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Polymers with a poly(ethylene glycol) backbone and mercaptomethyl side chains were synthesized by post-polymerization mo-
dification of hydroxymethyl side chains in three steps. As the starting point of the synthetic route, linear copolymers of ethylene
oxide and glycidol with molar contents of glycidol repeating units of approximately 20, 40, 60, 80 and 100% were used. The
polymer-bound hydroxyl groups were converted to thiol groups in three steps, comprising tosylation, introduction of a triphe-
nylmethyl protected thiol and thiol deprotection by acid treatment. The degree of thiol-functionalization was controlled by the
degree of functionalization of the starting material. The degree of conversion of hydroxyl groups to thiol groups determined by
1H NMR spectroscopy was quantitative for copolymers with approximately 20 and 40% glycidol repeating units and 92, 81 and
87% for copolymers with approximately 60, 80 and 100% glycidol repeating units, respectively. Exemplarily, poly(glycidylthiol)
obtained by conversion of poly(glycidol) was crosslinked with poly(ethylene glycol) diacrylate (PEG-DA) to yield hydrogels
which supported adhesion and proliferation of human fibroblasts 48 h after cell seeding. Spatially defined and surface attached
gel structures were fabricated by subsequent inkjet printing of poly(glycidylthiol) and PEG-DA solutions onto acrylated glass
slides.

Introduction

Polymers with a poly(ethylene glycol) (PEG) backbone are a
highly interesting class of materials. The parent compound
PEG itself is soluble in water and many organic solvents, is
non-toxic and hydrolytically stable.1–4 This chemical profile
leads to bioinertness and makes it a much used material for
various applications ranging from cosmetics,5 drug delivery,6

surface treatments7 and tissue engineering.8

Characteristic for PEG itself is the lack of functional groups
present per macromolecule. This is due to the synthesis of
the polymer which involves the ring-opening polymerization
(ROP) of ethylene oxide (EO).1,9,10 The number of functional
groups is generally limited by the number of end groups. In or-
der to circumvent the limitation of only two functional groups
per macromolecule for linear PEG derivatives, multi-arm or
star-shaped PEGs have been developed.11–13 Unfortunately,
this approach does not allow tailoring the number of functional
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groups independently from the macromolecular architecture.

An approach which enables the introduction of a defined
number of functional groups per macromolecule and the con-
trol of the polymer architecture at the same time is the
localization of the functional groups in the polymer side
chains. For polymers with a PEG backbone (PEG-based poly-
mers), this can be achieved by ROP of functionalized epox-
ide monomers.14 This way, different functional groups like
hydroxyl,15,16 amino,17,18 furan,19 chloromethyl20 or vinyl
ether groups21 have been introduced. However, the num-
ber of known functionalized epoxide monomers which can be
(co)polymerized is limited. Thus, post-polymerization modi-
fication of functional groups is often necessary, e.g. the thiol-
ene addition of thiols to vinyl functionalities,21 the conver-
sion of chloromethyl into amino groups22 or the introduction
of ATRP initiators starting from poly(glycidol) with hydroxyl
side chains.23

A functional group particularly relevant for polymer sci-
ence is the thiol group due to its excessive reactivity, e.g. for
crosslinking by disulfide formation24 or post-polymerization
reactions like the click thiol-ene or thiol-Michael reac-
tions.25,26 Also the binding of thiol-functionalized polymers
to cell surfaces was shown by Bacalocostantis et al. 27 with
possible implications for cell adhesion.
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The thiol group has not yet been successfully introduced
into PEG-based polymers by the polymerization of function-
alized epoxides. In fact, ROP experiments with sulfur con-
taining epoxide compounds have not yet led to highly defined
polymers since these compounds undergo manifold side reac-
tions.28–30

Thus, the introduction of thiol groups could so far only be
achieved by post-polymerization modification. As an attrac-
tive starting point, hydroxyl groups were used for a large vari-
ety of modifications.31 Also thiol groups were introduced suc-
cessfully by crosslinking esterfication of poly(glycidol) with
3,3’-dithiodipropionic acid and subsequent reduction of the
disulfide crosslinks.32 The drawback of this approach hy-
drolytic lability of the linker group.

In order to rule out the possibility of hydrolytic cleav-
age of the polymer side chains, the aim of this work was
to synthesize PEG-based polymers with mercaptomethyl side
chains. In order to show the general applicability of the
post-polymerization approach, we aim to control the de-
gree of thiol-functionalization, i.e. the fraction of repeat-
ing units carrying a thiol group, by the degree of hydroxyl-
functionalization of the precursors. Finally, we will demon-
strate the usefulness of the resulting polymers by inkjet print-
ing to form hydrogels in a proof of principle experiment. We
hypothesize that the thiol-functionalization has a significant
effect on the interaction of the material with cells.

