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Methylsulfonyl Co-monomers
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Abstract: Poly(acrylamide) P(AAm) gels have become rele-
vant model substrates to study cell response to the mechanical
and biochemical properties of the cellular microenvironment.
However, current bioconjugation strategies to functionalize
P(AAm) gels, mainly using photoinduced arylazide coupling,
show poor specificity and hinder conclusive studies of material
properties and cellular responses. We describe methylsulfonyl-
containing P(AAm) hydrogels for cell culture. These gels allow
easy, specific and functional covalent coupling of thiol
containing bioligands in tunable concentrations under physio-
logical conditions, while retaining the same swelling, porosity,
cytocompatibility, and low protein adsorption of P(AAm) gels.
These materials allow quantitative and standardized studies of
cell-materials interactions with P(AAm) gels.

P oly(acrylamide) P(AAm) gels have become relevant
model substrates to study cell responses to the biochemical
and mechanical properties of the cellular microenviron-
ment.'! P(AAm) gels can be easily prepared with inexpensive
lab supplies. They are compatible with high-resolution
microscopy and allow cell-force measurements through
traction—force microscopy and micromanipulation. P(AAm)
gels with defined stiffness and porosity are easily obtained by
polymerizing acrylamide with variable amounts of bis-acryl-
amide crosslinker. The resulting gels show negligible inter-
actions with proteins, and are used for ligand-specific studies
of cell-materials communication after functionalization with
cell adhesive proteins or peptides. Biofunctionalization of
P(A Am) gels for cell culture is typically achieved by covalent
coupling of the ligand to the gel using the photoreactive linker
sulfo-SANPAH (sulfosuccinimidyl-6-(4'-azido-2'-nitropheny-
lamino) hexanoate).!'! Upon irradiation, the aryl-azide group
of sulfo-SANPAH is activated to highly reactive intermedi-
ates that insert sulfo-SANPAH into the P(AAm) backbone
through non-specific chemical pathways.”! The lateral NHS-
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ester of the P(AAm)-attached sulfo-SANPAH is expected to
react with amine groups on the bioligands. Although wide-
spread, the sulfo-SANPAH linker offers very poor control
over the immobilization sites, both at the material and at the
bioligand. Photoinduced arylazide reactions lack specificity
(that is, they react with almost any type of bond) and amine
groups are ubiquitous in biomolecules. This can lead to
nonfunctional immobilization of ligands and, consequently, to
poor reproducibility in the following cell experiments,
a frequent experience among sulfo-SANPAH users, or
discrepancies in the data among different labs.l'*! Alternative
solutions for specific and easy biofunctionalization of P-
(A Am) gels are required, though difficult to realize owing to
the low chemical reactivity of the amide side-group of
P(AAm).

Functionalization of biomaterials by thiol-derivatized
ligands allows significantly higher site-specificity than by
amine groups. Moreover, thiol labeling is widely represented
among commercially available bioligands. To couple thiol-
functionalized molecules to P(AAm), thiol-reactive mono-
mers are required as part of the P(AAm) chain. Different
chemistries are established for thiol bioconjugation: thiol-
maleimide, thiol-ene, thiol-yne, thiol-vinylsulfone, and thiol—
pyridyl disulfide.) However, most of these thiol-reactive
groups contain unsaturated bonds which interfere with the
radical polymerization of the AAm matrix when included into
a co-monomer structure. Recently, methylsulfonyl heteroar-
omatic derivatives have been reported as promising reagents
for thiol bioconjugation by nucleophilic aromatic substitution
(Figure 1).P! The coupling reaction is fast (a few minutes), it
occurs with high yields under mild conditions (PBS buffer,
room temperature, no UV light), and the adduct formed is
more stable to hydrolysis than thiol-maleimide adducts.
Methylsulfonyl derivatives are not expected to interfere
with the radical polymerization and, therefore, they are
excellent candidates as co-monomers for thiol coupling to
P(AAm). Herein, we describe methylsulfonyl-derivatized
P(AAm) hydrogels for cell culture, able to be specifically
functionalized with thiol-containing biomolecules by simple
copolymerization of <2 mol% of phenyl oxadiazole methyl-
sulfone acrylate 1 or benzothiazol methylsulfone acrylate 2
with the AAm monomer and N,N-methylene-bis-acrylamide
crosslinker. The gels P(AAm-co-1) and P(AAm-co-2)
(Figure 1) allow quantitative, specific, reproducible, and
stable covalent coupling of thiol-containing bioligands in
tunable concentrations under physiological conditions, and
their specific recognition by cells in culture. Furthermore, the
introduction of <2 mol% co-monomer in the gel composi-
tion does not modify the physical properties (swelling,
mechanical properties, low protein absorption, morphology)
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Figure 1. P(AAm)-methylsulfone hydrogels P(AAm-co-1) and P(AAm-co-2) used for thiol-bioconjugation.

