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complex: synthesis and degradationf
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Rainer Haag®? and C. Christoph Tzschucke*®

We report the synthesis of a photo responsive metallo-hydrogel based on a ruthenium(i) complex as a
functional cross-linker. This metal complex contains reactive 4AAMP (= 4-(acrylamidomethyl)pyridine) ligands,
which can be cleaved by light-induced ligand substitution. Rul(bpy),(4AAMP),] cross-links 4-arm-PEG-SH
macromonomers by thia-Michael-addition to the photocleavable 4AAMP ligand for the preparation of the
hydrogel. Irradiation with green light at 529 nm leads to photodegradation of the metallo-hydrogel due to the
ligand dissociation, which can be adjusted by adjusting the Rul(bpy).(4AAMP),] concentration. The ligand
substitution forming [Ru(bpy)a(L),l*" (L = H,O and CHsCN) can be monitored by *H NMR spectroscopy and
UV-visible absorption. The control of degradation by light irradiation plays a significant role in modulating the
elasticity and stiffness of the light sensitive metallo-hydrogel network. The photo-responsive hydrogel is a

rsc.li/soft-matter-journal viable substrate for cell cultures.

Introduction

Photo-responsive hydrogels are soft cross-linked materials with
particular biocompatibility, biodegradability, physical strength,
and chemical properties. Hydrogels have potential applications in
biology," medicine” and tissue engineering.® Since hydrogels are
water-swollen polymer networks they are promising substrates for
cell cultures due to their ability to mimic the extracellular matrix
(ECMs). Using hydrogels to culture cells can support cell adhesion,
release active compounds, and influence cell behavior. Addition-
ally, dynamic hydrogel scaffolds can respond to various external
stimuli such as temperature® light,"> redox-potential,® or pH,” and
influence the cell behavior in ways not feasible in conventional cell
culture.® Among them, photo-responsive hydrogels are particularly
attractive due to their noninvasive and spatiotemporal control
abilities. The formation of photo-responsive hydrogels can be
achieved by either noncovalent or covalent crosslinking of the
hydrogel components. The photodegradation behavior of hydrogels
can be controlled by the degree of cross-linking as well as the
photo-active component. For different applications, these polymers
can be modified with various functional groups.” The 3D dimen-
sional structure of hydrogels leads to cell cultures with higher
densities and rapid cell growth due to the influence of the
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adhesivity to cells and elastic modulus compared to standard
monolayer culture. Also, the cell viability is enhanced through
the attachments to the hydrogel surface.

Different types of light-sensitive crosslinks have been incor-
porated into polymer networks.'® For cross-linking most com-
monly Michael-type addition reactions between the hydrogel
components are used. Photoresponsive functional polymers
release active compounds under light irradiation with spatio-
temporal control. Recently, an amphiphilic block copolymer
incorporating ruthenium(u) complexes in the main chain has
been investigated as an agent for combined photo-activated che-
motherapy and photo-dynamic therapy." Ruthenium complexes
among other metal-based complexes have been considered'*"
because visible light irradiation weakens the ligand-metal bonds of
polypyridyl ruthenium complexes. The lowest energy absorption
of Ru(n) complexes typically is a metal-to-ligand charge transfer
("MLCT) excitation, which relaxes into a *MLCT state with high
quantum yield. From this long-lived *MLCT state the low-lying
triplet metal-centered (*MC) states, or d-d states, are thermally
accessible.”*? This mechanism leads to the ligand photodissocia-
tion in ruthenium(u) polypyridyl complexes.'*™® This behavior is
employed in photo-cageing, where a Ru(u) complex is masking a
biologically active ligand against interaction with cells. Upon irradia-
tion, a photo-substitution reaction liberates this active ligand. This
light-dependent activity of metal complexes offers a very attractive
strategy to improve the selective release of photo-responsive ligands
at the desired site of biological systems."” Through structural design
of the ruthenium complex, ligand dissociation in the long wave-
length visible light region can be achieved, which allows deep
penetration into the desired tissue with fewer side effects.">"8"°
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Scheme 1 Synthesis of [Ru(bpy)2(4AAMP),](PFg), 2.