Experimental

Intrumentation and Methods
1H NMR spectra (500 MHz) were recorded on a ”Avance 500”
spectrometer (Bruker) with chloroform-d1 as the solvent and
tetramethylsilane as internal standard. Sample concentrations
were about 20 mg per 0.5 mL deuterated solvent. Size ex-
clusion chromatography (SEC) measurements in tetrahydro-
furan (THF) with a polystyrene calibration were performed
at 40 ◦C and with injection volumes of 50 µL on a ”1260
Infinity GPC-SEC Analysis System” (Agilent Technologies)
equipped with ultraviolet (UV) (255 nm) and refractive index
(RI) detectors and a column combination of ”PSS SDV Guard
10 µL” and ”PSS SDV lin M 10 µL”. Samples were pre-
pared by dissolving the polymers at concentrations of approx-
imately 2 mg mL-1 at 40 ◦C for 72 h and subsequent filtra-
tion through 0.2 µm PTFE syringe filters. Differential scan-
ning calorimetry (DSC) measurements were performed on a
”DSC 200 F3 Maia” (Netzsch) with sample masses of 15 mg
in the temperature range from -100 ◦C to 100 ◦C with heat-
ing/cooling ramps of 10 K min-1 in Al crucibles under nitro-
gen. Glass transition temperatures were determined from the
second heating curves. UV/VIS spectra were collected on a
”UV-2450” photospectrometer (Shimadzu) in quartz glass cu-

vettes. For UV curing, a UV chamber with a UVA light in-
tensity of 15 mW cm-2 was used. Thiol concentrations were
determined by a photometric assay according to Egwim and
Gruber in DMSO as the solvent.33 Light and fluorescence mi-
croscopic images were collected using a ”BZ-9000 Biorevo”
microscope (Keyence). For inkjet printing, the piezoelectric
inkjet printer Dimatix DMP-3000 (Fujifilm Dimatix Inc., AD
Weesp/NL) was used. The printing head has 16 nozzles with a
diameter of 21.5 µm, which are arranged in a line with a space
of 254 µm between the nozzles. A drop spacing of 20 µm was
selected.

Solvents, Reagents and Materials

Nitrogen ”N 50” was purchased from Air Liquide (Düsseldorf,
Germany) and dried by passing through a Varian ”Gas Clean
Moisture” filter prior to use. All the chemical syntheses
were performed under an atmosphere of dry nitrogen. The
following chemicals were purchased from Sigma-Aldrich:
Glycidol (96%), ethyl vinyl ether (99%), p-toluenesulfonic
acid monohydrate (98.5%), p-toluenesulfonyl chloride (TsCl,
99%), sodium hydroxide (NaOH, 97%), dimethyl sulfoxide
(DMSO, anhydrous, >99.9%), tetrahydrofuran (THF, anhy-
drous, >99.9%), ethylene oxide (EO, 99.8%), calcium hy-
dride (95%, +4 mesh), fluorescein diacetate (FDA), propid-
ium iodide (PI), triphenylmethanethiol (TrtSH, 97%), tri-
ethylsilane (Et3SiH, 99%), triethylamine (NEt3, 99.5%), hy-
drochloric acid (HCl, 37%), potassium tert-butoxide (KOtBu,
≥98%), KOtBu solution in THF (1.0 M), poly(ethylene gly-
col) diacrylate (PEG-DA, average Mn 700) and chloroform-
d1 (CDCl3, 99.8 atom-% D). They were used as received
except for DMSO and THF (anhydrous, were further dried
over molecular sieves 4 Å) and EO (was passed through a
column of calcium hydride prior to use). Hydrogen per-
oxide (H2O2) solution (30%) and ammonium hydroxide so-
lution (25%) were purchased from Fluka. Trifluoroacetic
acid (TFA, ≥99.9%) was purchased from Carl Roth GmbH.
4,4’-dithiodipyridine (DTDP, 98%) was obtained from Alfa
Aesar. 3-Acryloxypropyltrimethoxysilane (95%) was pur-
chased from ABCR. Methanol (ACS reagent grade), ethanol
(99.9%, HPLC grade), acetone (HPLC grade), dimethylfor-
mamide (DMF, ACS reagent grade), THF (HPLC grade) and
dichloromethane (DCM, ACS reagent grade) were purchased
from J.T. Baker. Water was withdrawn from a Barnstead Gen-
Pure xCAD water purification system (Thermo Scientific). 1-
Ethoxyethyl glycidyl ether (EEGE) was prepared as described
by Fitton et al.34 Glass slides were obtained from Thermo Sci-
entific. Hellmanex R⃝ II was received from Hellma Analytics.
The radical photoinitiator 1-[4-(2-hydroxyethoxy)phenyl]-2-
hydroxy-2-methyl-1-propan-1-one (Irgacure 2959) was a kind
gift from Bodo Möller Chemie GmbH (Germany). Phos-
phate buffered saline (PBS) contained 137 mmol L-1 sodium
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chloride, 2.7 mmol L-1 potassium chloride, 1.5 mmol L-1

potassium dihydrogen phosphate, 8.1 mmol L-1 sodium hy-
drogenphosphate, 1.1 mmol L-1 magnesium chloride and
0.9 mmol L-1 calcium chloride. Standard tissue culture dishes
were obtained from Greiner Bio-One. Cell culture medium
for the cultivation of human fibroblasts consisted of Dul-
becco’s modified Eagle’s medium (DMEM) containing 10%
(v/v) fetal calf serum (FCS; Invitrogen, Germany) and 1%
(v/v) penicillin streptomycin. Human fibroblasts for cycto-
compatibility investigations were obtained from biopsies (af-
ter informed written consent was given) and isolated and ex-
panded according to Kluger et al. 35 The fibroblasts were
stored at -196 ◦C, defrosted before use and seeded at a density
of 40,000 cells cm-2 in tissue culture flasks. Finally, the cells
were harvested by trypsinization and a cell suspension with a
cell density of 3x105 cells mL-1 was prepared. The fibroblasts
were used in passage 2.

