ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Covalent incorporation of tobacco mosaic virus
increases the stiffness of poly(ethylene glycol)
diacrylate hydrogelsy
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Hydrogels are versatile materials, finding applications as adsorbers, supports for biosensors and biocatalysts
or as scaffolds for tissue engineering. A frequently used building block for chemically cross-linked hydrogels
is poly(ethylene glycol) diacrylate (PEG-DA). However, after curing, PEG-DA hydrogels cannot be
functionalized easily. In this contribution, the stiff, rod-like tobacco mosaic virus (TMV) is investigated as
a functional additive to PEG-DA hydrogels. TMV consists of more than 2000 identical coat proteins and
can therefore present more than 2000 functional sites per TMV available for coupling, and thus has been
used as a template or building block for nano-scaled hybrid materials for many years. Here, PEG-DA (M,,
=700 g mol™?Y) hydrogels are combined with a thiol-group presenting TMV mutant (TMVcys). By covalent
coupling of TMVc into the hydrogel matrix via the thiol-Michael reaction, the storage modulus of the
hydrogels is increased compared to pure PEG-DA hydrogels and to hydrogels containing wildtype TMV

(wt-TMV) which is not coupled covalently into the hydrogel matrix. In contrast, the swelling behaviour of
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Accepted 18th January 2018 the hydrogels is not altered by TMV¢,s or wt-TMV. Transmission electron microscopy reveals that the
TMV particles are well dispersed in the hydrogels without any large aggregates. These findings give rise

DOI: 10.1039/c7ra10364f to the conclusion that well-defined hydrogels were obtained which offer the possibility to use the
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Introduction

Hydrogels based on poly(ethylene glycol) (PEG) constitute an
interesting class of materials for different applications such as
drug delivery,"* tissue engineering,> 3D printing,”” or
sensing.®® Hydrogels for these applications have to be func-
tional materials with defined chemical, biological, or physical
properties. For the preparation of PEG-based hydrogels, poly(-
ethylene glycol) diacrylate (PEG-DA) is frequently used as
a building block due to its low toxicity'® and excellent water-
solubility. Additionally, the mechanical properties, the water
content and the permeability for small molecular compounds of
PEG-DA hydrogels can be easily adjusted by using different
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incorporated TMV as multivalent carrier templates e.g. for enzymes in future studies.

molecular weights and concentrations in the hydrogel
precursor solutions."™** Hydrogel formation using PEG-DA can
be achieved e.g. by radical polymerisation of the acrylate end
groups***® or by Michael addition chemistry.*®”

However, pure PEG-DA hydrogels provide rather limited
chemical or biological functionality. The PEG backbone renders
the hydrogels protein repellent and generally unsuitable for
biological applications such as cell culture.””*®* Chemical
modification of cured PEG-DA hydrogels is also difficult without
deteriorating the network structure due to the low reactivity of
PEG. Therefore, functional PEG-DA hydrogels are often ob-
tained by co-polymerisation of PEG-DA with functional building
blocks™ or by prior modification of one PEG-DA chain end by
Michael addition of functional thiols**** or amines.>

Tobacco mosaic virus (TMV) is a versatile nano-scaled scaf-
fold with the possibility to present more than 2000 functional
groups per particle. This plant virus, composed of a genomic
RNA and about 2100 coat protein (CP) subunits, has a tube-like
structure 300 nm in length with inner and outer diameters of
4 nm and 18 nm, respectively.> TMV has been investigated as
a carrier scaffold for example for enzymes, or as template for
mineralisation for more than twenty years.>*>¢ Virus-like parti-
cles (VLPs) can be obtained with artificially produced RNAs,>**
thus changing the length or form of the virus, as well as with
altered CPs presenting genetically encoded specific coupling

