison between 2.5% and 5% BIS.

Table 4
Volumetric swelling ratio Q of the prepared hydrogels (n=6) and results from
mechanical testing (n > 3).

Oligomer Vol. swelling ratio 7 (kPa)® Elongation at break
solution Q@ o
OPF10k 5% PEG-  17.20+0.47 Not Not analyzable®
DA analyzable©
OPF3k
0% BIS 4.51 £ 0.06 533231 0.33+0.17
2.5% BIS 3.03 +0.09 12.25+4.99 0.31+0.13
5% BIS 2.79 £ 0.04 15.67 £4.93 0.33+0.11

@ Data represent mean * standard deviation, differences between the two dif-
ferent polymers and the individual pairs for OPF3k/BIS are statistically significant.

b Data represent mean +standard deviation, differences not statistically
significant.

¢ Because of the low mechanical stability of this formulation.

OPF used and also on the amount and type of cross-linker used to
adjust the mesh sizes of the hydrogels, which has been previously
reported for OPF hydrogel systems [2-4,6]. Corresponding to the
swelling behavior also the mesh sizes of the hydrogel could be
determined for the differently cross-linked OPF gels (Table 5), with

Gel type Calculated mesh Calculated mesh
size based on M. size based on M,
calculated by calculated by
Eg. (7) (nm) Eg. (6) (nm)

OPF10k 5 % PEG-DA 34.8 Not analyzable®

OPF3k

0% BIS 15.9 113
2.5% BIS 9.0 9.9
5% BIS 6.9 9.6

2 Due to the lack of stability during testing of the mechanical properties.

increasing amount of cross-linker added to the OPF3k gels, the cal-
culated average mesh size decreased from 11.3 to 9.6 nm. For the
even softer and more elastic OPF 10k gels the mechanical testing
could not be performed, but based on the determined molecular
weights, a theoretical mesh size of about 34.8 nm could be esti-
mated (Table 5).

3.4. Characterization of the particles

Two different analytical methods were used to determine the
size of the used fluorescent particles depending on their individual
properties. The size of the FluoSpheres® (Polystyrene beads, nom-
inal diameter = 100 nm), was determined by light scattering. The
size and integrity of the 4, 40,500 and 2000 kDa FITC-dextran
was proven by GFC. The size of the FluoSpheres® was determined
to be 111.2nm + 1.0 nm (mean # standard deviation, calculated
from measurements at three different concentrations) with a mean
polydispersity index of 0.04. The used FITC-dextrans eluted at 8.9,
11.1, 16.3 and 18.6 min (4, 40, 500 and 2000 kDa) with widths at
50% height of 1.19, 2.89 and 3.79 min. The width of the peak of
the FITC-dextran 2000 kDa was not calculated as it partially ex-
ceeded the exclusion limit of the used column. Nevertheless, the
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used FITC-dextrans exhibited sufficiently big differences of the elu-
tion time of their maximum fluorescence with acceptable molecu-
lar weight distributions and little-detectable free dye, which made
them suitable for the application as model substances for the re-
lease experiments. Based on literature values, the hydrodynamic
diameter of the used FITC-dextrans (4, 40, 500 and 2000 kDa) cor-
respond to 2.8, 9.0 [28], 31.4 and 64.6 nm [29].

3.5. Release of FluoSpheres® and FITC-dextrans from the prepared
hydrogels

To investigate the release kinetics of different fluorescent nano-
particles, FluoSpheres® and FITC-dextrans (4, 40, 500 and
2000 kDa) were incorporated in the hydrogels immediately during
cross-linking. All used FITC-dextrans could be released from the
prepared hydrogels as indicated by the fluorescence of the release
medium. The release of the FITC-dextrans was on the one hand
dependent on the molecular weight of the used FITC-dextrans as
indicated by a much slower release for the bigger dextrans and
on the other hand also dependent on the hydrogel composition
(see Table 6). The OPF10k 5% PEG-DA hydrogel generally showed
the fastest release when compared to all other hydrogels except
for the release of the 4 kDa FITC-dextran, where a slightly higher
loading was used (180 pl FITC-dextran solution with a mass con-
centration of 1 mg/ml) when compared to the OPF3k hydrogel
compositions (125 pl FITC-dextran solution). Because of the obvi-
ously very small size of the 4 kDa dextran, the mesh size of all pre-
pared hydrogels seemed not to be a limiting factor for its release.
That could explain why the OPF10k 5% PEG-DA hydrogel with its
higher loading showed the slowest release rate for the 80% release.
In contrary, the 40, 500 and 2000 kDa FITC-dextrans were always
released fastest from the OPF10k 5% PEG-DA with the highest mesh
sizes followed by the pure OPF3k hydrogel and the hydrogels com-
posed of OPF3k with 2.5% and 5 % BIS added as cross-linker. The
obtained typical release curves of the different dextrans from
OPF3k with 2.5 % BIS are depicted in Fig. 2 and illustrate the rela-
tively fast release of the two low molecular weight dextrans and
the prolonged release of the high molecular weight derivatives.
The release started without any significant burst release (all re-
lease curves started without an immediate release at time point
0) and slowly progressed dependent on the dextran’s molecular
weight, whereas the bigger FITC-dextrans needed more time to
be released from the hydrogels than the smaller ones. At later time
points for the high molecular weight dextrans, an increased vari-
ability of the release was observed, which can be attributed to
slightly different onset of polymer degradation in the different
investigated gel cylinders.

