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a b s t r a c t

We present the synthesis of hydrogel microbeads based on telechelic poly(2-oxazoline) (POx) cross-
linkers and the methacrylate monomers (HEMA, METAC, SPMA) by inverse emulsion polymerization.
While in batch experiments only irregular and ill-defined beads were obtained, the preparation in a
microfluidic (MF) device resulted in highly defined hydrogel microbeads. Variation of the MF parameters
allowed to control the microbead diameter from 50 to 500 mm. Microbead elasticity could be tuned from
2 to 20 kPa by the POx:monomer composition, the POx chain length, net charge of the hydrogel intro-
duced via the monomer as well as by the organic content of the aqueous phase. The proliferations of
human mesenchymal stem cells (hMSCs) on the microbeads were studied. While neutral, hydrophilic
POx-PHEMA beads were bioinert, excessive colonization of hMSCs on charged POx-PMETAC and POx-
PSPMA was observed. The number of proliferated cells scaled roughly linear with the METAC or SPMA
comonomer content. Additional collagen I coating further improved the stem cell proliferation. Finally, a
first POx-based system for the preparation of biodegradable hydrogel microcarriers is described and
evaluated for stem cell culturing.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer microbeads are spherical hydrogel particles on the
micrometer or sub-micrometer scale and are considered as
discrete, crosslinked gel particles made of polymers [1,2]. In the last
decades, a steadily rising interest emerged since microbeads are
applicable in a large field of interest, comprehensively reviewed by
Snowden and co-workers [3], due to their enormous diversity in
size, structure and physicochemical properties. Whether as drug
delivery devices [4] or as three-dimensional scaffolds for cell
culturing [5,6], microbeads are playing an important part in
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biomedical research and development. Therefore many possible
materials, microbeads can be made off, like glass, poly(N-iso-
propylacrylamide) (PNIPAAm), poly(styrene) (PS), dextran, gelatin,
poly(ethylene gycol) (PEG) or poly(lactic-co-glycolic acid) (PLGA)
have been extensively studied for use as microcarriers, micro-
spheres or delivery vehicles [6e13] but most materials lack in
certain criteria of biocompatibility, adjustability or versatility.
Hence, poly(2-oxazoline)s (POx) are gaining more and more in-
terest due to their favorable properties. POx are prepared by living
cationic ring-opening polymerization (LCROP) of 2-substituted-2-
oxazolines resulting in defined polymers of low molar mass dis-
tribution [14]. Depending of the 2-substitution on one hand the
water-solubility can be adjusted from highly hydrophilic (2-
methyl-) or slightly amphiphilic being comparable to poly-
ethylene glycol (PEG) [15,16], to highly hydrophobic (e.g. 2-nonyl-)
[17,18], on the other hand reactive side-chains can be easily intro-
duced by using functional monomers [19e23]. Furthermore
different polymer architectures like star-polymers [24,25], or
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molecular brushes [26e29] are accessible. The hydrophilic poly(2-
methyl-2-oxazoline) PMeOx and poly(2-ethyl-2-oxazoline) PEtOx
were found to be non-toxic [16,30], showed very low to no com-
plement activation [31], a fast renal excretion [32] and POx-
conjugates exhibit the so called “stealth effect” very similar to
PEGylated compounds [16,33]. These properties renders POx as a
very promising polymer for the design of biomaterials [34e36].
One implementation is the use as POx-based hydrogels and
numerous different designs emerged in the last decades, exten-
sively investigated by Wiesbrock and co-workers [37] and recently
summarized by Schubert et al. [38] to create e.g. thermoresponsive
[34], pH- and reductive-responsive [39] or degradable [40] net-
works. However, only few efforts were made to explore and
investigate POx-based hydrogel particles in a biomedical context.
David et al. [41] reported on the fabrication of particles made of
PNiPAAm, PMeOx/PEtOx and 2-hydroxyethyl methacrylate (HEMA)
by a precipitation technique receiving particles in the range of
30e200 nm and size distributions of 1.05e1.15 and their use as drug
delivery vehicle. Zschoche et al. [42] synthesized poly(NIPAAm-
graft-(2-alkyl-2-oxazoline)) nanogels by crosslinking self-
assembled micelles. Recently, Taton and Lecommandoux et al.
[43] obtained nanogels by crosslinking of partially hydrolyzed
PEtOx. Spherical oxazoline-based fluorescent particles with di-
ameters ranging from 650 to 750 nm and narrow size distributions
were successfully prepared by Jerca et al. [44]. However, all parti-
cles reported to date are in the sub-micrometer size range with the
potential use as systemic drug-delivery systems. In the view of the
chemical and physical versatility of POx-based materials, an
intriguing field of application is their use as substantially larger but
defined microbeads or microcarriers for cell cultivation and espe-
cially in regenerative therapies.

In the present studywe describe for the first time the fabrication
of POx-based hydrogel microbeads by means of emulsion poly-
merization in batch as well as in a microfluidic system. While batch
synthesis resulted in microbeads of irregular shapes with in-
clusions and broad size distributions, synthesis with a microfluidic
setup [45] resulted in highly regular spherical particles of very
narrow size distributions and allowed precise control of the particle
diameters from over a broad range from 50 to 500 mm [46,47]. In
order to tailor crucial microgel properties, we aimed for a highly
modular and tunable system that allows defined control over
microgel size and composition to modulate relevant chemical and
physical properties. Besides the microbead size, chemical compo-
sition and charge, we also tuned the microbead stiffness by the
crosslinking density of the gels [48] to address the impact of
mechanosensing of adhered (stem) cells [49e52]. Our modular
system successfully allowed to modulate the adhesion of human
mesenchymal stem cell (hMSC) on the microbeads as a function of
their chemical composition, charge and surface chemistry [51,53].
Finally, we introduced a cleavable disulfide bond into the telechelic
POx crosslinkers for triggered microbead disintegration to enable
cell harvesting under mild physiological conditions with
glutathione.

2. Experimental section

2.1. Materials and methods

All chemicals were purchased from SigmaeAldrich (Weinheim,
Germany) or Acros (Renningen, Germany) and used as received
unless otherwise stated. Acetonitrile (ACN), triethylamine (TEA)
and 2-methyl-2-oxazoline (MeOx) were refluxed over CaH2 and
distilled under nitrogen prior to use. The initiator trans-1,4-
dibromo but-2-ene (DBB) was recrystallized from dry acetone
and dried in vacuum before use. 2-Hydroxyethyl methacylate
(HEMA), methacrylic acid (MAA) and propargyl p-toluenesulfonate
(P-OTs) have been purified by distillation under nitrogen.

Human bone marrow stromal cells (hMSCs) were isolated
from the iliac crest of healthy males (20 and 37 years old) and
kindly provided by theMedical Clinic I, Dresden University Hospital
Carl Gustav Carus, Germany.