This journal is © The Royal Society of Chemistry 2018
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groups such as primary amines or thiols.”® In addition, we have
recently achieved to produce VLPs with highly defined longi-
tudinal domains.*® With regard to hydrogels, TMV by itself and
in combination with alginate hydrogels has been shown to have
a positive effect on osteogenesis without provoking adverse
immune reactions in vivo.**~** For these alginate gels, the impact
of TMV particles on their mechanical properties has been
characterised, demonstrating that TMV rods induced non-
linear responses to compression at high strains.** Addition-
ally, Wang and co-authors have fabricated TMV-interlinked
hydrogels from methacrylated hyaluronan (MeHA) and were
able to demonstrate improved in vitro chondrogenesis of bone
marrow mesenchymal stem cells (BMSCs) in these matrices,
which have also been characterised for their internal structure,
stability and TMV retention.** Lewis et al. produced hybrid
hydrogel micropatticles from PEG-DA (M;, = 700 g mol ') and
functionalized TMV and showed a regular distribution of TMV
within the hydrogels at the microscale by fluorescence micros-
copy.* However, they did not investigate the impact of TMV on
the mechanical properties of the hydrogels or virus distribution
at the nanoscale.

As described above, PEG-DA hydrogels can be adapted as
a versatile platform for functional hydrogels. Therefore, we
aimed at both covalent and non-covalent integration of TMV
nanoparticles into PEG-DA hydrogels, and an in-depth physical
characterisation of these hybrid materials. In particular, we
wanted to assess the impact of covalent and non-covalent
integration of TMV into PEG-DA hydrogels on the physical
properties of the hydrogels, such as mechanical properties and
equilibrium water content (EWC). For covalent integration,
a cysteine-containing TMV mutant (TMVy,) was used. On the
other hand, wildtype TMV (wt-TMV) was used for non-covalent
integration. We hypothesised that due to the rod-like struc-
ture of TMV with the length of 300 nm, a covalent integration of
TMV¢ys into the PEG-DA hydrogel network would result in
a stiffer hydrogel compared to a non-covalent integration of wt-
TMV, provided that the TMVy, is evenly distributed throughout
the hydrogel volume.

Experimental
Materials

Potassium dihydrogen phosphate and silver nitrate were ob-
tained from Merck (Darmstadt, Germany). Di-sodium hydrogen
phosphate, acetone, sodium dodecyl sulfate, tris(hydrox-
ymethyl)Jaminomethane, acetic acid, sodium carbonate,
ammonium persulfate, tetramethylenediamine, sodium chlo-
ride, sodium thiosulfate and poly(ethylene glycol) (PEG, M, =
6000 g mol ') were obtained from Carl Roth (Karlsruhe, Ger-
many). Uranyl acetate and acrylamide/bis solution, 37.5 : 1 were
purchased from Serva (Heidelberg, Germany). Spurr Low
Viscosity Embedding Kit was obtained from Polysciences
(Washington, USA). Poly(ethylene glycol) diacrylate (PEG-DA,
M, = 700 g mol ') and formaldehyde were obtained from
Sigma-Aldrich (Merck; Darmstadt, Germany). The radical pho-
toinitiator 1-[4-(2-hydroxyethoxy)phenyl]-2-hydroxy-2-methyl-1-
propan-1-one (Irgacure 2959) was a kind gift from Bodo
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Moller Chemie GmbH (Offenbach, Germany). A Micro BCA
Protein Assay Kit was obtained from Thermo Scientific (Wal-
tham, USA). All chemicals and reagent were used as received.
Stock solutions containing 28 mg Irgacure 2959 in 3.972 g SPP
buffer were obtained by gentle heating with a heat gun at 100 °C
until all material was dissolved, and subsequent cooling to
room temperature. Water was withdrawn from a Barnstead
GenPure xCAD water purification system (Thermo Scientific,
Waltham, USA).

Instrumentation and methods

For UV induced curing of the hydrogels, the UV chamber SOL2/
400F (Dr Honle, Grifelfing, Germany) was used. The irradiation
intensity was approx. 50 mW cm™ 2. The storage moduli (G') and
loss moduli (G”) of swollen hydrogels were measured at 20 °C on
a Physica MCR 301 rheometer (Anton Paar, Ostfildern, Germany)
using a parallel plate geometry with a diameter of 20 mm and
a normal force of 1 N. Amplitude sweeps were carried out at
a frequency of 10 Hz and deformations between 0.01% and 10%.
Frequency sweeps were carried out at amplitudes of 0.1% and
frequencies between 0.5 Hz and 100 Hz. For comparison of
different hydrogels, G’ and G” were extracted from the measure-
ments at a frequency of 10 Hz and a deformation of 0.1%. The
equilibrium water content (EWC) of the hydrogels was deter-
mined gravimetrically and is defined as follows (4, = mass of
the dried hydrogel, mgyonen = mass of the swollen hydrogel):