In contrast to the FITC-dextrans, the solid FluoSpheres® with a
nominal diameter of 100 nm were not visibly released at all (re-
leased amounts below 3% for all hydrogels) from the prepared
hydrogels via diffusion over a time scale of 45 h (Fig. 3). In order
to exclude that the FluoSpheres® were hindered in their diffusion

Table 6
Release times of FITC-dextrans 4, 40, 500 and 2000 kDa from the different OPF
hydrogels in comparison.

Hydrogel Release time of FITC-dextrans (time to release 80% of
the final amount)
4 kDa 40 kDa 500 kDa 2000 kDa
OPF10k 5 % PEG-DA 8.3 h 23.4h 12.5 days 17.5 days
OPF3k
0% BIS 6.3 h 39.6h 16 days 35 days
2.5% BIS 6.7 h 64.8 h 68 days 98 days
5% BIS 6.8h 79.2h 73.5 days® 99 days*®

@ The release was still not complete when the data collection was stopped.
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Fig. 2. Cumulative release of FITC-dextran (4 kDa -4-, 40 kDa -@®-, 500 kDa -a- and

2000 kDa -m-) from OPF3k 2.5% BIS hydrogels. Data points represent mean + stan-
dard deviation of three different gel cylinders.
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Fig. 3. Release of FluoSpheres® from differently composed hydrogel cylinders made
of -¢- OPF 10k 5% PEG-DA, -a- OPF 3k, -@- OPF 3k 2.5% Bis and -M- OPF 3k 5% Bis.
Data points represent mean * standard deviation of three different gel cylinders.

due to a chemical reaction with the forming hydrogel network,
additionally pure OPF10k 5% PEG-DA gel cuboids were prepared,
and a FluoSpheres® or methyleneblue solution as comparison were
subsequently injected into the cuboids. The loaded cuboids were
then placed again in PBS and were investigated for up to 2 weeks,
but no obvious movement of the particles in the gel cuboids could
be observed in contrast to the soluble small molecular weight
methyleneblue dye (Fig. 4), which accordingly demonstrates that
the observed release of below 3% can be attributed to different
amounts of particles released directly from pockets in the hydro-
gel’s outer surface.

3.6. Pictures of entrapped FITC-dextrans and FRAP results

To get an insight into the spatial distribution of the incorpo-
rated FITC-dextrans, microscopic pictures of the hydrogels were ta-
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Start

Fig. 4. Cuboids made of OPF10k-PEG-DA hydrogels loaded with methyleneblue and FluoSpheres®; observation of the dye and particle distribution over time. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ken in the non-swollen and in the swollen state using confocal la-
ser scanning microscopy. The FITC-dextran 4 kDa fluorescence
intensity was well distributed in all hydrogel preparations in the
non-swollen and in the swollen state, which further demonstrates
the non-hindered diffusion throughout the hydrogel sample. The
FITC-dextran 40 kDa was not homogenously distributed in the
hydrogel samples in the non-swollen state, but again well distrib-
uted throughout all hydrogel samples in the swollen state. The
mesh sizes of the hydrogel networks then seemed to exceed the
critical size, which made it possible for the FITC-dextran to diffuse
out of local conglomerates in the non-swollen state throughout the
whole samples during swelling. Example pictures of the fluores-
cence distribution of all four FITC-dextrans (4, 40, 500 and
2000 kDa) in OPF3k hydrogels are depicted in Fig. 5. In contrast
to the low molecular weight dextrans, the bigger FITC-dextrans
500 and 2000 kDa were even not homogenously distributed in
the hydrogels after swelling for up to 4 days, which possibly indi-
cates that the observed release of these two FITC-dextrans is addi-
tionally governed by a beginning degradation of the hydrogel or by
a very slow hindered diffusion, which can only be elucidated by
further investigations using comparable non-degradable networks
based on amine-terminated poly(ethylene glycol)s.