Gel permeation chromatography (GPC) was performed with a
PL-GPC 120 using dimethyl acetamide (DMAc) as eluent that con-
tained 5 g/L LiBr and 1% Milli-Q water with a flow rate of 1 mL/min
at 70 �C. We used a precolumn (GRAM, 8 mm � 50 mm, 10m) and
two GRAM 1000 columns (8 mm � 300 mm 10m)) by PSS (Mainz,
Germany) for sample separation. The injection volume was 100 mL
and a refractive index (RI) detector was used for detection. The
system was calibrated against PMMA standards (PSS, Mainz, Ger-
many) in the range of 600 to 67,000 g/mol. MALDI-ToF-MS was
performed on a Biflex IV from Bruker Daltonics. Sample preparation
was executed as following; a solution of 1 mg/ml analyte in
methanol containing 0.1 vol% trifluoroacetic acid was mixed with a
saturated solution of sinapinic acid in methanol in a ratio of 1:5 and
1 mL was placed on the target. The systemwas calibrated against the
peptide calibration standard II (Bruker) at sample conditions. 1H
NMR spectroscopy was performed on a Bruker DRX 500 P at
500 MHz and 298 K, using CDCl3 and DMSO-d6 as solvents. The
spectra were calibrated to the TMS signal. Gas chromatography
(GC) was performed on a Varian 430-GC equipped with a CombiPal
robot and an Agilent Factor Four VF-5ms column (30 m 0.25 mm,
0.25 mm), at isobaric conditions (10.00 PSI), nitrogen as carrier gas
and a FID for detection. Colloidal probe spectroscopy (CPS) was
performed with an Ntegra Aura (NT-MDT, Moscow, Russia) atomic
forcemicroscope (AFM) on the swollenmicrobeads inMilli-Qwater
using a modified liquid cell. The cantilever (k ¼ 0.14 nN/nm in air)
was equipped with a home-made colloidal probe tip made from a
solid glass beadwith a diameter of 10 mmwhichwas attached to the
cantilever with the help of a nanomanipulator. For each data point
5 to 10microbeads per batchwere investigated bymeasuring thrice
at 5 different points on each individual bead with 15 s approach
and 15 s retreat time. Thus, per batch 75 to 150 individual
measurements were performed. Measurements with inconsistent
forceedistance curves resulting from movement of the microbead
during the probing or unsuitable spherical interaction were
disregarded.

2.2. Kinetic studies for the telechelic POx synthesis

In a glove-box a mixture of the initiator (DBB or P-OTs), ACN as
solvent, chlorobenzene as internal standard and MeOx (2.9 M) was
filled into a 10 mL GC vial and sealed with a crimper. After collec-
tion of the first sample at t ¼ 0 s the mixtures were shaken at 70 �C
using an agitator device. Samples of 1 mL were alternately taken
after 11 min and injected by an autosampler.

2.3. Synthesis

Disulfid-diazide was synthesized from a solution of 11 g
(49 mmol) of cystamine hydrochloride in 100 mL Milli-Q water
adjusted to pH 9 with 1.5 N NaOH and cooled to 0 �C. Chloroacetyl
chloride (2.5 eq) was added drop-wise while the pH value was
maintained between 7 and 9 with NaOH. After 3 days stirring at
room temperature the colorless precipitate was filtered, wash with
Milli-Qwater and dried over P2O5 under vacuum (2.5� 10�2 mbar).
The obtained colorless powder was dissolved in 100 mL DMF and
2.5 eq sodium azide was added step-wise. The mixture was stirred
overnight at 60 �C and subsequently diluted in 125 mL DCM and
200 mL Milli-Q. The organic phase was separated, washed thrice
with 80 mL Milli-Q water and the organic solvents were removed
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under vacuum. The yellowish residue was precipitated in ice-cold
ether, filtered and dried under high vacuum. This procedure gave
a colorless powder with a yield of 33%. 1H NMR (500 MHz, DMSO-
d6, 298K): d 8.31 (t, NH, J23 ¼ 5.38), 3.86 (q, CH2eCH2eNH,
J12 ¼ 6.48, J23 ¼ 12.87), 3.83 (s, COeCH2), 2.80 (t, SeCH2, J12 ¼ 6.78).

Poly(2-methyl-2-oxazoline)-dimethacrylate (PMeOxn) was
synthesized under dry and inert conditions from a mixture of 1 eq
DBB as the initiator and n (10 or 30) eq MeOx at 70 �C in ACN
([MeOx] ¼ 2.9 M). The reaction was terminated with a 2.5-fold
excess of MAA and TEA after calculated reaction time, stirred
overnight at 60 �C and neutralized with K2CO3. The polymer
product was precipitated twice and lyophilized to give a colorless
powder with a yield of 83%. 1H NMR (500MHz, CDCl3, 298K): d 6.08
(¼CH2), 5.6 (¼CH2), 5.6 (m,¼CHeCH2eN), 4.28 (m, CH2eCOO), 3.94
(m,¼CH-), 3.49 (m, NeCH2eCH2), 2.16 (m, COeCH3), 1.91 (m, CH2]

CeCH3).
Alkyne-endfunctionalized poly(2-methyl-2-oxazoline)-

methacrylate (P-PMeOxn) was synthesized as described above
with P-OTs as the initiator and adjusting the reaction time to the
different rate constants. After work-up a colorless powder with a
yield of 90% was obtained. 1H NMR (500 MHz, CDCl3, 298K): d 6.08
(¼CH2), 5.6 (¼CH2), 4.28 (m, CH2eCOO), 4.11 (m, CeCH2eN), 3.49
(m, NeCH2eCH2), 2.29 (s, HeC^C), 2.16 (m, COeCH3), 1.91 (m,
CH2]CeCH3)

Poly(2-methyl-2-oxazoline)-disulfide-dimethacrylate
(PMeOxn-DS) was obtained by copper-catalyzed azide-alkyne
cycloaddition (CuAAC) of P-PMeOxn and the disulfide-diazide.
Therefore, 2 eq of P-PMeOxn were coupled with 1 eq of the di-
sulfide-diazide in the presence of 10 eq ascorbic acid and 0.6 eq of
CuSO4 at ambient temperature in Milli-Q water. After subsequent
dialysis (MWCO 1000 kDa) a white powder could be obtained with
yield 95%. 1H NMR (500 MHz, DMSO-d6, 298K): d 8.53 (m, NH),
8.09e7.88 (m, NeCH]C), 6.01 (s, ¼CH2), 5.69 (m, ¼CH2), 5.06 (m,
COeCH2eN) 4.55 (m, ¼CeCH2eN), 4.19 (m, CH2eCOO), 3.42 (m,
SeCH2eCH2eNH, NeCH2eCH2), 2.75 (m, SeCH2eCH2), 2.0 (m,
COeCH3), 1.89 (m, CH2eC]CH3)

2.4. Hydrogel microbead preparation

2.4.1. Emulsion polymerization in batch
In a darkened environment, a mixture of the telechelic POx

crosslinker (PMeOxn or PMeOxn-DS), monomer (HEMA, METAC)
and 143 mg ammonium persulfate were dissolved in degassed
Milli-Q water (freezeepumpethaw cycled) to form the aqueous
phase. The solution was filtered (0.24 mm) and purged with nitro-
gen prior to use. Different ratios of the POx crosslinker to monomer
were used to obtain different network structures. The oil phase was
prepared from 250 mL dodecane and 1 g surfactant (SPAN80) was
filled into a stirring reactor (Rettberg, G€ottingen, Germany)
equipped with a heating shell to maintain a constant temperature
of 25 �C and purged with nitrogen under moderate stirring. After
30 min the stirring was stopped and the oil phase was equilibrated
for 15 min to eliminate the nitrogen gas bubbles. Afterwards a
constant stirring rate of 300 rpm was adjusted and the aqueous
phase was added constantly using a syringe. Droplets were formed
spontaneously and after 30min 100 mL TEMEDwas added. After 4 h
the gelation was completed, the mixture centrifuged, the oil phase
removed and themicrobeads dialyzed (5 kDaMWCO) against Milli-
Q water for 4 days. The prepared microbeads were stored in Milli-Q
water for further use.