EWC = 100% — 74y

Mwollen

The value of mg,, is determined after drying the hydrogels in
a vacuum chamber at a pressure of 30 mbar at 50 °C for 24 h.
ATR-FT-IR spectra were recorded on a Bruker Equinox 55
spectrometer using a DTGS detector. The concentration of TMV
in the washing buffer of the hydrogels was determined by
a Micro BCA Assay according to the supplier's protocol (Thermo
Scientific). Diluted solutions of the respective TMV-variants
were applied for calibration. Each sample was measured in
triplicates and at least washing buffers of three different gels
per condition were investigated.

Preparation of TMV and coupling to PEG-DA

Viruses, wt-TMV and the CP mutant TMVcy, bearing an
exchange of serine at position three to cysteine,* were propa-
gated in Nicotiana tabacum ‘Samsun’ nn plants in a greenhouse.
They were purified according to the protocol of Chapman using
PEG precipitation and ultracentrifugation steps.*® The viruses
were stored at a concentration of 10 mg mL ' in 10 mM
sodium-potassium-phosphate buffer (SPP) pH 7.4 at 4 °C. To
obtain TMV at higher concentrations, the virus particles were
pelleted by ultracentrifugation at 34 000 rpm (134 000g) for
1.5 h at 4 °C in a 45 Ti rotor (Beckman Coulter, Brea, USA) and
resuspended in one third of the initial volume, resulting in
a TMV concentration of 20-33 mg mL™'. In a first series of
experiments the coupling efficiencies of PEG-DA to TMVy, at
varying conditions were determined by discontinuous sodium
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dodecyl sulfate poly-acrylamide gel electrophoresis (SDS-
PAGE).” The reaction conditions deviated from the hydrogel
preparations described below, as for this experiment the TMV
concentration was fixed to 1 pg uL~' TMV while the PEG-DA
concentration was varied between molar ratios of acrylate
groups to coupling sites on TMV of 1 : 3333 and 1 : 1000. A ratio
of 3333 :1 with a TMVcy, concentration of 1 pg uL™! corre-
sponds to a solution containing 20 wt% PEG-DA and 0.3 wt%
TMVy. Reactions were performed in 10 mM SPP pH 7.4.
Samples were withdrawn at different time points between 5 min
and several days and analysed by standard SDS-PAGE followed
by silver staining.

Hydrogel preparation

As an example, the preparation of a PEG-DA hydrogel contain-
ing 20 wt% PEG-DA and 1 wt% TMVy, is described. All other
hydrogels were prepared accordingly. For hydrogels containing
no TMV, instead of TMV stock solution SPP buffer was added.
For each hydrogel sample, a separate solution was prepared. For
detailed concentrations of the different components in the
hydrogels, see Table 1.

150 mg of PEG-DA were mixed with 107 mg of the Irgacure
2959 stock solution (containing 0.75 mg Irgacure 2959, 0.5% of
PEG-DA mass) and 144 mg of SPP buffer as well as 349 mg of the
TMV ¢y stock solution (containing 7.5 mg TMVy,) were added.
The mixture was shaken until clear. Then, the solution was left
to stand at room temperature for 1 h in order to achieve
coupling of the TMVy, to the PEG-DA by thiol-Michael reaction.
Subsequently, the solution weighing 750 mg in total was
transferred into a cylindrical aluminum mold (diameter: 30
mm, height: 1 mm) and covered with a quartz glass pane.
Radical-cross-linking was achieved by irradiation in the UV
chamber for 7.5 min. The hydrogels were washed three times in
SPP buffer solution (10 mL) for 24 h and swollen to equilibrium
prior to characterisation.