of the P(AAm) homopolymer. Cell studies demonstrate the
superiority of the methylsulfonyl P(AAm) gels for quantita-
tive and standardized studies of cell-materials interactions,
and the inherent limitations of sulfo-SANPAH coupling for
such studies.

We selected the phenyl oxadiazole methylsulfone and
benzothiazol methylsulfone as thiol-reactive groups
(Figure 1). According to reported work, these units show
the fastest reaction kinetics and form the most stable adducts
with thiols.”* The acrylate monomers 1 and 2 containing the
methylsulfone derivatives as side groups were synthesized in
gram scale with high purity and good yields starting from
inexpensive chemicals (Figure 2; Supporting Information).
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Figure 2. Reaction pathway for the synthesis of methylsulfone acryl-
ates.

The monomers showed acceptable solubility in water
(2mgmL™") and remained stable over months in the fridge
as a solid or in DMF solution. Mixtures of AAm and 2 mol %
of monomers 1 or 2 were copolymerized to obtain P(AAm-
co-1) and P(AAm-co-2) copolymers. GPC analysis of linear
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polymerization products showed comparable values of molec-
ular weight and polydispersity in P(AAm) and the copoly-
mers (Supporting Information, Table S1), demonstrating that
methylsulfone monomers do not interfere with the radical
polymerization reaction. The insertion of the comonomers
1 and 2 in the acrylic network was corroborated by the UV
absorbance bands of the corresponding chromophore in the
UV spectra of thin films of P(AAm-co-1) and P(AAm-co-2)
gels prepared with bisacrylamide crosslinker (Figure 3 A).

We evaluated the swelling degree, stiffness, and porosity
of the P(AAm-co-1) and P(AAm-co-2) gels and compared
them with P(AAm) gels. No significant differences were
observed in any of these parameters between P(AAm) and
the methylsulfonyl copolymers (Table S1). SEM imaging of
the cryo-dried hydrogels showed comparable ultrastructure
and pore size distribution in the homo- and copolymers
(Figure S7).'"") These results demonstrate that the introduc-
tion of the comonomers 1 or 2 in the P(AAm) chain does not
affect the morphology and hydration of the PAAm backbone,
which are relevant parameters for the cell culture exper-
iments.['"]

The reactivity of the methylsulfone side groups in the gel
was tested by incubating the gels with the peptide c[RGD-
(DMNPB)fC].I"! This molecule contains the cell adhesive
sequence c[RGDfC] with a thiol group at the Cys residue for
coupling to the gel, and the 3-(4,5-dimethoxy-2-nitrophenyl)-
2-butyl ester (DMNPB) chromophore for quantification of
the coupling density by UV spectroscopy. Coupling was
performed in PBS for 1 h at room temperature. UV analysis of
the P(AAm-co-1) and P(AAm-co-2) gels after incubation
with ¢c[RGD(DMNPB)fC] showed the absorbance band at
350 nm of the DMNPB chromophore (Figure 3B, C), indicat-
ing successful coupling of the c[RGD(DMNPB)fC] molecule
to the gels. Variation of the concentration of c[RGD-
(DMNPB){C] in the incubation solution allowed fine tuning
of the peptide loading in the gel. The calculated coupling
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Figure 3. UV/Vis spectra of films of A) P(AAm-co-1) and P(AAm-co-2) gels (30 um dry thickness, 70 um swollen thickness) supported on a quartz
slide. B) P(AAm-co-1) and C) P(AAm-co-2) gels after incubation with increasing concentrations of c[RGD(DMNPB)fC] solutions (0.25-2 mgmL™")
during 1 h and washing, control experiments with P(AAm) gel and c[RGD(DMNPB)fK] peptide at T mgmL™"; D) P(AAm-co-1) gel after incubation
with Rhodamine labeled fibronectin (1 mgmL™"); E) P(AAm)/sulfo-SANPAH and P(AAm-co-2) gels incubated with c[RGD(DMNPB)fC] and
c[RGD(DMNPB)fK] respectively for 1 h and washing; F) P(AAm)/sulfo-SANPAH and P(AAm-co-1) gels first functionalized with streptavidin
followed by Atto 425 biotin complexation, or gels after coupling of preformed streptavidin-Atto-biotin 425 complex.