2.4.2. Emulsion polymerization in a microfluidic system
A microfluidic (MF) device was prepared according to the pro-

tocol ofWhitesides et al. [45]. In short, MF structureswere designed
with an open source CAD program (Inkscape) and printed as a
negative onto a transparency with a high-resolution printer. We
used various designs and dimensions of the MF device, including T-
junction, flow focusing and varied the orifice dimensions from 100
to 175 mm as well as the injection angle (60� or 90�) at a fixed
channel width of 625 mm. For most of the hydrogel microbeads
presented here, an optimized design with T-type junctions and
625 mm channel width at 60� channel angle was used. This trans-
parency was used as a mask for photolithography to produce a
master from a copper based circuit board covered with a photo-
resist. After development, poly(dimethylsiloxane) (PDMS, RTV615,
MG Chemicals, New Mills, U.K.) was casted onto the master and
cured according to the literature [45] to build a polymeric replica
containing the channel structures. Tubing inlets to connect the MF
structure to the pumps were stamped out and the MF device
completed with a smooth PDMS plate. The obtained PDMS device
was connected to syringe pumps (type HLL LA-03 from Landgraf
Laborsysteme, Langenhagen, Germany). As in the batch procedure,
the aqueous phase was formed by dissolving the polymeric cross-
linker and monomer (HEMA, METAC, SPMA) with a saturated so-
lution of the photo initiator (IRGACURE®, BASF Ludwigshafen,
Germany) in degassed Milli-Q water. The aqueous phase was
purgedwith nitrogen as well as the oil phasemade from paraffin oil
and 4 g/L surfactant (SPAN80). Oil and aqueous phases were loaded
into each syringe pump of the MF device. Different flow rates for
the water phase from 0.75 to 3.5 mL/min and the oil phase from 300
to 1250 mL/min were used to control particle size and to maintain a
constant droplet formation (see main text). The droplets were
collected in stirring tank and crosslinked with UV light using a
200 W Hg lamp (type LSN265 from LOT-QuantumDesign, Darm-
stadt, Germany). After 2 h irradiation the mixture was drained,
centrifuged, the oil phase removed and the microbeads dialyzed
(5 kDa MWCO) for 4 days against Milli-Q water. Finally, microbeads
were sieved through a 600 mm mesh-strainer to remove bead
clusters. Additionally, when microbeads were prone to be used for
cell culture the beads were sieved through a 120 mm mesh to
remove endocytotic available particles. The purified microbeads
were finally stored in Milli-Q water for further use.
2.5. Microbead preparation for cell adhesion studies and collagen
coating

2.5.1. Native microbeads
Under sterile conditions (clean bench with laminar flow),

500 mg swollen microbeads were placed into 50 mL FALCON tube
and sterilized by replacing the water with 10 mL 70% ethanol for
10 minwhile slightly shaking. Then, ethanol was replaced by 30 mL
sterile phosphate buffered saline (PBS) and shaken for another
10 min. Washing was repeated twice, and PBS replaced by 10 mL
medium (Dulbecco's modified eagle medium (DMEM), 3.7 g/L
NaHCO3, 1 g/L D-glucose) without further fetal bovine serum (FBS)
added to improve cell adhesion according to the results of Yuan
et al. [9]. The tubes were left unsealed but covered for at least
15 min in a cell incubator (37 �C, 8% CO2) for equilibration.

Collagen coated microbeadswere obtained as described above
but by replacing the PBS buffer with 2 mL of a collagen solution
(3 g/L in 10 mM HAc). Afterwards, the microbeads were shaken for
1 day with a NeoLab® Intelli-Mixer to avoid microbead settlement.
Finally, all mircobeads were transferred under sterile conditions
into new tubes. After thrice washing with 10 mL 10 mM HAc, the
samples were incubated in FBS-free DMEM and stored under sterile
conditions for further use. The resulting collagen content was
determined by hydroxyproline assay according to Reddy et al. [54].



Polymer standard MMALDI (g/mol) Dispersity (Ð ¼ Mw/Mn)

PMeOx9 949 1.19
PMeOx19 1800 1.12
PMeOx27 2482 1.15
PMeOx50 4536 1.15
PMeOx93 8119 1.14
PMeOx200 16500 1.65
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2.6. Cell culture with human mesenchymal stem cells (hMSC)

After microbead preparation and collagen coating, each sample
was inoculated with 0.5 million hMSCs (P6) for each 500 mg
microbead batch and placed ajar in the incubator. During the first
4 h post-inoculation, an intermittent shaking was applied by
manual shaking for some seconds followed by 30 min without
shaking following a procedure described by Yuan et al. [9]. After-
wards, 20 mL tempered full medium (DMEM þ 0.2 mM L-
glutamine þ 1% PIS þ 10% FBS) was added and samples were
cultured for 7 days without further shaking but careful medium
exchange after the 4th day. Cell attachment was investigated by
bright field and fluorescence microscopy (Axio Observer. Z1m,
equipped with an AxioCam MRm all from Carl Zeiss Microscopy
GmbH, Jena, Germany) and quantified via lactate dehydrogenase
assay (LDH). All cell culture reagents were purchased from Bio-
chrom GmbH, Berlin, Germany except FBS (from Lonza Group, K€oln,
Germany).

2.7. Lactate dehydrogenase assay (LDH)

After incubation, medium was aspirated and microbeads
washed with warm PBS through a 70 mm sieve to separate non
adhered cells from themicrobeads. Microbeads were quantitatively
transferred into a 70 mm mesh-strainer in a 6-well-plate, covered
with 5 mL tempered trypsin and incubated at 37 �C for 15 min.
Immediately after incubation time, 5 mL full-DMEM (37 �C) was
added, sieves slightly shacked and transferred on a 50 mL FALCON
tube. The remaining liquid in the plate was used to wash the beads
and to transfer detached cells in the tube. Another 5 mL full-DMEM
(37 �C) was used to wash the 6-well-plate and to quantitatively
transfer all cells into the tube. The mesh-strainer with the
microbeads were dried, weighed and washed again to remove the
microbeads, dried and weighed again to yield the exact mass of
microbeads used in the experiment. The tubes with the cells were
centrifuged for 5 min at 0.4 G, the medium aspirated, 2 mL warm
PBS added, again centrifuged, the PBS aspirated and stored
at �80 �C for at least 1 day before the LDH assay (TaKaRa LDH
Cytotoxicity Detection Kit, MoBiTec, G€ottingen, Germany).

The LDH assay translates into cell numbers by external calibra-
tion using 500, 1,000, 2,000, 5,000, 10,000 and 20,000 cells.

2.8. Cell staining

Cultured cells on microbeads were washed with warm PBS,
fixed with 3.7% formaldehyde (PBS) for 25 min at 4 �C and washed
again with cold PBS. Cells were permeabilized in 0.1% Triton-X and
slightly shaken for 3 min, washed thrice with PBS and incubated
with 1% (v/v) BSA in PBS for 30 min to avoid unspecific binding.
Afterwards, the samples were incubated with a mixture of 6 mM
phalloidin (Alexa 488) and 1 mg/mL DAPI in 1% (v/v) BSA/PBS and
slightly shaken in the dark for 30e60min. Finally, microbeads were
washed thrice with 1% (v/v) BSA/PBS. DAPI staining of SPMA con-
tainingmicrobeads was not possible because of high DAPI uptake of
the negatively charged beads.