As the two larger FITC-dextrans were not homogenously dis-
tributed in the hydrogel samples, which is necessary for the later
analysis, FRAP experiments to determine the mobility of the incor-
porated substances were only carried out with the 4 and 40 kDa
FITC-dextrans in the swollen state. The results of these FRAP exper-
iments (see Table 7), furthermore, confirmed the results of the re-
lease experiments (see Table 6) as the 40 kDa FITC-dextran showed
a much lower diffusion coefficient in the OPF3k hydrogel composi-
tions when compared to the FITC-dextran 4 kDa. Again, for the
OPF10k 5% PEG-DA sample loaded with FITC-dextran 4 kDa, the

Table 7

Diffusion coefficients of the FITC-dextran-loaded OPF hydrogels in the swollen state.
The diffusion coefficients were determined via fitting of Eq. (9) involving modified
Bessel functions to normalized FRAP-data.

Hydrogel Diffusion coefficient in the swollen state (um?/s)
FITC-dextran 4 kDa® FITC-Dextran 40 kDaP
OPF10k 5% PEG-DA Not analyzable® 25.72 £1.69
OPF3k
0% BIS 38.43 £4.09 8.19+0.45
2.5% BIS 2594 +2.22 443 +0.10
5% BIS 22.64+0.82 2.78£0.16

@ The data was not analyzable because the fluorescence recovery was too fast.

b Data represent mean + standard deviation from three different measurements,
all differences between individual pairs were statistically significant except for the
comparison between 2.5% and 5% BIS.

fluorescence recovery could not be appropriately analyzed due to
a very fast recovery and hence a very noisy signal, which again
indicates that the release rate should generally be fastest for this
gel type. The calculated diffusion coefficient for the other FITC-dex-
tran 4 kDa samples significantly decreased with an increase in the
BIS concentration in the OPF3k hydrogel compositions. This effect
was even stronger for the FITC-dextran 40 kDa, which is in good
agreement with the results from the release experiments, where
the differences observed with the lower molecular weight dextran
were also much smaller due to the lower hindrance of diffusion.
The difference in the release time of the smaller FITC-dextran
4 kDa between the pure OPF3k hydrogel and the OPF3k with the
highest BIS concentration was only 0.5 h, whereas the difference
between these two hydrogel compositions was almost 40 h for
the 40 kDa FITC-dextran (see Table 6). In general, the here de-
scribed FRAP experiments were suitable to judge the diffusion of

Fig. 5. FITC-dextrans 4 (A and B), 40 (C and D), 500 (E and F) and 2000 kDa (G and H) entrapped in non-swollen (A,C,E,G) and swollen (B,D,F,H) OPF3k hydrogels. All pictures

230.3 um x 45.0 pm in size.
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the different model substances and can consequently help to ad-
just the release system according to the desired release kinetics.

4. Conclusions

The hydrogels obtained from a temperature-induced radical
polymerization of OPFs with BIS and PEG-DA as cross-linking
agents were used to investigate their potential as controlled deliv-
ery system for macromolecular drugs or nanoparticles used for dif-
ferent delivery applications, e.g. in tissue engineering. Based on the
individual mechanical and chemical properties of the used oligo-
mers, the release kinetics could be varied in wide ranges by chang-
ing the amount of added cross-linkers or by using different PEG
chain lengths for the preparation of the oligomers. The here inves-
tigated oligomers allowed a fast release up to several days for sub-
stances below 40 kDa molecular weight and a prolonged release up
to several weeks or months for model substances above 500 kDa
molecular weight. Further variations of the lengths of the PEG
chains between the cross-linking points to lower or higher molec-
ular weights or variations of the used cross-linkers will certainly
extend the span of achievable release kinetics to slower or faster
release rates. Besides the release of macromolecular dextrans, the
oligomers also proved to be suited to immobilize nanoparticles
of a size of 100 nm, which makes them attractive to be used as de-
pots for encapsulated drug substances in appropriately sized parti-
cles. For the later application, the degradation of the hydrogel
network has to be considered, which will additionally lead to an in-
creased release rate of high molecular weight substances and par-
ticles, which would otherwise stay immobilized in the gel network
much longer.

Application of the here described methods, release investigation
and FRAP, to fluorescently labelled drug molecules, like growth fac-
tors, will furthermore allow to identify suitable hydrogel release
systems with a limited amount of experiments and less protein
consumption. Besides the cross-linkable oligomer-based hydrogels
with different PEG lengths, the methods are obviously also applica-
ble for other chemically cross-linked hydrogel systems, with differ-
ent mesh sizes or hydrogel compositions.
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