Synthesis of Poly[EEGE-co-(ethylene oxide)]

Below, an experimental procedure for the copolymerization
of EO and EEGE with a molar ratio of approximately 60:40
(sample number 2) is given. The other polymerizations were
carried out accordingly with identical total monomer concen-
trations (see Table 1 for details and product characteristics;
for the homopolymerization of EEGE, the addition of EO was
omitted.). In a Schlenk flask, 9.951 g EEGE (68.1 mmol,
43 eq.) were dissolved in 40 mL anhydrous DMSO. The solu-
tion was cooled to -20 ◦C in an ice-acetone bath and 4.161 g
EO (94.5 mmol, 59 eq.) were distilled into the reaction flask.
The frozen reaction mixture was warmed to room temperature,
mixed well by stirring, frozen in liquid nitrogen and evacuated
to a pressure of approx. 10-1 mbar. The reaction mixture was
warmed to room temperature and the polymerization was initi-
ated by addition of 1.6 mL of a 1 M KOtBu solution (1.6 mmol
KOtBu, 1 eq.) in THF through a rubber septum. The poly-
merization was carried out in vacuo at 60 ◦C for 72 h. The
solvent was removed under reduced pressure at 60 ◦C and a
highly viscous, amber polymer was obtained (yield: 14.292 g,
quantitative). 1H NMR (CDCl3, 500 MHz): δ /ppm = 1.19
(m, –CH2–CH3), 1.29 (m, –CH–CH3), 3.3–3.8 (m, polyether
backbone and CH2 next to backbone, –CH2–CH3), 4.70 (m,
–CH–CH3).

Synthesis of Poly[(ethylene oxide)-co-(glycidyl tosylate)]

Below, an experimental procedure for the tosylation of
poly[EEGE-co-(ethylene oxide)] with a molar ratio of approx-
imately 40:60 (sample number 7) is given. The other tosyla-
tions were carried out accordingly with identical concentra-
tions of the functional groups involved (see Table 2 for details
and product characteristics). For the cleavage of the acetal

protecting groups, 5.549 g of polymer sample 2 (26.8 mmol
acetal groups, 1.0 eq.) were dissolved in 22 mL methanol and
2.7 mL 1 M hydrochloric acid (2.7 mmol H+, 0.1 eq.) were
added. The reaction mixture was stirred at room temperature
for 5 h. The solution was neutralized with aqueous sodium hy-
droxide solution (1 M) and the solvent was removed at room
temperature under reduced pressure. For tosylation of the lib-
erated hydroxyl groups, the highly viscous, amber residue was
dissolved in 10 mL water and a solution of 2.697 g sodium
hydroxide (67.0 mmol, 2.5 eq.) in 10 mL water was added.
The solution was cooled to 5 ◦C in an ice bath. A solution
of 7.665 g p-toluenesulfonyl chloride (40.2 mmol, 1.5 eq.)
in 30 mL THF was added dropwise, keeping the tempera-
ture below 25 ◦C. The reaction mixture was stirred at room
temperature for 24 h. It was neutralized by addition of 1 M
hydrochloric acid and the THF was removed by rotary evap-
oration at 40 ◦C. The liquid phase of the remaining aqueous
mixture was decanted. The gummy residue was dissolved in
10 mL THF and precipitated in 100 mL methanol. The repre-
cipitation was repeated another two times and the precipitate
dried in vacuum, yielding 6.271 g poly[(ethylene oxide)-co-
(glycidyl tosylate)] (yield: 81%) as a tacky white residue. 1H-
NMR (CDCl3, 500 MHz): δ /ppm = 2.43 (s, Ar–CH3), 3.3–3.8
(m, PEG backbone), 3.8–4.2 (m, Ar–SO3–CH2–), 7.34 (m,
Ar–H ortho to methyl), 7.77 (m, Ar–H meta to methyl).

Synthesis of Poly[(ethylene oxide)-co-(glycidyl trityl
thioether)]

Below, an experimental procedure for the synthesis of
poly[(ethylene oxide)-co-(glycidyl trityl thioether)] with a
molar ratio of approximately 60:40 (sample number 12) is
given. The other reactions were carried out accordingly with
identical concentrations of the functional groups involved (see
Table 3 for details and product characteristics). 1.785 g
KOtBu (15.9 mmol, 1.5 eq.) were dissolved in 40 mL an-
hydrous THF and 5.130 g triphenylmethanethiol (18.6 mmol,
1.8 eq.) were added. A solution of 3.041 g of polymer sample
7 (10.3 mmol tosylate groups, 1.0 eq.) in 30 mL anhydrous
THF was added and it was stirred at room temperature for
20 h. The reaction mixture was added dropwise to 450 mL
methanol. The solvent was decanted, the resulting precipitate
was dissolved in 40 mL THF and the reprecipitation was re-
peated in 400 mL methanol another two times. 3.470 g of a
brittle white residue were obtained (yield: 84%). 1H-NMR
(CDCl3, 500 MHz): δ /ppm = 2.1–2.5 (m, –CH2–S–CPh3),
2.8–3.7 (m, PEG backbone), 7.20 (m, Ar-H), 7.38 (m, Ar-H).