2.9. Degradation of PMeOx30-DS microbeads by glutathione or
sodium borohydride

2.9.1. Microscopy studies at physiological GSH concentration
Under nitrogen, a suspension of 1 g degradable microbeads (30-

1-M-DS) in 50 mL degassed Milli-Q water containing GSH was
slightly stirred at 37 �C. Degradation by 2.8 mMGSHwas monitored
by optical microscopy on sample fractions taken after indicated
time intervals. The change of the microbead elasticity upon
degradation by 10 mM GSH was examined in situ by CPS on indi-
vidual microbeads.
2.9.2. CPS studies at higher GSH concentration
Under argon, a degassed dispersion of 30-1-M-DS in 10mMGSH

was placed in a closed AFM liquid cell from NT-MDT. One
microbead was selected and the Young's modulus was determined
at indicated time intervals by CPS using a tip and set-up as
described above. CPS was performed on several beads without
noticeable deviations of the results. Data on one representative
continuous experiment is shown in the main text.
2.9.3. Degradation for SEC measurements
Under argon, 1 g 30-1-M-DS microbeads were subjected to

reductive decomposition using either 10 mM or 2.8 mM glutathione
(GSH) or 0.5 M sodium borohydride (all in 50 mL degassed Milli-Q
water) under nitrogen at 37 �C for 5 days. The crude final solution
was analyzed by SEC using a BioSep-SEC-S 2000 column (Phe-
nomenex, USA) with PBS (pH 7.4) as eluent at a flow rate of 0.5 mL/
min and UVevis detection at a wavelength of 210 nm. The system
was calibrated with a set of PMeOx homopolymer standards in the
range from 0.95 to 16.5 kg/mol to calculate the respective molar
mass from the elution time. Standards were synthesized by LROP
usingmethyltriflate as the initiator, MeOxmonomer and piperidine
as the termination agent as described elsewhere [22,30]. PMeOx
standards were characterized by endgroup analysis based on 1H
NMR spectroscopy data and MALDI-ToF-MS. Standards used were:
3. Results and discussion

3.1. Synthesis of POx crosslinkers

There are several possibilities to synthesize a POx-based
hydrogels and to combine it with a second polymer for further
property tuning [38]. In our design we wanted to take advantage of
the precise molecular engineering of POx and use the polymer as a
telechelic polymer crosslinker to modulate the gel elasticity as well
as to introduce a biodegradable group within the POx chain. The
preparation of the hydrogel should be reliable and applicable for
emulsion type polymerization to allow formation of beads. Hence, a
telechelic POx equipped with methacrylic end groups had to be
synthesized and copolymerized with methacrylates by free radical
(photo)polymerization. For the microbead preparation, we adopted
the synthesis of bulk POx hydrogels as reported by Du Prez et al.
[55,56], using a,u-functionalized POx. The telechelic POx was
synthesized from trans-1,4-dibromo but-2-ene (DBB) as the initi-
ator [57] for the living cationic ring-opening polymerization
(LCROP) of 2-methyl-2-oxazoline (MeOx) and methacrylic acid as
the terminator (Fig. 1a) [56,58e59]. The crosslinking density of the
resulting gels was varied by either the length of the POx crosslinker,
adjusted by the MeOx to DBB ratio, and/or later by a different ratio
of the POx crosslinker to the methacrylic comonomers in the free



Fig. 1. Synthesis of telechelic methacrylate functionalized poly(2-methyl-2-oxazoline) (PMeOxn, total length of 2n ¼ 10, 30) crosslinkers using a) trans-1,4-dibromo but-2-ene as a
bisfunctional initiator. Incorporation of a biodegradable disulfide linker was realized by b) click-reaction of an a-alkyne-u-methacrylate POx (P-PMeOxn) and a subsequent click-
reaction with a disulfide-diazide compound to yield PMeOxn-DS with a total length of 2n ¼ 30.
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radical polymerization.
To incorporate a biodegradable linker into the hydrogel

microbeads, first, a clickable POx (P-PMeOxn) was synthesized
equipped with a proximal alkyne and a distal methacrylate group
with propargyl p-toluenesulfonate (P-OTs) as the initiator [25],
again, MeOx as themonomer for LCROP andmethacrylic acid as the
terminator. The complete linker with a central disulfide group
(PMeOx-DS) was assembled by quantitative copper catalyzed
alkyne azide cycloaddition (CuAAC) with a disulfide-diazide com-
pound (Fig. 1b). As POx crosslinkers, PMeOxn and PMeOxn-DS were
used in the consecutive emulsion polymerization. Both linkers
were set to the same length having 10 or 30 MeOx units in total.

The LCROP of MeOx with both initiators was investigated by
kinetic studies as previously reported [24] to elucidate the stoi-
chiometric living polymerization characteristics of the initiator
Fig. 2. First order kinetic plots for the polymerization of 2-methyl-2-oxazoline (MeOx)
with trans-1,4-dibromo but-2-ene or propargyl p-toluenesulfonate as the initiator
([MeOx] ¼ 2.9 M, T ¼ 70 �C in ACN).
systems. The resulting first-order kinetic plots (Fig. 2) showed a
good linear behavior up to high monomer conversions as expected
for a highly living polymerization system. For DBB, an apparent
polymerization rate of kPapp of 2.1 mmol/L and an effective rate
constant per initiating group of 1.06 mmol/L was found; P-OTs gave
a kPapp of 1.43 mmol/L at 70 �C and a monomer concentration of
2.9 M. This relates to a reaction time of approx. 95 min for the
conversion of 10 monomer units (PMeOx10) and 4 h for 30 mono-
mer units (PMeOx30) for DBB initiation and 80 min for P-PMeOx15,
respectively. As expected, the rate constants of a tosylate initiator
are higher than for a halide such as bromide because of the lower
nucleophilic character of the gegenion during the LCROP. With the
use of the kinetic behavior, telechelic POx could be synthesized in
high yields, low dispersities, Ð, and maximum fidelity with respect
to the end functionalization, F. As apparent from Table 1, in all cases
the determined POx chain length could be successfully adjusted by
the initial monomer to initiator ratio ([M]0/[I]0).

The resulting molar masses are in a good agreement with the
calculated masses except the masses of the alkyne-bearing POx
received from the GPC investigation to show slightly higher molar
masses. This shifted elution time is most probably due to an un-
specific interaction of the polymer via the end group with the
stationary phase which results in a shift to an apparent higher
molar mass. From the MALDI-ToF-MS spectrum of P-PMeOx15, a
good agreement between targeted and obtained average molar
mass was found. Detailed analysis of all polymers by GPC, 1H NMR
spectroscopy and MALDI-ToF-MS confirmed the structures as out-
lined in Fig. 1. The 1H NMR spectra of P-PMeOx15 and after the
CuAAc of PMeOx30-DS are displayed in Fig. 3a and b along with the
GPC traces before and after the click reaction (Fig. 3c). In the 1H
NMR spectra, all signals could be assigned according to the litera-
ture especially indicating the high endgroup functionalization [25]
and comparison of the GPC traces indicates a quantitative click-
reaction.

3.2. POx-based microbeads

For the fabrication of hydrogel microbeads several methods are



Table 1
Analytical data of telechelic POx crosslinkers.

Polymer [M]0/[I]0 na Mcalc [g/mol] Mn
b [g/mol] Mp

c [g/mol] Fa [%] Ðb

PMeOx10 10 10 1075 1050 1247 95 1.19
PMeOx30 30 30 2777 2860 3074 93 1.27
P-PMeOx15 15 15 1400 1870 1474 97 1.17
PMeOx30-DS 30 33 3120 4870 3489 96 1.12

a Determined by endgroup analysis from 1H NMR spectroscopy data.
b Determined by GPC, Ð ¼ Mw/Mn.
c Determined by MALDI-ToF-MS.