efficiency of the peptide in the gel was >90%, similar to
reported coupling yields in solution,” indicating that the gel
architecture did not hinder the chemical reaction. Incubation
times longer than 1 hour did not lead to higher coupling
densities (Figure S9). The maximum coupling efficiency was
observed at pH 7.4 (Figure S10), in agreement with the
reported reactivity of methylsulfones in solution.’® No drop
in the UV absorbance of the chromophore was observed after
keeping the gels in water for 6 weeks, corroborating the high
stability of the adduct. Stability tests in cell culture medium in
the presence of serum for 10 days also demonstrated better
stability of the methylsulfone adducts versus sulfo-SANPAH-
or EDC/NHS-based coupling strategies.

Several control experiments were performed to demon-
strate the specificity of the binding step. P(AAm) gels
incubated with c[RGD(DMNPB){C] did not show any
absorbance (Figure 3B,C), demonstrating that immobiliza-
tion of the thiol derivative was solely mediated by the
presence of the methylsulfone monomers in the copolymer
gels. P(AAm-co-1) and P(AAm-co-2) gels incubated with
c[RGD(DMNPB)fK], where the Cys residue was substituted
by Lys, showed no absorbance (Figure 3B, C), indicating that
the coupling reaction is specific for thiol groups and
orthogonal to the presence of amines. Altogether, these
results demonstrate that the methylsulfone functionalized
gels P(AAm-co-1) and P(AAm-co-2) allow effective, specific
covalent binding of thiol peptides to P(AAm) gels under mild
conditions (PBS, room temperature, 1 h), and represent ideal
materials for cell studies.
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We also tested the possibility of immobilizing proteins via
Cys residues to the P(AAm-co-1) gels using Rhodamine
labeled Fibronectin. This protein has four cysteine residues
and is widely used in cell cultures on P(AAm) to mediate
cellular attachment to the hydrogel."™>”' A clear absorbance
maximum at 560 nm (4,,,, of Rhodamine) was observed after
fibronectin coupling and washing to the P(AAm-co-1) gel
(Figure 3D). The control experiment with P(AAm) showed
no absorbance (Figure 3D), indicating specific immobiliza-
tion of Cys-containing proteins to the new gels.

The cytocompatibility and the ability of the P(AAm-co-1)
and P(A Am-co-2) gels to support cell growth was also tested.
Gels functionalized with ¢(RGDfC) or with fibronectin were
incubated with HeLa cells. Cells attached and spread on
c¢(RGDfC) and fibronectin functionalized gels (Fig-
ure S11A,B), and remained viable (Figure S12). Control
experiments on gels without modification did not show cell
attachment (Figure S11 C,D), indicating that cell attachment
was solely mediated by the coupled adhesive peptides or FN,
and not by the gel itself or by non-specific absorption of serum
proteins to the gel.