In this work, the synthesis of the new photo-responsive
ruthenium complex based-hydrogel to achieve a photocleavable
hydrogel network has been studied. We report the synthesis of
a ruthenium complex with photolabile 4-(acrylamidomethyl)-
pyridine ligands (4AAMP), which contain a reactive vinyl moiety
for further polymer coordination. The photo-responsive ligand
4AAMP was synthesized by introducing an acryloylamide
functional group on aminomethyl pyridine (AMP). Then, we
prepared ruthenium(n) complex [Ru(bpy),(L,)](PFe), (bpy = 2,
2'-bipyrinine, L = 4AAMP).*° The photoactivity of Ru(i) complex
is attributed to the 4AAMP ligand which can be photo sub-
stituted with solvent molecules (CH;CN and H,O) at room
temperature upon irradiation with green light at 529 nm.
Hydrogels were formed by cross-linking 4-arm-PEG-SH macro-
monomers with the photocleavable 4AAMP ligand on Ru(u)
complex by a thia-Michael addition. The photo-responsive

hydrogel was employed to culture cells at the surface of hydro-
gels. The photo-degradation of biocompatible hydrogel leads to
the full cleaving of photo-responsive units on the Ru(i1) complex
which changes viscoelasticity properties over time under light
exposure as an external stimulus.

Results and discussion
Synthesis of ruthenium(u) complex

Using previously reported methods,”" the ligand N-(pyridin-4-
ylmethyl) acrylamide (4AAMP) was synthesized. This modified
amino methyl pyridine (AMP) acts as photocleavable ligand
with the acryloyl group as a polymerizable reactive group. The
Ru(un) complex 1 was synthesized by a modified procedure
starting from Ru(dmso),Cl, and 2,2'-bipyridine (bpy) in DMF at
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Fig. 1 Photo dissociation of [Ru(bpy),(4AAMP),]%* in acetonitrile. (a) the proposed photochemical reaction mechanism, (b) evolution of the UV-vis
absorption spectra for a solution of [Ru(bpy)(4AAMP),]2* in H,O, not irradiated (red line) and upon irradiation with green light, / = at 529 nm, intensity
28 mW cm™2, 60 min at 25 °C (blue lines), conc. ~ 7 x 107> mol L%, (c) photochemical reaction was monitored as a function of the irradiation time in 3 h
by *H NMR spectroscopy in CDsCN (conc. &~ 1 x 1072 mol L™ at green light, A = at 529 nm, intensity 28 mW cm™2, 60 min at 25 °C.
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reflux.”” [Ru(bpy),(4AAMP),](PF), 2 was prepared starting from
cis-[Ru(bpy),Cl,] 1 and 4AAMP in H,O/EtOH (Scheme 1).*°
Upon coordination of the 4AAMP ligands to the ruthenium
complex the color of the reaction mixture changed from black-
purple to orange. The desired complex 2 precipitated after
anion exchange with NH,PF¢ as an orange solid in 95% yield.
The synthesis and workup of this reaction was performed under
reduced light. "H and "*C NMR spectroscopy and mass spectro-
metry were consistent with the structure of the compound.
UV/Vis absorption spectra of [Ru(bpy),(4AAMP),](PF,), 2 were
measured in water (conc. ~ 7 x 107> mol L") (Fig. 1a).
Ruthenium complex 2 displays a broad absorption band at
450 nm owing to the metal-to-ligand charge transfer (MLCT)
transition band.'**?* The signals at around 290 nm and
350 nm indicate the n—-n* transitions of the bipyridine ligands
(Fig. 1b). The photo-substitution of the 4AAMP ligand by
acetonitrile or water upon irradiation at 529 nm, shifted the
signal of the MLCT band at 450 nm to a shorter wavelength of
430 nm.?** The first rapid ligand substitution occurs during
approximately 1 min of light irradiation, and converts [Ru(bpy),
(4AAMP),]** to [Ru(bpy),(4AAMP)(H,0)]** 3b (Fig. S16a, ESIY),
replacing one 4AAMP ligand by H,O. Because of the slow photo-
substitution of the second 4AAMP after 1 hour, it is suggested
that an isosbestic point at around 390 nm disappears. The
second isosbestic point at 370 nm is attributed to the second
4AAMP ligand dissociation and the formation of the photo
product complex [Ru(bpy),(H,0),]** 4b (Fig. S16a, ESI}).>**
These particular changes in the absorption spectra suggest that
the photo substitution of ruthenium complex 2 was completed
within 1 hour and takes place in two steps upon irradiation
with green light. (Fig. 1a). In order to explain these photoreac-
tion differences, the dissociation of the photocleavable ligands
from [Ru(bpy),(4AAMP),]** 2 in CD;CN was monitored by
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"H NMR spectroscopy under green light irradiation during
3 hours (Fig. 1c).