Synthesis of Poly[(ethylene oxide)-co-glycidylthiol]

Below, an experimental procedure for the synthesis of
poly[(ethylene oxide)-co-(glycidylthiol)] with a molar ratio
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of approximately 60:40 (sample number 17) is given. The
other reactions were carried out accordingly with identical
concentrations of the functional groups involved (see Table 4
for details and product characteristics). All liquids were de-
gassed by five consecutive freeze-pump-thaw cycles directly
before use. 1.305 g of polymer sample 12 (3.27 mmol triph-
enylmethyl groups, 1.0 eq.) were dissolved in 35 mL DCM.
3.5 mL of TFA and 3.5 mL of Et3SiH were added. The so-
lution was stirred at room temperature for 24 h. The sol-
vents were removed in vacuo and the vicous residue was dis-
solved in 2.5 mL THF. The product was precipitated in 25 mL
petroleum ether three times. 0.413 g of a highly viscous,
colourless polymer were obtained (yield: 90%). 1H-NMR
(CDCl3, 500 MHz): δ /ppm = 1.61 (m, –SH), 2.4–2.9 (m, –
CH2–SH), 3.4–4.1 (m, PEG backbone).

Gel Formation of Poly(glycidylthiol) and PEG-DA

As gel component 1, 0.706 g poly(glycidylthiol) 20 were dis-
solved in 3.8 mL degassed DMF. As gel component 2, 0.857 g
PEG-DA were dissolved in 2.3 mL DMF and 0.35 mL NEt3
were added. For gelation, 325 µL of gel component 1 (con-
taining 51 mg polymer, 566 µmol thiol groups, 1 eq.) and
325 µL of gel component 2 (containing 79 mg PEG-DA,
226 µmol acrylate groups, 0.4 eq.) were mixed in a glass
vial. The gelling time was monitored by the test tube in-
verting method which defines gelling to have occurred when
the mixture does not flow under the influence of gravity for
1 minute.36

Investigation of Hydrogel Cytocompatibility

For cell experiments, the viscous gel precursor solution was
pipetted into a cylindrical glass mold with a diameter of
16 mm and a height of 2.5 mm with a cylindrical indentation
in the center with a diameter of 10 mm and a height of 1 mm,
giving the gels a pan-like shape. The mold was covered with
a glass slide and the gels were cured for 24 h at room temper-
ature.

As a control for the cell experiments, hydrogels from PEG-
DA without the addition of poly(glycidylthiol) 20 were pre-
pared. For this purpose, 500 µL of a 30% (w/v) aqueous so-
lution of PEG-DA (containing 150 mg PEG-DA) were mixed
with 107 µL of a solution of Irgacure 2959 (28 mg Irgacure
2959 in 4 mL water) and 143 µL water, yielding a gel pre-
cursor solution with 20% (w/v) PEG-DA concentration. This
solution was pipetted into an identical mold as the gels above,
covered with a quartz glass pane and irradiated in the UV
chamber for 10 minutes.

After curing, each gel was washed with 20 mL acetone for
8 h three times and once with 20 mL ethanol/water (70:30)
for 2 h and were from now on handled under sterile condi-

tions. Then, they were washed with 10 mL PBS buffer for
70 h, changing the washing buffer seven times at regular in-
tervals. Finally, the gels were immersed in 10 mL cell cul-
ture medium and washed for 8 h three times. For cell cul-
tivation, 50 µL of the fibroblast suspension described above
(containing 15000 cells) were pipetted onto the hydrogel. The
seeded hydrogels were kept under standard cultivation con-
ditions (37 ◦C and 5% CO2 in a humidified incubator) to
allow cell adhesion and proliferation. After 3 h and 48 h,
cell adhesion, morphology, and cell confluency were exam-
ined by fluorescence-based live/dead staining using FDA and
PI.37 For the FDA/PI staining the hydrogels were put into a
petri dish and carefully washed with PBS. The rim of the gels
was cut away in order to create a flat surface suitable for mi-
croscopy. 20 µL FDA/PI solution (10 µL of a 5 µg mL-1 FDA
solution in acetone + 10 µL of a 0.5 µg mL-1 PI solution in
PBS + 980 µL PBS) were pipetted onto each hydrogel and
incubated for 1 min at 37 ◦C. The gels were investigated by
fluorescence microscopy.

Inkjet Printing of Gel Formulation

As a printing substrate, glass slides were functionalized with
acrylate surface functionalities. For this purpose, glass slides
were cleaned by heating in a 2% aqueous Hellmanex R⃝ II so-
lution (v/v) to 40 ◦C for 45 minutes. Then, the glass sur-
face was activated by heating to 70 ◦C in a 1:3 mixture (v/v)
of H2O2 solution (30%) and ammonium hydroxide solution
(25%) for 40 minutes. The glass slides were washed with
water and ethanol and dried in vacuo for 60 minutes. Fi-
nally, they were immersed into a 5% solution (v/v) of 3-
acryloxypropyltrimethoxysilane in ethanol/water (95:5, v/v)
for 20 h under gentle agitation.

A spatially defined gel structure was formed by printing
double layers of gel component 1 and gel component 2 for-
mulated as described above onto the acrylate-functionalized
glass slides. In total, four double layers were printed on top of
each other, waiting 10 minutes after printing of each double
layer before resuming the printing process. The printed gel
structure was left to cure for 5 days at room temperature in an
atmosphere saturated with DMF vapor. The printed gels were
immersed carefully into DMF and shaken gently for 60 min-
utes. The glass slides were dried carefully in a stream of ni-
trogen, making sure not to dry the gels.