Transmission electron microscopy (TEM) of the hydrogels

Hydrogels with and without TMV were embedded in epoxy resin
(Spurr) after dehydration of the gels through a solvent series

Tablel Sample names and corresponding concentrations of PEG-DA
(cpec-pa) TMVeys (CTmy,,). and wt-TMV (Cue-tmv) I the hydrogel
formulations before curing

Sample CpEG-DA [Wt%0] Crmv,, [wt%] Cwrrmy [WE%)
TMViys0.1 20.0 0.1 —
TMVy:0.3 20.0 0.3 —
TMVys1.0 20.0 1.0 —
TMVys2.0 20.0 2.0 —
wt-TMVO0.1 20.0 — 0.1
wt-TMV0.3 20.0 — 0.3
wt-TMV1.0 20.0 — 1.0
wt-TMV2.0 20.0 —_ 2.0
PEG-DAO0.1 20.1 — —
PEG-DAO0.3 20.3 — —
PEG-DA1.0 21.0 — —
PEG-DA2.0 22.0 — —
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using different acetone : water mixtures (30%, 50%, 75%, 90%).
The gels were incubated 20 min at each step. This was followed
by staining with 2% uranyl acetate in acetone for one hour and
two additional incubations in 100% acetone for 20 min. The
samples were then immersed in a solution containing 33%
Spurr and 67% acetone overnight without closing the vessels to
allow the acetone to evaporate. Before the gels were put into
embedding capsules and cured for at least 24 h at 60 °C, the
solutions were twice exchanged with 100% Spurr for 1-2 h. The
epoxide blocks were trimmed to the gel and ~80 nm thin
sections were prepared using a Leica Ultracut UCT ultramicro-
tome assembled with a diamond knife (Diatome, Nidau, Swit-
zerland). The sections were placed on Pioloform covered 400
mesh copper grids and investigated using a Tecnai G2 Sphera
FEI TEM (FEI, Eindhoven, Netherlands) at 200 kv. TEM images
were recorded by a 16 megapixel camera (TemCam-F416 [4k X
4K], TVIPS, Gauting, Germany).

Statistical evaluation of data

Significant effects on hydrogel properties (EWC, G') and the
amount of washed out TMV were evaluated using a one-way
analysis of variance (ANOVA). In case of significant effects,
significant differences between individual mean values were
evaluated using the Holm-Bonferroni correction. Effects were
considered to be significant for p < 0.05. Statistical analysis was
performed using the software OriginPro 9.1 (OriginLab
Corporation).

Results and discussion
Reaction of TMVy and wt-TMV with PEG-DA

In this study, two different TMV derivatives were applied for
integration in PEG-DA hydrogels. A cysteine mutant, TMVys,”
was used for covalent immobilisation of TMV particles in
hydrogels and a wild-type, wt-TMV, was used for non-covalent
immobilisation. The thiol groups available through the
cysteine moiety in every CP subunit of TMV s should be able to
participate in manifold chemical reactions due to their rich
redox chemistry and extremely high nucleophilicity.®® With
PEG-DA, a chemical coupling with the thiols in aqueous media
should be possible by the thiol-Michael reaction which is
known to proceed in neutral to slightly basic conditions without
any catalyst (Scheme 1).*° Thus, it should be possible to func-
tionalise TMV s with acrylic double bonds, provided that one
PEG-DA end group reacts with one TMV¢s CP, leaving the other
PEG-DA end group unaltered. The so formed double bond
functionalised TMV particles (TMV-PEG-A) should, in a second
step, be able to participate in a subsequent radical cross-linking
reaction which forms a PEG-DA hydrogel. A reaction of both
PEG-DA end groups with CPs is to be avoided, if possible, as it
would leave the resulting moiety with no residual acrylic end
group for a subsequent hydrogel cross-linking reaction. For wt-
TMV no chemical reaction is expected with PEG-DA.