The signal at 8.9 ppm of the non-irradiated complex
[Ru(bpy),(4AAMP),]*" 2 disappeared and a new signal at
9.3 ppm appeared after 3 h irradiation, which we interpret as
result of the efficient substitution of the 4AAMP-ligands by
acetonitrile. The signal at 9.3 ppm is assigned to the ortho-
protons of the bipyridine which indicates the formation of two
different photo species, complexes 3 and 4, with different
signals at 9.3 and 9.4 ppm within 15 min irradiation.

Metallo-hydrogel formation

Formation of a photo responsive metallo-hydrogel was achieved
by connecting [Ru(bpy),(4AAMP),]** through the nucleophilic
thiol-en Michael addition reaction with 4-arm poly(ethylene
glycol) thiol (4-arm-PEG-SH, M,, = 10 kDa) in phosphate buffer
saline solution (PBS, pH = 7.2) at 37 °C. (Fig. 2). The thiol
functional group on 4-arm-PEG-SH and the electron-deficient
acryloyl C-C double-bonds on the Ru(u) complex enable S-C
bond formation and the desired crosslinks under mild reaction
conditions.?®” To study the influence of the degree of cross-
linking, photo responsive metallo-hydrogels with different
ratios of gel components Ru(u) and 4-arm-PEG-SH were synthe-
sized with gel concentrations from 2 to 10% (w/v) (Table S1,
ESIT). Decreasing the gel concentration results in decreasing in
the number of crosslinks, thus, gel viscosity decreased and a
more liquid and softer gel was obtained. A molar ratio of the
Ru(u) to 4-arm-PEG10k-SH (AAMP: SH) of 2:1 resulted in a
more elastic gel than a molar ratio of the components of 1.5: 1.
Accordingly, a concentration of 2% (w/v) with a 1.5:1 mmol
ratio of the components generated the softest hydrogel. Also
there is a clear physical difference between two series of
hydrogels. At the highest concentration of 10% (w/v) and a

(b) Green Light Irradiation
at 529 nm

Metallo Hydrogel

(c) Hydrogel Degradation

Photocleavable core of

Hydrogel

(a) Schematic representation of the metallo-hydrogel synthesis, (b) a cartoon representation of hydrogel degradation under exposure of green

light at 529 nm, (c) The degradation reaction and image has been taken from the sample 2% (w/v) under exposure of light.
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Fig. 3 Rheological characterization of hydrogel under the green light-induced degradation reaction within 3 hours at 529 nm, intensity 28 mW cm™<;

2

Storage (G') and loss (G”) moduli as a function of radial frequency (w = 0.1-10 Hz). (a) 2% (w/v) gels, and (b) comparisons between 2, 5, 7 and 10% (w/v)
hydrogels for samples in which the gel component ratio is 1.5 : 1 of [Ru] complex/PEG 4 arm thiol at 25 °C, frequency (w = 0.1-10 Hz) upon 3 h irradiation.

2:1 molar ratio of the components, the orange clear solution
rapidly converted to a solid hydrogel with the highest elasticity.
The physical properties and degradation behavior of the hydro-
gels were characterized by rheological experiments under light
irradiation during 3 hours (Fig. 3a). Which resulted in the
irradiation time dependent shear modulus or viscoelasticity
(G'/G") value that are related to the viscous and elastic response
behavior of the hydrogel. The degradation of the hydrogel
under green light irradiation at 529 nm occurs, because the
4AAMP ligands are substituted with water which effectively
cleaves the cross-links and forms photoproduct [Ru(bpy),
(H,0),]*" 4b (Fig. 2 and Fig. S16a, ESIt). The hydrogel with
2% (w/v) and 1.5:1 mmol ratio of components showed the
fastest degradation as indicated by the drop in storage modulus
(G') and loss modulus (G”) which leads to a low viscose liquid
after light exposure (Fig. 3a).