Results and Discussion

Synthetic Strategy

The introduction of hydroxymethyl groups into side chains
of PEG-based polymer is well documented using the ac-
etal protected monomer EEGE for homopolymers15,38 and
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Scheme 1 Synthetic route to the mercaptomethyl side chain function-
alized PEG-based polymer poly[(ethylene oxide)-co-glycidylthiol]
starting from poly[EEGE-co-(ethylene oxide)]. Free hydroxyl groups
(not represented in this figure) in the side chains were generated by
acidic treatment of the acetal protected starting polymers.

copolymers with EO or propylene oxide.39,40 It was shown
that poly[EEGE-co-(ethylene oxide)] can be synthesized as
a nearly statistical copolymer by anionic ROP using alkox-
ide initiators.40 Therefore, we used this system as the start-
ing point of our synthetic strategy for the introduction of thiol
functionalities into PEG side chains.

Starting from the acetal protected hydroxyl groups in the
side chains, we envisioned that it should be possible to gen-
erate thiol groups in three steps (Scheme 1). The first step
involves deprotection and activation of the hydroxyl groups
by tosylation. The tosylate groups can then be displaced by a
potent sulfur nucleophile, such as triphenylmethanethiol. The
triphenylmethyl protective group can be removed in the final
step by acidic treatment.

An acid labile protective group instead of a base labile one
was chosen because of the greater stability of thiols in acidic
environments and the less pronounced tendency to form disul-
fide bonds.41 In the case of a multifunctional polymer, this
would result in an insoluble polymer network which cannot
be processed as simple as soluble polymers.

Prepolymer Synthesis and Deprotection

The synthesis of different copolymers of EO and EEGE as
well as of a homopolymer of EEGE was carried out success-
fully. The different copolymer compositions and copolymer
characteristics are summarized in Table 1. The gravimetric

Table 1 Poly[EEGE-co-(ethylene oxide)] copolymer characteris-
tics of different compositions (a)number average molecular weight
(Mn) and weight average molecular weight (Mw) determined by
SEC. b)Glass transition temperature (Tg) determined by DSC.
c)Theoretical molar fraction of EEGE (p%Gr) in the monomer mix-
ture before polymerization determined gravimetrically. d)Molar frac-
tion of EEGE repeating units (p%NMR) in the copolymer determined
by 1H NMR spectroscopy.).

Mn
a)/

g mol-1
Mw/
Mn

a)
Tg

b)/
◦C

p%Gr/
% c)

p%NMR/
% d)

1 2760 1.49 -64.9 21.7 21.0
2 3860 1.42 -63.8 41.9 40.4
3 3580 1.70 -63.9 60.2 58.1
4 4700 1.67 -62.1 81.5 79.7
5 3980 1.88 -61.7 100 100

polymer yields of samples 1–5 were quantitative. Also, the
copolymer compositions determined by 1H NMR were near
the theoretical values defined by the monomer mixture be-
fore copolymerization (Figure 1). The Mw/Mn values were
between 1.4 and 1.9, increased with the EEGE content of
the monomer mixture and were higher than reported so far
in the literature. Also the molecular weights determined by
SEC are below the theoretical values which should corre-
spond to an average degree of polymerization of approxi-
mately 100. This indicates to more chain transfer reactions
taking place when DMSO is used as the polymerization sol-
vent than e.g. in THF40 or diglyme23 and is comparable to
the values obtained by Taton et al..15 However, monomodal
molecular weight distributions (MWDs) were obtained (Fig-
ure 2). The main objective of this study is to show the feasibil-
ity of thiol-functionalization by post-polymerization reactions
of polymers 1–5. The shapes of the MWDs should therefore
be preserved during the reaction sequence.

For post-polymerization modification of the polymer side
chains, the acetal protective groups were cleaved by treat-
ment with hydrochloric acid, yielding poly[(ethylene oxide)-
co-glycidol]. Since acidic degradation of a poly(glycidol)
backbone with hydrochloric acid was reported,15 the reac-
tion mixture was neutralized before removal of the solvent
in vacuo. The sodium chloride formed during neutraliza-
tion should not interfere with the following reaction and the
poly[(ethylene oxide)-co-glycidol] obtained was used directly
without further purification for the next step.

Tosylation of Hydroxyl Groups in the Side Chains

The general feasibility of the tosylation of a side chain
hydroxyl-functionalized PEG-based polymer was demon-
strated by us using poly(glycidol) as the starting material.42

Here we show that this approach is also suitable for the tosy-
lation of copolymers of ethylene oxide and glycidol. The char-
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Fig. 1 1H NMR spectra of polymer samples 3, 8, 13 and 18 (from
top to bottom).

acteristics of the resulting poly[(ethylene oxide)-co-(glycidyl
tosylate)] copolymers are summarized in Table 2. Polymer
samples 6–10 were directly derived from samples 1–5. Poly-
mer samples 6–10 were generally highly viscous liquids to
tacky solids that were insoluble in water and methanol, but
soluble in THF, DCM and chloroform.