We then compared the performance of our new gels with
the widely used P(AAm)/sulfo-SANPAH gels in terms of
specific and functional biofunctionalization, and the impact of
these parameters in cell experiments.'*® We incubated
P(AAm-co-1) with ¢c[RGDfC] and P(AAm)/sulfo-SANPAH
with c[RGDfK] at the same concentration (1 mgmL™). A
three times higher density of c[RGD(DMNPB)fC] was
immobilized on the methylsulfone gels than c[RGD-
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(DMNPB)fK] on P(AAm)/sulfo-SANPAH gels (Figure 3E).
To test coupling specificity, the thiol-terminated peptide
c[RGD(DMNPB)fC] was incubated with the P(AAm)/
sulfo-SANPAH-activated gel. The thiol-terminated peptide
coupled to P(AAm)/sulfo-SANPAH almost at the same
concentration as  the  amine-terminated c¢[RGD-
(DMNPB){K], demonstrating lack of any specificity of the
sulfo-SANPAH immobilization. Note that coupling in P-
(AAm-co-1) and P(AAm-co-2) gels was selective for the thiol
group and orthogonal to the rest of functionalities (Fig-
ure 3B, C). Moreover, coupling of thiols to methylsulfone gels
was complete in one hour and a single step; whereas sulfo-
SANPAH coupling required 24 hours to achieve maximum
coupling, followed by several incubation and washing steps.
Altogether, these factors demonstrate the superiority of
methylsulfone gels versus P(AAm) gels for bioconjugation
in terms of coupling yield, selectivity, and simplicity of the
coupling procedure.

An important consequence of nonspecific ligand coupling
to a material is the loss of functionality of the immobilized
ligand. We tested the functionality of immobilized proteins on
P(AAm)/sulfo-SANPAH and P(AAm-co-1) gels using the
streptavidin/biotin complex (Figure 3F). The gels were incu-
bated overnight with streptavidin followed by washing and
incubation with Atto 425-biotin (0.3 mgmL™"). The UV
spectra showed a clear absorbance band of Atto 425-biotin
on the P(AAm-co-1) gel, and almost no absorbance on the
P(AAm)/sulfo-SANPAH gel. Control experiments with Atto
425-biotin did not show any absorbance on any of the gels.
The lower biotin content on P(AAm)/sulfo-SANPAH gels
was surprising considering that Streptavidin has only 4 thiol
groups for coupling to P(AAm-co-1) gels versus 25 amine
groups for coupling to the P(AAm)/sulfo-SANPAH gels. Two
scenarios are possible: a very low coupling efficiency of
P(AAm)/sulfo-SANPAH gels or a very low functionality of
streptavidin coupled to P(AAm)/sulfo-SANPAH gels. To
differentiate between these two scenarios, an immobilization
experiment with a premixed solution of streptavidin and
biotin was performed. Under these conditions, the streptavi-
din/biotin complex is formed before the streptavidin is
coupled to the gel and the detected absorbance should be
correlated with the amount of immobilized protein. On
P(AAm-co-1) gels, the same absorbance value was detected
under both incubation conditions, indicating that streptavidin
was fully functional after coupling to the gel. Interestingly,
a significantly higher absorbance was detected on the P-
(AAm)/sulfo-SANPAH gel, indicating that streptavidin cou-
pled by sulfo-SANPAH loses its activity, whereas streptavidin
immobilized on P(AAm-co-1) remains fully functional and is
able to recognize and complex biotin.

Finally, we tested the impact of non-functional ligand
immobilization on P(AAm) gels in cell behavior. We
performed cell adhesion studies on P(AAm)/sulfo-
SANPAH gels functionalized with ¢[RGDfK] and P(AAm-
co-1) gels functionalized with c[RGDfC] at equal density of
RGD ligand (ca. 8 uMm, determined by UV spectroscopy;
Figure S13). Spreading of HeLa cells was characterized at
different times after cell seeding. Cells on the P(A Am)/sulfo-
SANPAH/c[RGDfK] were poorly spread after 6 hour incu-
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bation. Spreading improved at longer incubation times. In
contrast, cells on the P(AAm-co-1)/c[RGDfC] gel readily
spread after 6 h of peptide incubation, and the spreading area
was significantly larger than on the P(AAm)/sulfo-SANPAH/
c[RGDfK] gel after 24 hours. The slower spreading kinetics
and the lower final spreading area can only be explained by
the lower density of functional RGD on the P(AAm)/sulfo-
SANPAH gels, since both gels present equal density of
immobilized ligand and comparable gel properties (stiffness,
swelling). As a consequence of lower availability of functional
adhesive sites, cells on P(AAm)/sulfo-SANPAH/c[RGDfK]
and p(AAm-co-1)/c[RGDfC] gels displayed significant differ-
ences in the formation and distribution of the stress fibers of
the cytoskeleton (Figure 4).” Taking into account the dem-
onstrated relevance of the adhesive and tensional state of the