The metallo-hydrogels with a 1.5:1 molar ratio of Ru(u)-
complex to 4-arm-PEG-SH show an increase in elasticity and
viscosity with increasing gel concentration from 2% to 10%
(w/v) (Fig. 3b). Also, these hydrogels showed a drop of storage
module G’ after a specific strain under light irradiation
(Fig. 3b and Fig. S20-S23, ESIT). The hydrogels with 2% or

4-arm-PEG-SH
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Fig. 4 Mesh size, which is calculated by the storage modulus at 1 Hz from
frequency sweep test at 25 °C, of different concentration of hydrogels
before and after degradation for 2, 5, 7 and 10% (w/v) hydrogels.
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5% concentration are degraded significantly faster under irra-

diation than the ones with 7% or 10%. The mesh
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Fig. 5 (a) MTT cell viability assay of photoproducts after photo dissocia-

tion of [Ru(bpy)o(4AAMP),12* in water under green light (529 nm,
28 mW cm™2) for 1 h was performed for Hela, McF-7 and HaCat cell lines
after 48 h incubation time; the Ru(i) complex (10 mg mL™Y) was added as
solution in DMSO: H,O (66%); (b) MTT cell viability assay a solution of
DMSO: H,0O for Hela, McF-7 and HaCat cell lines after 48 h incubation
time.
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size of the metallo-hydrogels, at concentrations ranging from 2
to 10% (w/v) and a 1.5 : 1 molar ratio, was determined using the
storage modulus value (G') obtained from the oscillatory fre-
quency sweep test at 1 Hz, as illustrated in Fig. 3. As antici-
pated, the stiffening effect of the 2% hydrogel was observed,
confirming higher stiffness properties associated with an
increase in the mesh size under light irradiation (Fig. 4). Hence,
the softer 2% hydrogel due to its higher water content, and
notably its ability to readily liquefy within 3 hours of irradiation
is appropriate for the following cell culture experiments. The
mesh size was calculated using the classical theory of rubber
elasticity, as outlined below:>*

6RT '
"= (TENA\/G)
where r is mesh size (nm), R is the wuniversal gas

constant (8.314 ] K ' mol™'), T is temperature (K), m is

View Article Online
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Archimede’s constant (3.141...), N,y is Avogadro’s number
(6.022 x 10** mol ™), and G is the storage shear modulus (Pa).

In vitro degradation assay

To assess the biocompatibility of the hydrogels, first the
cytotoxicity of the new Ru(u) complex 2 was tested against three
different cells types (HeLa, HaCaT and McF-7) with and without
green light irradiation. [Ru(bpy),(4AAMP),]*" 2 did not show
any significant cytotoxicity in the dark or under green light
exposure (529 nm, 28 mW cm?) (Fig. 5a and Fig. $25, ESI{),
and toxicity increased only at concentrations >0.5 pg mL™". In
particular, the cytotoxicity was not higher than for the control
with only the solution of DMSO:H,0 (Fig. 5b). Therefore, we
assumed that the hydrogels derived from complex 2 would be
biocompatible, because the final concentration of ruthenium
complex in the hydrogels would be less than 0.05 mg mL™". To
test this assumption, we investigated cell adhesion on the
hydrogel, conditions for settling and seeding cells on its
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.

(a) MTT cell viability assay of metallo hydrogel-Al and A2 (1.5 and 2 molar ratio of Ru(i) to 4-arm-PEG10k-SH (AAMP: SH),

), respectively) in DMEM

medium, without irradiation and after irradiation for 1 h; (b) confocal microscopy overlay images of GFP Hela cells cultured on the metallo hydrogel
2% metallo hydrogel-Al and A2 1.5 and 2 molar ratio of Ru(i) to 4-arm-PEG10k-SH (AAMP: SH) and counter staining was performed using DAPI
(0.5 uM for 10 min) to visualize the nucleus DAPI /ey = 461 M, dex = 353 Nm, GFP Aem= 509, 1oy = 395 nm, nm, Object: 5x, Inset scale bars: 250 um,