In order to assess the success of the reaction, the degree of
conversion of the side chain hydroxyl groups was calculated
from the 1H NMR signals (Figure 1). The 1H NMR spec-
trum showed the characteristic tosyl group related signals at
a chemical shift of 2.43 (methyl group), 7.34 and 7.77 ppm
(aromatic protons). The percentage p%Ts of repeating units
carrying a tosyl group was calculated as:

p%T s =
4 · Int(T s)

9 · Int(BB)+ Int(T s)
(1)

Here, Int(Ts) is the sum of the tosylate related 1H NMR sig-
nal intensities (signals a’, c’, d’ and e’ in Figure 1) and Int(BB)
is the signal intensity of the backbone protons (signal b’ in
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Fig. 2 Molecular weight distributions (MWDs) of all polymer
samples synthesized in this study determined by SEC relative to
polystyrene standards. The monomodal shape of the MWD of the
starting material (samples 1–5) was maintained throughout the re-
action sequence as shown in Scheme 1, indicating that the polymer
backbone remained unaltered and that no crosslinking took place.

Figure 1). For copolymer samples 6 and 7 with copolymer
samples 1 and 2 as precursors carrying 21.0 and 40.4% func-
tionalized repeating units, practically quantitative conversion
of the hydroxyl side chains to the corresponding tosylate side
chains was achieved. For polymer samples 8–10, the degree of
conversion decreased with increasing degree of functionaliza-
tion of the precursor due to steric hindrance of the remaining
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Table 2 Poly[(ethylene oxide)-co-(glycidyl tosylate)] copolymer
characteristics of different compositions (a)Degree of tosylation
(p%Ts) of polymer repeating units determined by 1H NMR and equa-
tion 1. For other symbol explanations, see Table 1).

Mn/
g mol-1

Mw/
Mn

Tg/
◦C

p%Ts
a)/

%
yield/
%

6 3320 1.34 -24.5 23.4 77
7 4410 1.25 -4.7 39.6 81
8 3920 1.55 7.6 54.6 86
9 5060 1.60 17.7 69.9 76
10 4370 1.67 28.1 87.1 78

hydroxyl groups. In case of the homopolymer 10, 87.1% of
the hydroxyl side chains were converted. The remaining hy-
droxyl groups were not expected to participate in or interfere
with the following reactions and thus were not considered to
be problematic.

Together with the increase of the degree of tosylation, the
glass transition temperature (Tg) increased. It closely followed
the prediction made by the Fox equation43 with a Tg for PEG
of -67 ◦C,44 showing that the degree of functionalization is
well controlled.

In all cases, the tosylation proceeded without altering the
shape of the MWD (Figure 2). This also proves that during the
preceding deprotection step, no polymer backbone cleavage
occurred. Looking at the corresponding Mw/Mn value pairs,
the Mw/Mn values generally decreased a little. We speculate
that this was due to the loss of low molecular weight oligomers
during the reprecipitation in methanol.

Nucleophilic Displacement of the Tosylate Groups in the
Side Chains

In the reaction step following the tosylation, a thiol nucle-
ophile is needed. We chose triphenylmethanethiol which
carries an acid labile protecting group and is commercially
available in sufficient purity, unlike similar examples de-
scribed in the literature like 4-methoxybenzylthiol,45 2,4,6-
trimethoxybenzylthiol46,47 or xanthenylthiol.48,49 Addition-
ally, the triphenylmethyl protecting group (trityl group) can
be cleaved quantitatively by treatment with TFA with Et3SiH
as a cation scavenger at room temperature.50,51 These depro-
tection conditions should leave the PEG backbone unaltered,
making the triphenylmethyl protecting group suitable for our
purpose.

The utilization of a protected thiol instead of the direct
method using the sulfide anion offers two main advantages: a)
The formation of crosslinks during tosylate replacement is not
possible. With sulfide anions this could only be avoided us-
ing a large excess of sulfide. b) The triphenylmethyl protected
polymers are expected to be shelf-stable at room temperature.

Table 3 Poly[(ethylene oxide)-co-(glycidyl trityl thioether)] copoly-
mer characteristics of different compositions (a)Degree of triphenyl-
methyl thioether functionalization (p%STrt) of polymer repeating
units determined by 1H NMR and equation (2). For other symbol
explanations, see Table 1).

Mn/
g mol-1

Mw/
Mn

Tg/
◦C

p%STrt
a)/

%
yield/
%

11 3930 1.30 2.2 25.8 72
12 5560 1.34 26.2 41.0 84
13 5650 1.47 35.6 55.7 91
14 5910 1.70 73.2 67.8 95
15 5050 1.69 79.9 87.3 74

This is not the case for the tosylated polymers described above
of which the MWDs changed upon storage. The storage of
polymers with free thiol groups is also expected to be difficult
due to the formation of disulfide bridges under the influence
of oxygen.

The characteristics of the poly[(ethylene oxide)-co-
(glycidyl trityl thioether)] copolymers (sample numbers 11–
15) resulting from the reaction of poly[(ethylene oxide)-co-
(glycidyl tosylate)] with different degrees of functionalization
(sample numbers 6–10) are shown in Table 3. The polymers
were brittle solids (polymer samples 12–15) or highly viscous
liquids (polymer sample 11). They were insoluble in water
and methanol but soluble in THF, DCM and chloroform.

Again the success of the reaction was assessed with 1H
NMR spectroscopy (Figure 1). The tosylate group derived
signals disappeared completely and a new set of signals of the
triphenylmethyl protecting group at 7.20 and 7.38 ppm was
observed. The degree of functionalization p%STrt of polymer
repeating units with triphenylmethyl thioether groups was cal-
culated in analogy to equation (1):

p%STrt =
4 · Int(STrt)

17 · Int(BB′)+ Int(STrt)
(2)

Here, Int(STrt) is the sum of the triphenylmethyl thioether
related signals intensities (signals a”, c” and d” in Figure 1)
and Int(BB)’ is the backbone related signal intensity (signal b”
in Figure 1). The resulting values for p%STrt were practically
identical with the corresponding values for p%Ts, showing a
complete conversion of the polymer bound tosylate groups in
spite of the large steric demand of the triphenylmethyl group.