In order to investigate the reaction of TMV¢y,, and wt-TMV
with PEG-DA, we prepared mixtures of TMV¢ys and wt-TMV,
respectively, with PEG-DA in SPP buffer at pH 7.4 with

n
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Scheme 1 Schematic representation of the coupling of PEG-DA to TMVc by thiol-Michael reaction resulting in double bond functionalised

TMV particles (TMV-PEG-A, left) and subsequent photopolymerisation

of the attached acrylate functionalities with more PEG-DA to hydrogels

(right). Thus, covalent incorporation of TMVc into the hydrogels is possible. In the case of wt-TMV, no free cysteine moieties are present and no

covalent coupling with PEG-DA is expected.

different molar ratios of TMV CPs and PEG-DA acrylate end
groups. The mixtures were then reacted for different times. In
case of a coupling reaction between a TMVy,s CP and PEG-DA,
an increase of molecular weight of the CP is expected. There-
fore, the molecular weights of the reaction products were
assessed by SDS-PAGE. With this method, the TMV particles are
disassembled so that single CPs can be analysed. The resulting
silver stained SDS-PAGE image is shown in Fig. 1.

For wt-TMV, no additional band of the wt-CP was observed,
indicating that indeed no chemical reaction took place between
wt-TMV and PEG-DA. This result can be explained by the
absence of reactive groups on the wt-TMV surface. On the other
hand for TMVy,, depending on the reaction time and the ratio
of functional groups, generally three different product species
were identified after the reaction. One of them is the unmodi-
fied CP of TMVcy,, showing that reaction of PEG-DA with the
CPs of TMVy, did not proceed quantitatively. However, also one
reaction product with a slightly larger molecular weight than
the CP was observed. This was attributed to a coupling of one
PEG-DA molecule (M,, = 700 g mol ') with one CP, leading to

™V TMVcys wt-TMV
TMV:PEG-DA 1:3333 1:1000 1:3333
o o v o o wn o o o n
.. o o ~ o o o~ o o o ~N
Time [h] o | = | o o | - | IS w | M o | =i | oS kDa
Y a5
o 30
- 20
- - w B -

Fig.1 SDS-PAGE of the different coupling products between the CPs
of TMVcys with PEG-DA, and corresponding preparations with wt-
TMV, at different reaction times and functional group ratios of TMV CP
and PEG-DA, as indicated.

This journal is © The Royal Society of Chemistry 2018

CP-PEG-A adducts. This would result in TMV-PEG-A particles as
depicted in Scheme 1. Additionally, a reaction product was
formed which had approx. twice the molecular weight of one
CP. This can be explained by a reaction of two CPs with one
PEG-DA molecule, stemming from CP-PEG-CP adducts. This
can involve either two CPs of the same TMVcy, resulting in
a loop on the TMVy surface, or two CPs of two different
TMVys, resulting in a coupling of two TMVcy-containing
particles. In these cases, both end groups of PEG-DA are con-
verted and no residual acrylic end group can participate in
a subsequent hydrogel cross-linking reaction. Therefore, this
double reaction of PEG-DA is not desirable for the covalent
integration of TMVy, into PEG-DA hydrogels. The slight shift in
migration distance of wt-CP and CPcy in the presence of PEG-
DA in comparison with CP¢y without PEG-DA is due to the
influence of the polymer on the general migration behaviour,
which also hinders the SDS-PAGE analysis of higher PEG-DA
ratios to TMV (e.g. 10 000 : 1).

In order to have as many reactive acrylic groups as possible
on the TMVy, surface, we aimed to maximise the percentage of
CP-PEG-A and to minimise the percentage of CP-PEG-CP. For
this, we quantified the respective amounts under different
reaction conditions by Image] analysis of Fig. 1.*° It was found
that after one hour, at least one third of the CPs had reacted
only once with PEG-DA corresponding to approx. 700 reactive
acrylates per TMV particle. An increase in reaction time resulted
especially for the lowest PEG-DA : TMV ratio in an increase of
double-reacted PEG-DA (Table 2). As a compromise between
maximised CP-PEG-A content and minimised CP-PEG-CP
content, for the hydrogel preparation experiments described
below the coupling was allowed to proceed for one hour.