Fig. 3. 1H NMR spectra of a) P-PMeOx15 and b) PMeOx30-DS as well as c) GPC traces of
P-PMeOx15 and PMeOx30-DS conforming quantitative conversion of P-PMeOx15 to
PMeOx30-DS by CuAAC.
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available such as dispersion, precipitation and inverse emulsifica-
tion techniques, spray drying, or coacervation leading to various
particle sizes and distributions [60]. As we aimed for a modular and
scalable method we first investigated the conventional method by
w/o emulsion polymerization in batch to yield microbeads from the
water phase containing the POx crosslinker, comonomers and a
redox initiator in oil (dodecane) and an emulsifier (SPAN80) by
mechanical agitation and free radical polymerization to form the
hydrogel particles in the water droplets. As monomers we selected
the hydrophilic 2-hydroxyethyl methacrylate (HEMA), the posi-
tively charged [2-(methacryloyloxy)ethyl]trimethylammonium
chloride (METAC) and the negatively charged sulfopropyl methac-
rylate (SPMA) to elucidate the effect of the comonomers charge
upon themicrobead elasticity as well as the cell adhesion. Variation
of the crosslinker length (PMeOx10, PMeOx30 and PMeOx30-DS) and
comonomers to crosslinker ratio should vary the resulting average
arc-length of the hydrogel and thus, the gel elasticity. Moreover, the
concentration of polymerizable compounds in the water phase
(organic content %) should result in thin (soft) or denser (stiffer)
hydrogels. Indeed, the batch emulsion polymerization with e.g.
PMeOx10,30 and HEMA as the comonomer readily resulted in stable
hydrogel microbeads of various sizes which could also be tuned by
the stirring speed. However, inspection of the beads by optical
microscopy (Fig. 4aee) revealed the formation of irregular particles
with inclusions and protrusions (Fig. 4c), very broad dispersities
(Fig. 4d) and inhomogeneous cores (i.e. double emulsions). More-
over, it was planned to additionally coat themicrobeads by proteins
in a consecutive step to modulate later cell adhesion by optimizing
the particle surface properties. For batch synthesized microbeads,
fluorescence-labled BSA was used in an assay to investigate
protein-particle interaction and coating possibilities. Microbeads
from batch showed inhomogeneous staining (Fig. 4e) and are thus
not useful for consecutive coating procedures. We accounted the
problems of emulsion polymerization in batch to an inefficient and
inhomogeneous formation of the aqueous droplets by stirring,
adhesion and/or association of droplets or partially polymerized
gels during the crosslinking reaction. Variation of reaction condi-
tions including change of the emulsifier or emulsifier content, oil
phase (n-heptane, paraffin, dodecane) did not significantly improve
the microbead morphology to a degree that would allow a later
systematic investigation.

An intriguing alternative to produce hydrogel microbeads of
defined morphology, narrow size distribution, tunable sizes and
even various shapes is their formation by microfluidics in which an
aqueous phase is constantly injected into a flow of oil to form
droplets of defined sizes in the range of tens to some hundreds of
micrometers [1,12,46,61]. Such devices are relatively easy to pre-
pare by rapid prototyping using PDMS [45]. We therefore fabricated
and tested various microfluidic (MF) devices made from PDMS
connected to two syringe pumps, one injecting the aqueous phase
as described above into a continuous flow of paraffin oil to create
defined aqueous droplets in series. The droplets were collected in a
reservoir and the hydrogel matrix was obtained by free radical
photopolymerization of POx crosslinkers and comonomers with
the aid of a photoinitiator (IRGACURE®) and an UV lamp illumi-
nating the reservoir. For most designs we readily obtained stable
and very uniform hydrogel particles but most reliably with a simple
T-junction geometry with 625 mm channel width and various flow
rates to control the particle size. An injection angle of 60� was
found to be ideal for the droplet formation and to avoid that the oil



Fig. 4. Comparison of POx-based hydrogel microbeads prepared by emulsion polymerization in batch (aee) and in a microfluidic (MF) device (fej). Bright-field optical micrographs
of batch synthesized particles (aec) revealed the formation of irregular and inhomogeneous particles of a broad size distribution. Exemplarily, the particle size distribution of B-30-
3-H is shown (d) with a PDI of 1.143 and particles with an average diameter of 153 ± 60 mm but ranging from 30 to 320 mm. Microbeads prepared by MF were spherical with a
narrow size distribution (PDI ¼ 1.026) (i). Fluorescence microscopy of rhodamine-BSA coating of the microbeads showed inhomogeneous coating for microbeads prepared in batch
(e) whereas MF microbeads allowed homogeneous staining (j). Please note that the BSA coating could be removed by washing because of the low particle protein interaction. For
MF, the particle diameters could be adjusted in a wide range by the variation of the flow rates and flow rate ratio of the oil:water phase (see Table 2). Scale bar in all micrographs is
100 mm.
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phase is pressed into the water guiding channel. Selected examples
of hydrogel microbeads prepared by MF are depicted in Fig. 4eeh
along with their typical size distribution Fig. 4i as determined by
image analysis of optical micrographs. Moreover, incubation with
rhodamine-BSA resulted in homogeneous staining of the particles
(Fig. 4j), indicating a uniform coating, which renders the
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microbeads suitable for consecutive coating procedures. Besides
the significantly improved microbead uniformity, it is noteworthy
that microbead fabrication by microfluidics is readily scalable as it
can be performed in a continuous process. In our case, the
microbead output is in the range of 1.5e2 g/h.

The general reaction scheme for the preparation of hydrogel
microbeads by emulsion polymerization in batch and in a MF de-
vice is outlined in Fig. 5 along with the abbreviations for the
respective particles used for the measurements of the elasticity of
the hydrogel microbeads as well as later cell cultivation
experiments.

Table 2 summarizes selected examples of microbeads prepared
by MF under variation of the used POx crosslinker (PMeOx10,30: 10-
or 30-; with an additional disulfide: -DS)monomer (-H: HEMA; -M:
METAC) and their respective ratio in wt% (POx cross-
linker:monomer -1-: 70/30, -2-: 50/50, -3- 30/70) at different flow
rates and flow rate ratios.

For entries 1 to 6 the crosslinker, monomer and composition
was fixed (30-1-M) and the flow rates for the oil and water phase
was varied in a wide range in order to tune the average diameter of
the microbeads. As apparent, the sizes of the microbeads could
successfully be tuned from 60 to 480 mm and in all cases spherical,
homogeneousmicrobeads of narrow size distributions were readily
obtained. Smaller as well as much larger microbeads with a
diameter of 20 mm or beyond 500 mmwere obtained with different
MF designs and conditions, however, as the first aim of this work
was the preparation of microcarriers for the cultivation of human
mesenchymal stem cells, these approaches will be subject of future
studies. The particle diameter was a direct function of the water
phase flow rate, however, in order to realize relatively small or big
particles also the flow rate of the oil phase had to be modified to
ensure a constant droplet injection at the T-junction. Thus, the flow
rate ratio is additionally listed to show the flow rateesize correla-
tion. This correlation is not valid for other compositions (entries 7
to 24) as the viscosity of the aqueous phases as well as the contact
angle upon contact with the oil phase changes significantly for
different crosslinker:monomer compositions and crosslinkers used.
Fig. 5. Preparation of hydrogel microbeads by emulsion polymerization in batch with ammo
using IGACURE® as the photoinitiator and UV irradiation. With different POx crosslinker
controlled. As comonomers either HEMA, METAC or SPMA were used. Furthermore, POx cro
microbeads.
Entries 7 to 24 lists the MF conditions for materials prepared
from different POx crosslinker chain lengths and cross-
linker:monomer ratios to vary the hydrogel arc-length which
should yield microbeads of different stiffness. Moreover, two
different monomers (HEMA and METAC) were used to study the
influence of charges in the hydrogel upon the microbead elasticity
and finally, for a given composition the organic content in the
aqueous phase was varied. Only for one case (30-3-H, entry 11), we
could not obtain stable hydrogel microbeads because the high
HEMA content resulted in an incomplete crosslinking reaction
within the aqueous droplets.