P(AAm)/Sulfo-SANPAH
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Figure 4. Confocal fluorescence images of Hela cells cultured on
P(AAm-co-1) or P(AAm)/sulfo-SANPAH gels functionalized with the
same ammount of adhesive peptide (ca 8 um c[RGDfC] or c[RGDfK]
respectively) for 6 or 24 hours. The statistical analysis using one-way
ANOVA shows significant differences between samples at
alpha=0.001 level and Tukey contrast."
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cell in cellular decisions, the use of selective ligand coupling
methods for P(AAm) gels is an unavoidable need for
conclusive studies of cell-materials interactions.!'*!

In conclusion, the methylsulfone-derivatized hydrogels
P(AAm-co-1) and P(AAm-co-2) are ideal models for quan-
titative and standardized studies of cell-materials interactions
and outperform the currently used P(AAm)/sulfo-SANPAH
system. They can effectively, specifically, and functionally
conjugate to thiol-containing biomolecules, while retaining all
desirable properties of classical P(A Am)gels required for cell
culture (transparency, swelling, protein repellence, tunable
stiffness). These materials will finally allow conclusive and
reproducible experimentation in relevant open questions at
the interface between cell biology and biomaterials science, in
particular the interplay between ligand density and stiffness in
cell attachment and derived cellular functions.

Acknowledgements

Authors thank Dr. Longjian Xue for SEM imaging of the gels
and Melanie Wirkner for support in the UV characterization
of the gels. A.F. thanks the Max-Planck Graduate Center for
financial support during her PhD programm.

Keywords: cell culture - chemoselectivity -
poly(acrylamide) gels - protein coupling - thiol bioconjugation

How to cite: Angew. Chem. Int. Ed. 2016, 55, 2092-2096
Angew. Chem. 2016, 128, 2132-2136

[1] a)J. H. Wen, L. G. Vincent, A. Fuhrmann, Y.S. Choi, K. C.
Hribar, H. Taylor-Weiner, S. Chen, A.J. Engler, Nat. Mater.
2014, 13, 979-987; b) R. S. Fischer, K. A. Myers, M. L. Gardel,
C. M. Waterman, Nat. Protoc. 2012, 7, 2056 -2066; c) R. Sunyer,
A.J. Jin, R. Nossal, D. L. Sackett, PloS one 2012, 7, e46107.

[2] G. T. Hermanson, Bioconjugate Techniques, 3rd ed., 2013, pp. 1 -
1146.

Zuschriften

An dte

Chemie

[3] a) N. Huebsch, P. R. Arany, A. S. Mao, D. Shvartsman, O. A. Ali,
S. A. Bencherif, J. Rivera-Feliciano, D. J. Mooney, Nat. Mater.
2010, 9,518 -526; b) B. Trappmann, J. E. Gautrot, J. T. Connelly,
D.G. T. Strange, Y. Li, M. L. Oyen, M. A. Cohen Stuart, H.
Boehm, B. Li, V. Vogel, J. P. Spatz, F. M. Watt, W. T. S. Huck,
Nat. Mater. 2012, 11, 642 —649.

[4] a) M. H. Stenzel, ACS Macro Lett. 2013, 2, 14-18; b) M. A.
Azagarsamy, K. S. Anseth, ACS Macro Lett. 2012, 1,5-9; c) C.
Boyer, J. Liu, L. Wong, M. Tippett, V. Bulmus, T. P. Davis, J.
Polym. Sci. Part A 2008, 46, 72077224, d) S. Chatani, D. P. Nair,
C. N. Bowman, Polym. Chem. 2013, 4, 1048—-1055; ¢) D. P. Nair,
M. Podgorski, S. Chatani, T. Gong, W. Xi, C. R. Fenoli, C. N.
Bowman, Chem. Mater. 2013, 25, 724 -744.