Hydrogel preparation and characterisation

Next, both the TMV-PEG-A particles and wt-TMV were incorpo-
rated into respective PEG-DA hydrogels. The corresponding
formulations contained PEG-DA, the photo-initiator Irgacure
2959 as well as wt-TMV or TMV-PEG-A, respectively. For all
hydrogels prepared with one type of the respective TMV

RSC Adv., 2018, 8, 4686-4694 | 4689
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Table 2 Distribution of the different TMV¢,s-CP/PEG-DA reaction
products in % depending on educt ratio and time

TMV : PEG-DA 1:3333 1:1000

Time [h] 3.00 1.00 0.25 3.00 1.00 0.25
Free CP, 17.6 kDa 34 39 56 41 57 68
CP-PEG-A, 18.3 kDa 44 42 33 35 30 23
CP-PEG-CP, 35.9 kDa 22 19 11 24 13 9

particles, the PEG-DA concentration cpgg.pa (20 wt%) and Irga-
cure 2959 concentration (0.1 wt%) were kept constant in order
to evaluate the effect of TMV particle addition to the formula-
tions on the hydrogel properties. For this, the respective TMV
particles were simply added to the PEG-DA containing hydrogel
formulations at concentrations of 0.1 wt%, 0.3 wt%, 1.0 wt%,
and 2.0 wt% and were allowed to react with the PEG-DA for 1 h.
With the molecular weight of one TMV CP of 17.6 kDa, the ratio
of TMV CPs and PEG-DA acrylate groups thus was 10 000, 3333,
1000, and 500, respectively, which should lead mainly to TMV-
PEG-A in the case of TMVcy,, whereas wt-TMV would remain
unaltered. Subsequently, the formulations were cured by radical
photo-polymerisation of the PEG-DA end groups induced by UV
irradiation. As reference samples, pure PEG-DA hydrogels with
solid contents of 20.1 wt%, 20.3 wt%, 21 wt%, and 22 wt% were
prepared, thus having the same solid content as the TMV con-
taining samples. The resulting compositions of all hydrogel
formulations in this study are shown in Table 1. The sample
names denote which kind of compound is added to the basic
hydrogel formulation as well as the additional amount of added
compound in wt%. For example, sample TMVy1.0 contained
20 wt% PEG-DA, 0.1 wt% Irgacure 2959 and 1.0 wt% TMVcy, in
SPP buffer.

For all samples, preparation of hydrogels by UV irradiation
was possible with high efficiency. Upon curing, the mobile
liquids were all converted into well-defined solids. Also with the
eye, no differences between the hydrogels could be observed
(photos in ESIt). All hydrogels could be handled easily without
breakage and were slightly opaque. In order to evaluate if the
presence of wt-TMV or TMV s had an effect on the double bond
conversion of the PEG-DA, ATR-FT-IR spectra of dried hydrogel
samples were collected (Fig. 2). Compared to unreacted PEG-
DA, we observed the disappearance of the double bond
stretching vibration at 1635 cm™* and the in-plane scissoring
vibration at 1408 cm ™ '.**? This was the case for all samples,
indicating that all samples were fully cured and that the addi-
tion of wt-TMV or TMV-PEG-A to the hydrogel formulations did
not hamper the radical polymerisation of the acrylate groups.

Due to the high double bond conversion in all samples after
curing, it can be expected that for the samples containing TMV-
PEG-A, the TMV particles are covalently bound into the hydrogel
polymer network as depicted in Scheme 1. In order to investi-
gate the effect of the TMV particle addition on the hydrogel
properties, we assessed the mechanical properties of the
hydrogels by oscillatory shear rheology. The values for the
storage moduli G’ and the loss moduli G” are shown in Fig. 3.
For all samples, G’ was two to three orders of magnitude larger
than G”, revealing the mainly elastic behaviour of the hydrogels.
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Fig.2 ATR-FT-IR spectra of unreacted PEG-DA and of dried hydrogel
samples containing 20 wt% PEG-DA supplemented with either 1 wt%
PEG-DA (PEG-DAL.0), TMVcys (TMV¢,1.0) or wt-TMV (wt-TMV1.0).