Like for the previous step, the introduction of the protected
thiol group was possible without altering the shape of the
MWD (Figure 2). Also the Mw/Mn values were comparable
proving the stability of the polymer backbone under the re-
action conditions. Furthermore the Tg values increased with
increasing content of the trityl protected thiol-functionalized
repeating unit in accordance with the theoretical prediction of
the Fox equation. All analytical data show that for all degrees
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Table 4 Poly[(ethylene oxide)-co-glycidylthiol] copolymer charac-
teristics of different compositions (a)Degree of thiol functionalization
(p%SH,NMR) of polymer repeating units determined by 1H NMR. b)

Degree of thiol functionalization (p%SH,DTDP) of polymer repeating
units determined by photometric assay using DTDP. For other sym-
bol explanations, see Table 1).

Mn/
g mol-1

Mw/
Mn

p%SH,NMR/
% a)

p%SH,DTDP/
% b)

yield/
%

16 2140 1.31 20.5 20.9 72
17 2420 1.63 42.1 41.6 90
18 3340 1.52 55.1 56.4 86
19 3920 1.55 66.3 64.2 88
20 3450 1.43 87.0 87.3 82

of functionalization, the substitution of the tosylate groups
by triphenylmethanethiol was successful. The characteriza-
tion data of polymer samples 11–15 remained unaltered dur-
ing storage at room temperature for at least six months. Thus,
the polymers with protected thiol groups can be prepared in
larger quantities and can be deprotected directly before free
thiols are needed.

Deprotection of Thiol Groups in the Side Chains

For the cleavage of the triphenylmethyl protecting group, a
modified literature protocol was applied.50 The characteriza-
tion data for the resulting copolymer samples 16–20 are given
in Table 4. The quantitative deprotection of the thiol groups
was confirmed by 1H NMR analysis by the disappearance of
the triphenylmethyl related signals. The signal intensitiy of
the newly formed thiol proton at a chemical shift of 1.61 ppm
was used to calculate the degree of functionalization of the
copolymers. The resulting values are practically identical with
the data obtained for the precursors (polymer samples 11–
15). Additionally, a photometric assay for thiol quantification
using 4,4’-dithiodipyridine (DTDP) confirmed the 1H NMR
data.33 Polymer samples 16–20 were viscous, colorless poly-
mers which were soluble in THF, DMF, DCM, chloroform and
acetone. The Tg values of the thiol-functionalized polymers
were not measured because the polymers aged rapidly in con-
tact with air which could not be completely excluded during
sample preparation for DSC measurements.

Since acidic treatment of PEG-based polymers may lead to
backbone degradation15 and disulfide formation of thiols may
lead to crosslinking of the polymers, the shape of the MWDs
have to be closely watched after the deprotection. If the poly-
mers are handled under strictly oxygen free conditions, the
shape of the MWD is similar to the precursors whereas the
Mw/Mn value slightly decreases, probably due to loss of the
low molecular weight fraction during reprecipitation. The
polymers can also be stored for at least two months without al-
teration of the MWDs. If oxygen traces are present during the

reaction or storage, insoluble polymer networks are formed
within a few hours. Therefore, the strict exclusion of oxygen
is crucial for the successful preparation of polymer samples
16–20 for the applications described below.

Cytocompatibility of Hydrogels of Polymer Sample 20

The characterization data collected for polymer samples 16–
20 indicate that well-defined products were obtained. The
reactivity of the polymer-bound thiol groups was further ex-
ploited by gel formation using PEG-DA as a crosslinker, DMF
as solvent and NEt3 as a catalyst. At a total polymer con-
centration in the mixture of the two gel precursor solutions
of 20% (w/v), polymer samples 16–20 successfully formed
gels at room temperature between 250 (sample 20) and 290 s
(sample 16). In order to test the response of human fibroblasts
to surfaces containing the thiol functionalized polymers, gels
prepared from polymer sample 20 were seeded with human
fibroblasts. Sample 20 was selected because it has the high-
est thiol content and the effect of the thiol-functionalization
should be well pronounced.

For the cell experiments, the gels were washed excessively
with different solvents in order to remove the DMF entirely.
The hydrogel surfaces were then seeded with human fibrob-
lasts and they were left to adhere and proliferate. After 3 and
48 h culture time, the cells were stained with FDA and PI and
assessed qualitatively by fluorescence microscopy compared
to cells seeded onto a photopolymerized PEG-DA gel (control
without poly(glycidylthiol) 20) and a standard tissue culture
dish. The results are shown in Figure 3.

On the PEG-DA gel surfaces, only very few cells were ob-
served at both observation times. This observation is in ac-
cordance with earlier investigations which showed that PEG
surfaces exhibit protein repellent behavior leading to the fail-
ure of cell attachment.8 In contrast, the hydrogels containing
polymer sample 20 did not show this behavior. After 3 h cul-
ture time, well-adhered fibroblasts were observed on the hy-
drogel surfaces. After 48 h, the living cells covered the en-
tire hydrogel surfaces. Additionally, the hydrogel surfaces en-
abled the cells to proliferate and form a confluent cell layer.
The cell proliferation and morphology were comparable to the
results obtained with the standard cell culture dishes. This in-
dicates that the gels were not cytotoxic in contact with the
fibroblasts.