The last column lists the Young's modulus of the microbeads as
determined by colloidal probe spectroscopy (CPS). CPS was per-
formed according to Butt et al. [62,63], using the Hertz equation to
calculate the Young's modulus from the forceedistance curves. For
batch synthesized materials, CPS did not give reproducible results
as measurements on individual beads from the same batch gave
very different Young's moduli and a representative value for a
single batch could not be determined thus, only CPS results from
microbeads prepared byMF are given. In Fig. 6a the Young's moduli
are compared for the different POx crosslinker length, used
monomer and crosslinker to monomer ratio measured for different
individual beads from the same batch. For both PMeOx crosslinkers,
the hydrogel becomes systematically softer for increased contents
of the hydrophilic HEMA. This is expectable because of the increase
of the average gel arc-length formed by PHEMA by the UV poly-
merization. However, increase of crosslinker length results not in a
softer but significantly stiffer material (10.5 kPa for 10-1-H vs.
22 kPa for 30-1-H) but differences are smaller for higher HEMA
contents (6.2 kPa for 10-2-H vs. 13 kPa for 30-2-H). This might
indicate a better incorporation of the longer PMeOx30 crosslinker
into the PHEMA hydrogel network as for the longer POx crosslinker
the comparison of the elasticity with PMETAC materials also shows
an overall higher Young's modulus. However, as PMeOx-co-PHEMA
microbeads displayed no significant protein adsorption or cell
adhesion in studies described below, this aspect was not further
investigated. For METAC containing material, the trends are as
nium persulphate/tetramethylethylenediamine (APS/TEMED) and by microfluidics (MF)
lengths (10, 30) and variation of the crosslinker:monomer ratio, the gel density was
sslinkers with a disulfide core (PMeOx30-DS) were incorporated to yield biodegradable



Table 2
Characterization of microbeads prepared by emulsion polymerization in a microfluidic device (MF device type: T-junction, 625 mm channel width at 60� angle and flow rates
for the oil and water phase as indicated). For all entries the organic content, OC (POx and monomer), was 30 wt% unless otherwise stated.

# Microbeads (OC, wt%) Composition POx/Monomer (wt%) Flow rate (mL/min) oil:water Flow rate ratio Diameter (mm)a DispersityPDIb Young's modulus (kPa)c

1 30-1-M 70/30 1250:1.5 833 59 ± 13 1.0427 n.d.
2 30-1-M 70/30 950:1.5 633 141 ± 13 1.0077 n.d.
3 30-1-M 70/30 650:1.5 433 219 ± 15 1.0051 n.d.
4 30-1-M 70/30 1250:3.5 357 370 ± 16 1.0002 n.d.
5 30-1-M 70/30 350:2.9 120 426 ± 12 1.0001 n.d.
6 30-1-M 70/30 350:3.5 100 476 ± 14 1.0001 n.d.
7 10-1-H 70/30 400:1 400 154 ± 15 1.0085 10.5 ± 1.7
8 10-2-H 50/50 50:0.5 25 122 ± 37 1.0166 6.2 ± 0.8
9 30-1-H 70/30 200:1.5 133 184 ± 13 1.0064 21.8 ± 6.5
10 30-2-H 50/50 250:0.75 333 184 ± 15 1.0372 13.2 ± 2.4
11 30-3-H 30/70 various various no beads e e

12 30-1-H-DS 70/30 750:0.75 1000 219 ± 17 1.0064 4.6 ± 1.7
13 10-1-M 70/30 400:1 400 185 ± 11 1.0029 14.4 ± 6.9
14 10-2-M 50/50 350:1 350 191 ± 13 1.0041 15.1 ± 2.9
15 10-3-M 30/70 400:0.8 500 145 ± 11 1.0058 16.5 ± 5
16 30-1-M 70/30 400:0.75 533 222 ± 16 1.0073 5.6 ± 1
17 30-2-M 50/50 300:0.75 400 260 ± 16 1.0041 8.7 ± 1.6
18 30-2-M (20%) 50/50 400:0.75 533 233 ± 20 1.007 6.7 ± 2.1
19 30-2-M (10%) 50/50 400:0.8 500 281 ± 23 1.006 2.5 ± 0.8
20 30-2-M (7.5%) 50/50 400:0.75 533 316 ± 22 1.007 2.1 ± 0.7
21 30-3-M 30/70 400:1 400 267 ± 15 1.0054 11.9 ± 3.8
22 30-1-M-DS 70/30 300:1 300 161 ± 10 1.0039 2.3 ± 1.2
23 30-2-M-DS 50/50 300:1 300 160 ± 6 1.0018 4 ± 1.9
24 30-3-M-DS 30/70 300:1 300 187 ± 10 1.0028 5.9 ± 2.3

a Determined by image analysis of optical micrographs, ± ¼ standard deviation.
b PDI ¼ dn/dd.
c Determined by colloidal probe microscopy, ± ¼ standard deviation.

Fig. 6. Elasticity of the microbeads as probed by colloidal probe spectroscopy. a)
Young's modulus as a function of POx crosslinker length, monomer type and POx
crosslinker:monomer composition for organic content of 30%. b) Modulation of the
elasticity by variation of the organic content from 30 to 7.5 wt% for 30-2-M type
hydrogel microbeads. Values are presented as mean (n ¼ 3e16) ± S.D., **p < 0.05,
***p < 0.01 using Student's t-test.
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expected. A longer POx crosslinker gives softer materials, while
more METAC stiffens the material as incorporation of more METAC
introduces more positive charges into the gel and the coulomb
repulsion of the PMETAC polyelectrolyte results in a systematic
stiffening of the hydrogel microbeads. In this series the elasticity of
microbeads could be systematically tuned from 5 to 22 kPa. Ma-
terials described till now (entries 1e17 and 21e24) were prepared
with an organic content (POx crosslinker and monomer) of 30 wt%
in the aqueous phase. Additionally, for entries 17 to 19 in Table 2,
the organic content was systematically changed from 30 to 7.5 wt%
for 30-2-M typematerials. Fig. 6b shows the significant reduction of
the Young's modulus as a function of the organic content. With this
additional parameter, the Young's modulus could be systematically
reduced from 9 kPa (30 wt%) to a very soft hydrogel of 1e2 kPa for
7.5 wt% organic content without change of the chemical composi-
tion of the material.

In conclusion, by the variation of the composition, monomer,
used POx crosslinker and organic content, microbeads with Young's
moduli from 1 to 2 kPa up to 22 kPa are accessible. In early studies,
Discher et al. [50,64], pointed out that the elasticity of hydrogel
substrates plays a significant role in the cell differentiation of
adhered stem cells. Although later studies gave a more detailed
picture [52] this specific aspect will be subject of own future studies
using the here described microbeads because the POx chemistry
readily allows incorporation of additional adhesion motifs as well
as growth factors by chemical ligation as recently demonstrated by
Dargaville et al. [65]. With the microbeads described in this study,
fully synthetic and well controlled 3D matrices of very different
elasticitymimicking soft, brain like tissue, muscle up to collagenous
material are now accessible in a facile and reproducible manner.
3.3. Cultivation of human mesenchymal stem cells (hMSCs)

The suitability of the hydrogel microbeads synthesized by MF
for the cultivation of cells was investigated in order to evaluate
their potential in regenerative therapies. We studied the
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proliferation of human mesenchymal stem cells (hMSCs) onto the
POx-based microcarriers as bone marrow derived hMSCs are an
ideal cell source for numerous regenerative therapies and tissue
engineering [66,67].