This observation is in accordance with the ATR-FT-IR data
confirming successful cross-linking. Looking at the storage
moduli of pure PEG-DA hydrogels, a significant (p < 0.01), nearly
linear increase of G’ with increasing cpgg-pa Was observed from
225 kPa (PEG-DAO.l) to 234 kPa (PEG-DAO.3), 269 kPa (PEG-
DA1.0), and 290 kPa (PEG-DA2.0). This behaviour can be
explained by the increasing cross-link density with increasing
PEG-DA content and is in accordance with the literature.*
Looking at the wt-TMV-containing samples, a different
behaviour was observed. The addition of wt-TMV did not lead to
a significant change of G/, leading to G’ values of 226 kPa (wt-

5-
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Fig. 3 Storage moduli (G') and loss moduli (G”) of PEG-DA hydrogels
containing TMV¢,,, wt-TMV or no TMV, respectively. The dashed lines
are for the guidance of the eye only.
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TMVO0.1), 229 kPa (wt-TMVO0.3), 229 kPa (wt-TMV1.0) and 256
kPa (wt-TMV2.0). This observation is in accordance with the
assumption that the wt-TMV particles are not covalently bound
to the hydrogel polymer network upon photo-polymerisation
and also do not interact with the polymer network signifi-
cantly in any other way. This can be explained by the lack of
functional groups on the wt-TMV surface which can participate
in the radical cross-linking.

This was not the case for hydrogels which contained TMV .
As described above, the thiols present on the TMV surface
readily undergo thiol-Michael reactions to yield acrylate func-
tionalized TMV-PEG-A. These can participate in the radical
cross-linking and can be incorporated covalently into the
hydrogel matrix. The effect can be seen from the G’ values of the
respective hydrogels which were generally higher than the G’ of
PEG-DA hydrogels with an identical solid content. Thus, with
increasing concentration of TMVys, G increased significantly
(p < 0.01) from 235 kPa (TMV,:0.1) to 243 kPa (TMV,0.3), 321
kPa (TMV1.0), and 391 kPa (TMVy,2.0). All mean values were
significantly different from the other mean values (p < 0.01),
except for the results of TMV(y0.1 and TMVy0.3. The larger
effect of TMVy, addition compared to PEG-DA addition seems
to confirm the different architecture of the network points
resulting from TMV-PEG-A (Scheme 1) as compared to the PEG-
DA hydrogels. Comparing the different sample types (without
TMV, with wt-TMV, with TMV¢) at the same solid content, the
general trend in G’ as a measure for hydrogel stiffness can be
summarised as follows: G’ ™V, > G'prg-pa > G weermy- At smaller
solid contents (20.1 wt%, 20.3 wt%), this trend is not signifi-
cant, however at larger solid contents (21.0 wt%, 22.0 wt%), it
becomes significant (p < 0.05 and p < 0.01).

Interestingly, the EWC of the hydrogels was practically
constant for all formulations tested (Fig. 4). All hydrogels con-
tained between 81% and 82% of water. However, there was
a small, significant effect (p < 0.01) on the EWC with the solid
content for all sample types which lead to a decrease of EWC
with the solid content. Between the different sample types
(without TMV, with wt-TMV, with TMV¢y), no significant

100

o5 —B—PEG-DATTMV,,

—H— PEG-DAMWL-TMV
90 - PEG-DA
85—

80 B ST T =

EWC / %

75 =
70 -
65 =

60
20.0

T T
20.8 21.2 216 22.0

solid content / wt.-%

T
20.4

Fig. 4 Equilibrium water contents (EWC) of PEG-DA hydrogels con-
taining TMV¢ys, Wwt-TMV or no TMV, respectively.
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differences in EWC were observed. This leads to the conclusion
that the water uptake capacity of the hydrogels was obviously
dominated by the PEG-DA in all cases. This is due to the small
fraction of TMV particles in the solid content of the hydrogels.
Even at the highest concentrations tested, only 9.1% of the solid
content were TMV particles, given by the ratio of 2 wt% TMV
particles and the total solid content of 22 wt%. Since the wt-
TMV particles do not interact strongly with the polymer
network, a large influence on the EWC was not expected.
However, also the covalent integration of TMV-PEG-A into the
hydrogels showed only a very small effect on the EWC.