[5] a) N. Toda, S. Asano, C. F. Barbas, Angew. Chem. Int. Ed. 2013,

52,12592-12596; Angew. Chem. 2013, 125, 12824 -12828; b) D.

Zhang, N. O. Devarie-Baez, Q. Li, J. R. Lancaster, Jr., M. Xian,

Org. Lett. 2012, 14, 3396 -3399.

a) S. Petersen, J. M. Alonso, A. Specht, P. Duodu, M. Goeldner,

A. del Campo, Angew. Chem. Int. Ed. 2008, 47, 3192-3195;

Angew. Chem. 2008, 120, 3236-3239; b) M. Wirkner, J. M.

Alonso, V. Maus, M. Salierno, T.T. Lee, A.J. Garcia, A.

del Campo, Adv. Mater. 2011, 23, 3907-3910; ¢) T. T. Lee, J. R.

Garcia, J. I. Paez, A. Singh, E. A. Phelps, S. Weis, Z. Shafiq, A.

Shekaran, A. del Campo, A. J. Garcia, Nat. Mater. 2015, 14,352 —

360; d) M. Salierno, L. Garcia-Ferndndez, N. Carabelos, K.

Kiefer, A.J. Garcia, A. del Campo, Biomaterials 2015, DOI:

10.1016/j.biomaterials.2015.1012.1001.

[7] M. Baron, D. Norman, A. Willis, I. D. Campbell, Nature 1990,
345, 642 - 646.

[8] J. R. Tse, A. J. Engler, Curr. Protoc. Cell Biol. 2010, SUPPL. 47,
10.16.1-10.16.16.

[9] a) S. Tojkander, G. Gateva, P. Lappalainen, J. Cell Sci. 2012, 125,
1855-1864; b) M. Amano, K. Chihara, K. Kimura, Y. Fukata, N.
Nakamura, Y. Matsuura, K. Kaibuchi, Science 1997, 275, 1308 —
1311.

[10] J. D. Mih, A. Marinkovic, F. Liu, A. S. Sharif, D. J. Tschumperlin,

J. Cell Sci. 2012, 125, 5974 —-5983.

[6

—_

Received: October 26, 2015
Revised: December 7, 2015
Published online: January 6, 2016

www.angewandte.de

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2016, 128, 21322136


http://dx.doi.org/10.1038/nmat4051
http://dx.doi.org/10.1038/nmat4051
http://dx.doi.org/10.1038/nprot.2012.127
http://dx.doi.org/10.1371/journal.pone.0046107
http://dx.doi.org/10.1038/nmat2732
http://dx.doi.org/10.1038/nmat2732
http://dx.doi.org/10.1038/nmat3339
http://dx.doi.org/10.1021/mz3005814
http://dx.doi.org/10.1002/pola.23028
http://dx.doi.org/10.1002/pola.23028
http://dx.doi.org/10.1039/C2PY20826A
http://dx.doi.org/10.1002/anie.201306241
http://dx.doi.org/10.1002/anie.201306241
http://dx.doi.org/10.1002/ange.201306241
http://dx.doi.org/10.1021/ol301370s
http://dx.doi.org/10.1002/anie.200704857
http://dx.doi.org/10.1002/ange.200704857
http://dx.doi.org/10.1002/adma.201100925
http://dx.doi.org/10.1016/j.biomaterials.2015.1012.1001
http://dx.doi.org/10.1038/345642a0
http://dx.doi.org/10.1038/345642a0
http://dx.doi.org/10.1242/jcs.098087
http://dx.doi.org/10.1242/jcs.098087
http://dx.doi.org/10.1126/science.275.5304.1308
http://dx.doi.org/10.1126/science.275.5304.1308
http://dx.doi.org/10.1242/jcs.108886
http://www.angewandte.de