For the cell studies, we synthesized microcarriers under varia-
tion of the POx crosslinker, monomer (HEMA, METAC and SPMA),
crosslinker:monomer ratios but of comparable particle diameter
around 410 ± 10 mm to exclude effects of the microcarrier geometry
such as the particle curvature, area per particle and different
interparticle volumes. This was relatively easy by adjusting the flow
rates of the oil and water phase in the microfluidic device.

For each microbead type, 500 mg portions of microbeads were
incubated for 7 days with hMSCs, not adhered cells were removed.
The hMSC colonization of the microbeads was carefully quantified
by LDH assay. Fig. 7 gives the average number of hMSCs on the
respective microbeads.

For POx-HEMA beads (30-1-H and 30-2-H), no cell adhesion and
later proliferation was observed because their highly hydrophilic
nature rendered them bioinert. In contrast, microbeads containing
positively charged PMETAC showed excessive hMSC colonization
and very high numbers of proliferated stem cells. Interestingly, the
cell number reached a maximum for POx-METAC beads with a
crosslinker:monomer ratio of 50:50 at 341 � 104 and
363 � 104 cells/g, respectively, independent of the crosslinker
length and microbead stiffness (15.1e8.7 kPa). We observed no
significant difference within (X ¼ 1,2,3) or between (10 or 30) for
the POx-METAC samples. For the 10-2-S type microbeads a signif-
icantly higher cell number was found as compared to the 30-X-S
series and the 10-3-S sample. Comparison of microcarriers pre-
pared with METAC and SPMA comonomers, however, showed sig-
nificant differences (p < 0.01) in cell counts which can be explained
by the net charge of the beads being positive (METAC) or negative
(SPMA). We found that hMSCs proliferation is up to 7 times better
on positively charged microbeads such as 30-2-M (340 � 104 cells/
g) as compared to 30-2-S (47 � 104 cells/g). This is in good agree-
ment to previous studies that revealed significantly higher hMSC
proliferation on positively charged PAH-terminated polyelectrolyte
multilayers comparing to negatively charged PSS-terminated ones
due to thicker and denser fibronectin layers on the surface and thus
a better hMSC adhesion [68,69].
Fig. 7. Colonization of POx-based MF-microbeads composed from short (10: PMeOx10)
or long (30: PMeOx30) POx crosslinkers and hydrophilic neutral (H: HEMA), positive
(M: METAC) and negative (S: SPMA) monomers of different crosslinker:monomer ra-
tios (1: 70:30; 2: 50:50; 3: 30:70) by hMSCs as quantified by an LDH assay after 7 days
incubation time. Cell numbers are presented as mean (n ¼ 3) ± S.D., **p < 0.05,
***p < 0.01 using Student's t-test.
The hMSCs on all microcarrier types prepared with HEMA,
METAC and SPMA comonomers with the same PMeOx30 crosslinker
was investigated by fluorescence microscopy using DAPI as nucleus
marker, and phalloidin (Alexa 488) as F-actin marker.

Fluorescence microscopy of fixed and stained cells (Fig. 8c)
revealed very good cell adhesion and effective cell spreading
around the charged hydrogel microcarriers. We also observed that
hMSCs started to populate the interparticle spaces and attached
onto two or more microcarriers simultaneously. Analysis of several
fluorescent micrographs revealed excessive colonization of up to 50
hMSC cells on a single 30-1-M microcarrier of an average diameter
of 490 mm. Fig. 8c also shows that hMSCs do not populate POx-
HEMA microbead surfaces. Additionally, the influence of an adhe-
sion promoting coating of the microbeads was investigated and
native as well as collagen type I coated cells were compared as
collagen type I presents optimal ligands for the cell adhesion of
hMSCs [66].

As apparent from Fig. 8 not only hMSC colonization was sup-
pressed for the PMeOx-PHEMA (30-1-H) type material, also at-
tempts to coat the bioinert material with collagen I was not
successful and only minor amounts of collagen I could be deter-
mined by the hydroxyproline assay. Consequently, the proliferation
of hMSCs on 30-1-H beads did not significantly improved. The pure
hydrophilic PMeOx-PHEMAmicrobeads are thus unsuitable for cell
culturing [70,71]. However, this non-biofouling behavior of PMeOx-
PHEMAmicrobeads might prove to be highly interesting for the use
of the material in another biotechnological context. On positively
charged PMeOx-PMETAC (30-3-M) microbeads, 200 mg/g collagen I
could be deposited and negatively charged PMeOx-SPMA (30-3-S)
microbeads were coated efficiently with 400 mg/g as collagen I
exhibit a net positive charge [66]. The proliferation of hMSCs on the
native positive PMeOx-PMETAC as well as on the negatively
charged PMeOx-PSPMA is high and in terms of cells/mass beads
(around 60 � 104 cells/g microcarriers) and cell spreading very
similar. The additional collagen I coating further improves the
hMSC proliferation but most significantly for 30-3-S as their high
PSPMA content results in a high negative net charge which allows
efficient collagen I deposition and thus stronger adhesion promo-
tion for hMSCs. For the collagen coated PMeOx30-PSPMA material,
the LDH assay gave a very high cell population of 140� 104 cells per
gram microbeads after an incubation time of only 7 days.

It is noteworthy that the cell culture studies performed with the
POx-based microbeads were rather facile because the beads could
be effectively dispersed during the cell incubation phase by slight
agitation but readily settled as individual particles when left
unstirred. Moreover, the uniform beads assemble as relatively
stable colloidal crystals, which allows a facile exchange of the
aqueous phases for culture media exchange or during the washing
steps without disturbing the microbead/cell assembly. All
microbeads were found to be thermally stable and could be auto-
claved prior to the cell studies. In summary, the POx-based
microbeads were found to be a robust and easy to handle 3D ma-
trix system for the cultivation of stem cells.

3.4. Biodegradable hydrogel microbeads for regenerative therapy

Major obstacles for effective regenerative therapies is the effi-
cient ex vivo expansion of stem cells on 2D or 3D scaffolds [9] as
well as their transfer into a living organism under preservation of
their cell character. Both aspects might be addressable by the use of
POx-based hydrogel microcarriers as 3D cultivation scaffolds.
However, even after a successful transplantation of injectable
microcarriers populated by stem cells, the synthetic scaffolds then
remain in the organism and might cause local infections or cause
complement activation if they are not sufficiently bioinert.



Fig. 8. Adhesion of hMSCs on native and collagen I coated PMeOx30-PHEMA, -PMETAC and -PSPMA microbeads. a) Obtained collagen coating in mg/g microbeads as quantified by
hydroxyproline assay after coating with 3 g/L collagen type I (rat tail) for 1 day and subsequent washing. b) Numbers of adhered hMSCs in 104 cells/g microbeads for native and
collagen I coated microcarriers. c) Fluorescent micrographs of fixed and stained (Alexa 488 and DAPI) hMSCs adhered to the microcarriers after 7 days in culture. Please note that
DAPI staining was not possible for PHEMA or PSPMA containing microcarriers due to strong unspecific uptake of the DAPI into the beads. Scale bar is 100 mm for all micrographs.
Values are presented as mean (n ¼ 3) ± S.D., **p < 0.05, ***p < 0.01 using Student's t-test.
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For the use of the POx-based microbeads in regenerative ther-
apies, we selected a disulfide group as a central bridge of the tel-
echelic POx linker as outlined in Fig. 5 to allow slow biodegradation
Fig. 9. Biodegradable microcarriers were prepared from PMeOx30-DS crosslinkers with a cen
the presence of glutathione (GSH) at physiological concentrations (2.8 mM) the hydrogel m
“POxylated” polymeric fragments. b) Development of the Young's modulus with the time of
beads (30-1-M-DS) in the presence of 10 mM GSH to avoid additional oxidation as the CPS l
M-DS microbeads after treatment of 2.8 mM GSH (solid gray line), 10 mM GSH (dashed lin
almost complete degradation to molar masses lower 9 kDa. Indicated molar masses were obt
the complete disintegration of 30-1-M-DS microbeads in 2.8 mM GSH solution at 37 �C at i
stained (Alexa 488 and DAPI) hMSCs on degradable microcarriers after 7 days in culture. S
of the microcarrier hydrogel under physiological conditions by
glutathione (GSH) at concentrations around 2.8 mM [72]. The
degradation of the hydrogel network by central chain scission of
tral disulfide group and METAC monomers at a ratio of 70:30 (entry 22 in Table 2). a) In
icrobeads disintegrate because of central chain scission of the PMeOx crosslinker to