irradiation time: 1 h under light irradiation (529 nm, 28 mW cm™2).
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surface, and the impact of the hydrogel’s mechanical properties
after degradation during cell cultures. First the biocompatibility
of the hydrogel was investigated quantitively with an MTT cell
viability assay using the GFP HeLa cell line (Fig. 6a). For this
assay, hydrogel samples Hydrogel-A1 and Hydrogel-A2, each with
a final gel concentration of 2% (w/v) and a 1.5 or 2 molar ratio of
Ru(u) complex 2 to 4-arm-PEG-SH, respectively, were prepared in
a 96-cell well plate. In this experiment, Ru complex was dissolved
in PBS at a concentration of 1 mg/mL to avoid using DMSO. After
1 day, DMEM medium was added to all hydrogel samples. The
following day, the hydrogel degradation was induced by irradiat-
ing with LED green light for approximately 1 hour. The super-
natant, consisting of DMEM, was collected, added to the top of
cells in another 96-well plate, and incubated over night at 37 °C.
MTT assay was conducted after 1 day of seeding cells with
different hydrogel supernatants, including a control. The
results after 3 h incubation with CCK8 showed a cell viability
of 105 £ 8% for Hydrogel-A1 and 104 + 3.5% for Hydrogel-A2
(Fig. 6a). The cell viability appeared to be higher for both
hydrogels after irradiation and compared to the control without
gel. We hypothesize that photoproducts of the gel degradation
with an absorbance at 460 nm, where also CCK8 is detected, are
responsible for this artefact. Additionally, a live/dead cell assay
was conducted using GFP HeLa cells after 1 day of culture on the
hydrogels (Fig. 6b and Fig. S27a, ESIt). To visualize the differ-
ential potential of seeding HeLa cells on a metallo-hydrogel, a
p-slide 15 well 3D with specialized geometry was employed to
prepare a uniformly thick gel matrix for reproducible formation
assays. The cells were seeded on top of the hydrogels in the
p-slide. After incubation for 24 h, the photo-responsive hydrogels
were degraded by light irradiation for 1 h. As depicted in Fig. 6b,
cells attached well and adopted spindle or polyhedron shapes at
the surface of both gels. The growth of cells on the hydrogel was
then compared to the control which displayed a similar viability
of HeLa cell. The intensity of the GFP green color indicated a
similar density of live cells in hydrogels with control, the total
percentages of dead cells, approximately was determined using
image analysis tool, Fiji’® in the samples, by 2% in Hydrogel-A1,
3% in Hydrogel-A2 and the control. And cells were able to grow
and spread even after irradiation, showing no significant
difference in cell viability between the control and the metal-
containing hydrogels (Fig. 6b). Following gel degradation, cells
began assuming circular shapes and started the formation of
colonies on the hydrogel. The uniform distribution patterns of
HeLa cells on the metallo-hydrogel resembled the distribution
on the control. Despite the decrease in elasticity and viscosity
after irradiation, it appears that cell viability did not significantly
reduce after this change in the morphology of the gels. The
quantitation approach of the image data for dead cells presented
a 4% rate in Hydrogel-A2 compared to 3% in Hydrogel-A1 and
3.5% in the control. It is also possible that cells penetrated into
the matrix of the hydrogel, not solely remaining on the surface.

To the best of our knowledge, this seeding method on the
metal-containing hydrogels has not been reported in other
studies. Here, for the first time, we demonstrate that metallo-
hydrogels can provide a biocompatible environment to grow

1306 | Soft Matter, 2024, 20,1301-1308
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cells with enough attachment on metallo hydrogel, similar to
seeding in the 2D method. Notably, the softer Hydrogel-A1 is
suitable for culturing different cell lines, while the other, stiffer
Hydrogel-A2 with a larger molar ratios of gel components is less
favorable and has shown different viability and growth patterns
in gel cultures compared to the conventional culture methods.

Conclusion

A new photo-responsive [Ru(bpy),(4AAMP),]** complex 2 was
developed as a building-block for light sensitive soft materials
for biological studies. Ruthenium complex 2 with the photo-
cleavable monodentate ligand 4AAMP was coupled with 4-arm-
PEG-SH to prepare a photosensitive metallo-hydrogel scaffold.
Further, it was demonstrated that establishing mechanical con-
trol is possible by altering the concentration or ratio of Ru(u)
complex as a cross-linking. In addition, the highly hydrate
hydrogel with an aqueous phase and low degree of cross-
linking might be suitable platform technology to cell culture
support, because of the small time and energy input needed to
modify the hydrogel stiffness. The application of system provide
a suitable biocompatible environment to growth cells with
spatiotemporal control of cell support elasticity. Which provides
a way to study the influence of stiffness and elasticity of the
hydrogel on cell behavior. Since metallo-hydrogels are easy to
process, they could become a unique platform to support the
growth of cells.
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