The reason for the different behavior of the cells on hydro-
gels with or without polymer sample 20 cannot be determined
by these experiments because the polymer properties of sam-
ple 20 like hydrophilicity and functionality were significantly
different from pure PEG. Therefore, it cannot be clearly stated
if the thiol-functionalization actively supported the cell attach-
ment or if the hydrogel surfaces supported the adhesion due to
a change of their hydration status52,53 or the loss of their pro-
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Fig. 3 Fluorescence microscopic images of human fibroblasts seeded onto different hydrogels after FDA/PI staining for assessment of the
cell viability. Images a,c and e were taken 3 h after cell seeding, images b, d and f 48 h after cell seeding. (a,b) On the gels formed by
thiol-functionalized polymer sample 20 and PEG-DA the cells adhered and showed their cell-type specific morphology after proliferation. (c,d)
In contrast, on pure, photo-crosslinked PEG-DA gels, very little cell attachment could be observed. (e,f) In the standard tissue culture dish,
similar cell morphology and attachment to the surface were observed like in images a and b.

tein repellent behavior. Thus, a protein layer from the cell
culture medium may have been deposited onto the gel surface
in a first step which then enabled the cells to adhere.54

Both the quantification of the fibroblast response as well as
the characterization of protein adsorption on hydrogel surfaces
depending on the degree of thiol-functionalization of the gels
are important for a full understanding of the material proper-
ties. These questions are a matter of ongoing experiments in
our laboratory. However, the results presented here allow the
hypothesis that the synthetic route yielding polymer samples
16–20 led to polymeric materials which are ready for potential
applications in cell culture and tissue engineering.

Inkjet Printing of Polymer sample 20 with PEG-DA

The thiol-Michael reaction has been widely used for hydrogel
formation by mixing the solutions of a thiol component and
an acrylate component.55 It was also described for the modi-
fication of thiol56,57 or acrylate58,59 modified surfaces. How-
ever, no report is given so far which combines these two ap-
proaches with inkjet printing which additionally offers spatial
control for the generation of three-dimensional structures. So
far, inkjet printing for the formation of chemically crosslinked
hydrogels was mainly used for the printing of hydrogel pre-
cursor solutions which could be cured photochemically.60,61

For the proof of principle inkjet printing experiments, we
used the hydrogel formulation described above for the cell ex-
periments. In order to prevent the gel precursor solution to so-
lidify inside the printing head, the two components (solutions
of polymer sample 20 and PEG-DA) were printed one after
another, resulting in printed patterns composed of double lay-
ers of the two components. As a pattern which demonstrates
the spatial control of the inkjet printing technique for hydro-
gel formation, an image of the chemical structure of polymer
sample 20 was printed onto an acrylate-functionalized glass
slide (Figure 4 a). In this example, four double layers were
printed on top of each other.

For successful crosslinking the two components have to mix
with each other. The formation of a crosslinked polymer net-
work was assessed by washing the printed pattern with DMF
for 1 h. The gel structure on the glass surface did not detach
or dissolve, showing that both the crosslinking and the surface
binding were successful (Figure 4 b). For optimization and
closer characterization of the printing process, the ink formu-
lation or the drop spacing may be changed and the mixing of
the two components should be evaluated together with the me-
chanical properties of the gels. Here, we showed the general
feasibility of the formation of chemically crosslinked polymer
gels by conjugate addition by inkjet printing.
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4 mm 4 mm

a b

Fig. 4 Microscopic images of printed gels onto acrylate-
functionalized glass slides. The printed pattern was generated by al-
ternate deposition of solutions of the thiol-functionalized polymer 20
and of PEG-DA in eight consecutive layers. (a) Image directly after
printing, (b) image after curing and washing in DMF.

Conclusions

We successfully developed a synthetic route yielding mercap-
tomethyl side chain functionalized PEG-based polymers start-
ing from hydroxymethyl side chain functionalized PEG-based
polymers in three reaction steps. The degree of functional-
ization was controlled successfully by the starting material.
Well defined products were obtained and their potential appli-
cations for tissue engineering and inkjet printing were demon-
strated. As a next step, the technique of inkjet printing may
be used to create spatially defined patterns useful for cell cul-
ture. The platform defined by the poly[(ethylene oxide)-co-
(glycidyl tosylate)] copolymers can be used as a starting point
for versatile developments in side chain functionalized PEG-
based polymers in the future.
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in the program Molekulare Bionik (project SynElast,
Förderkennzeichen 720.830-5-10a). C.S. thanks the Peter
und Traudl Engelhorn Stiftung for funding. We gratefully
thank Sascha Wegner, Uta Twiehaus-Heynhold and Dr. Bir-
git Claasen for help with the NMR measurements.

References
1 H. Staudinger and H. Lohmann, Justus Liebigs Ann. Chem., 1933, 505,

41–51.
2 H. Staudinger and O. Schweitzer, Ber. Dtsch. Chem. Ges., 1929, 62,

2395–2405.
3 S. N. J. Pang, Int. J. Toxicol., 1993, 12, 429–457.
4 A. Abuchowski, T. van Es, N. C. Palczuk and F. F. Davis, J. Biol. Chem.,

1977, 252, 3578–3581.
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