GSH exposure at 37 �C as probed by in situ colloidal probe spectroscopy of the hydrogel
iquid cell could not be operated under inert conditions. c) SEC traces of degraded 30-1-
e) and NaBH4 (solid line, positive control) at 37 �C after 5 days incubation confirming
ained from calibration with PMeOx homopolymer standards. d) Optical micrographs of
ndicated time points. Scale bars are 100 mm e) Fluorescence micrographs of fixed and
cale bars are 100 mm.
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the PMeOx crosslinker is schematically outlined in Fig. 9a. Most
importantly, the resulting polymeric degradation products will still
be side chain substituted with short PMeOx chains and possibly of
relatively low molar mass. Detailed studies have showed that
PMeOx conjugates exhibit the so-called stealth effect which signif-
icantly prolongs the blood circulation time of POx-conjugates [33]
and strongly reduces their immunogenicity [16] as well as
toxicity [73]. Furthermore, PMeOx itself is hemocompatible [74],
non-toxic [30] and hydrophilic PMeOx is readily cleared from the
body by renal excretion [32]. Hence, hydrogel disintegration by
central PMeOx chain scission should result in low molar mass,
biocompatible and water soluble polymer fragments that can be
excreted. This may even apply for the positively charged POx-
PMETAC fragments. Normally, polycationic compounds show sub-
stantial cytotoxicity but it was recently found that polycations liked
to PMeOx show low to none cytotoxicity even at high concentra-
tions as well as low serum protein binding [73].

First, the degradation of 30-1-M-DS type microbeads (entry 22
in Table 2) by GSH for 5 days was studied by optical microscopy
under exclusion of oxygen at body temperature (schematic reaction
Fig. 9a). The GSH concentration was set to 2.8 mM as a typical
physiological concentration found for e.g. extracellular rat brain
fluid [72] since in additional work we report on the use of POx-
based microbeads for neuronal cell culture [75]. The series of mi-
crographs in Fig. 9d show the complete structural disintegration of
the beads. Already after 2 h, no more structurally intact particles
could be found but mostly larger fragments. The particle disinte-
gration continues steadily until after 2e3 days only very small
fragments could be found. Finally, after 5 days the microbeads were
transformed into a homogeneous solution without detectable
microscopic fragments.

Additionally, the progression of the network degradation was
investigated with respect to the changes of the Young's modulus of
individual hydrogel microbeads by means of in situ CPS. Here, the
GSH concentration had to be set to 10 mM to significantly reduce
the degradation time from several days to 27 h and to minimize
effects of GSH oxidation as the AFM liquid cell could not be oper-
ated under strict inert conditions and to allow for consistent elas-
ticity measurements. Fig. 9b shows the significant reduction of the
Young's modulus during the GSH mediated degradation. The initial
elasticity of 2e3 kPa was dramatically reduced within the first 7 h
to 0.5 kPa and within 17 h slowly dropped to around 100 Pa until no
more fragments could be found for meaningful elasticity mea-
surements. For comparison, CPS measurements on microbeads of
the very same batch were performed in the absence of GSH. The
negative control gave intact and unchanged microbeads after
several days at 37 �C in buffer with no noticeable change of their
elasticity. Thus, it can be concluded that in the absence of GSH the
particles are stable.

Furthermore, we investigated the molar masses of the water
soluble polymeric fragments of the microbeads after GSHmediated
degradation (Fig. 9c) by size exclusion chromatography (SEC). As
these metabolic compounds would eventually enter the blood cir-
culation, their mass should be below the renal excretion threshold
to avoid or minimize unspecific organ deposition. The 30-1-M-DS
particles were degraded at the different GSH concentrations
(physiological 2.8 mM and 10 mM as used in the CPS experiment)
and, for comparison, by a strong reducing agent, sodium borohy-
dride (0.5 M) for 5 days at 37 �C. After the GSH incubation the
resulting crude solution was analyzed by SEC calibrated by PMeOx
homopolymers in the range between 0.95 and 16.5 kDa (Fig. 9c).
Reductive degradation of the microbeads by sodium borohydride
resulted in a complete disintegration of the beads to surprisingly
lowmolarmass polymeric fragments. The relatively defined elution
peak has a maximum around t ¼ 21.5 min which corresponds to a
molar mass of onlyz2.2 kDa. The 30-1-M-DSmaterial degraded by
GSH gave broader and increasingly multimodal distributions but
with elution peak maxima corresponding to the same molar mass.
A second peak maximum around t ¼ 22 min (M ¼ 1.43 kDa) is
visible for degradation products with 10 mM GSH. Overall, the
water soluble polymer fragments from both experiments with GSH
were found to have molar masses below 8.3 kDa and are thus way
below the renal excretion limit of around 30e50 kDa [76]. Finally,
we performed control experiments with the degradable positively
and negatively charged microbeads (30-1-M-DS and 30-1-S-DS) to
exclude an influence of the introduced disulfide bond in the POx-
linker on the cell colonization and verify the stability of the
microbeads under cell culture conditions. As apparent from the
fluorescencemicrographs in Fig. 9e, both types of beads were stable
under cell culture conditions for at least 7 days and hMSCs colo-
nization was very similar to the analog microbeads without the
disulfide group.

The GSH-triggered degradation of disulfide-bridged POx-mico-
beads is not only an intriguing material for regenerative therapies
but may also facilitate cell harvesting.

4. Conclusion

In this work we present the synthesis of hydrogel microbeads
based on telechelic poly(2-oxazoline) (POx) crosslinkers and the
methacrylatemonomers HEMA, METAC and SPMA.While emulsion
polymerization in batch gave irregular beads of undefined size,
emulsion polymerization in a microfluidic (MF) device resulted in
homogeneous and regular beadswith narrow size distributions and
also allows the fabrication of microbeads in a continuous manner
with an output of approx. 3e4 g/h. Variation of the MF parameters
controlled the microbead size from 50 to 500 mm. Microbead
elasticity could be tuned from 2 to 20 kPa by the POx:comonomer
composition, the POx chain length, net charge of the hydrogel
introduced via the comonomer and the organic content in the
water phase. The proliferation of human mesenchymal stem cells
(hMSCs) on the microbeads were studied. While neutral, hydro-
philic POx-PHEMA beads were bioinert, excessive colonization of
hMSCs on charged POx-PMETAC and POx-PSPMA were found. The
number of adhered cells scaled roughly linear with the METAC or
SPMA to POx ratio. Additional collagen I coating further improved
the stem cell colonization on the hydrogel microbeads. Finally, a
first biodegradable hydrogel microcarrier system based on poly(2-
oxazoline)s is described for the use in regenerative therapies which
should allow ex vivo culturing, transplantation and GSH-trigged
degradation of the beads into small polymeric fragments with
molar masses way below the renal excretion threshold. The
biodegradable POx-microcarriers are also of interest for continuous
cell proliferation in bioreactors.
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