In order to explain the different impact of TMV addition on
G’ and the EWC, a closer look at the molecular structure of the
hydrogel networks is necessary. In order to estimate if unbound
TMV particles can diffuse through the hydrogel networks, the
EWCs of the pure PEG-DA hydrogels were used to calculate the
molecular weight M, between cross-links in the hydrogels using
the Flory-Rehner equation in its modified version by Merrill
and Peppas.**** With the Flory-Huggins interaction parameter
with water (0.426),* the density (1.12 g cm ™ *),*” and the number
average molecular weight (700 g mol ") of PEG-DA, an M, of
approx. 200 g mol ! is estimated for the pure PEG-DA hydro-
gels. Following the reasoning of Canal and Peppas,*® with the
average bond length (0.146 nm),* the molecular weight of the
repeating unit (44.05 ¢ mol™ "), and the characteristic ratio of
PEG (4.1),* this translates into average mesh sizes of approx.
2 nm. Therefore, it should be impossible for intact TMV parti-
cles with an outer diameter of 18 nm *° to diffuse through the
hydrogel network. As soon as the network is formed, the TMV
particles are trapped inside the hydrogel independent of the
presence of covalent bonds between the TMV particles and the
network. Therefore, the amide I and amide II vibrations at
1655 cm ™' and 1545 cm ™! are visible in the ATR-FT-IR spectra
both in the wt-TMV and TMV,, containing hydrogels also after
washing, without any notable difference between the two TMV
particle types (Fig. 2).

The comparison between the average mesh sizes in the
hydrogels and the size of the TMV particles with a length of
300 nm also gives insight into the impact of TMV-PEG-A addi-
tion to PEG-DA hydrogels on their molecular structure. The
TMV nanorods penetrate through the length of approx. 150
meshes of the PEG-DA network. Due to the stiff nature of the
TMV particles, this results in stiffening of relatively large
regions of the hydrogel, also explaining the increase in G’ with
larger TMV-PEG-A concentrations. On the other hand, meshes
adjacent to the TMV containing meshes and further away -
which are the majority of meshes - are not changed much on
the molecular level, resulting in very little impact on the EWC.
The addition of wt-TMV therefore has no significant effect on
the mechanical properties. However, it can be expected that the
TMV particles occupy a large space compared to the average
mesh size and thus cause defects in the polymer networks much
bigger than the average mesh size. Without the covalent bonds
which link TMV-PEG-A to the networks, with wt-TMV the PEG-
DA network can obviously slide over the TMV surfaces,
thereby overriding the stiffening effect on the hydrogel.
However, these defects are not accessible to water due to the
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presence of the TMV particles, explaining the low effect of wt-
TMV addition on the EWC.

Interestingly, our results on the mechanical properties of
the TMV containing PEG-DA hydrogels are not reflected by
results published so far for hydrogels made from other poly-
mers. Luckanagul et al. added 0.1% of wt-TMV into porous
alginate hydrogels and found an increase of compressive
modulus in unconfined uniaxial compression compared to
samples containing no wt-TMV.*' We assume that the reason
for this different behaviour can be found in more non-covalent
interactions which are possible between alginate and wt-TMV
CP compared to the interactions between the rather unfunc-
tional PEG backbone of PEG-DA and wt-TMV. On the other
hand, Maturavongsadit et al. reported that in hyaluronan
hydrogels prepared from methacrylated hyaluronan, the shear
modulus of hydrogels in which covalently bound cysteine-
containing TMV was present (0.1%) was slightly lower than
for hydrogels without cysteine-containing TMV.** However,
their samples were very soft with a G’ in the range of 50 Pa to
100 Pa and the difference in sample properties was small.
These data suggest a very low degree of cross-linking and
a large mesh size in general, especially when compared to
other hyaluronan hydrogels which were prepared by thiol-
Michael addition cross-linking.>* Additionally, the degree of
hyaluronan conjugation to the cysteine-containing TMV was
not determined in this study and thus the impact of TMV on
the hydrogel structure cannot directly be compared. From our
results it can be assumed that in their case the conjugation
between hyaluronan and cysteine-containing TMV did not lead
to substantially increased cross-linking density because they
did not observe a stiffening effect.

To further support the above-mentioned conclusion that
TMVs cannot diffuse through the hydrogel network, we quan-
tified the TMV concentrations in the three washing buffers of
the hydrogels with a micro BCA assay. The washing buffer was
exchanged every 24 h so that the three measurements allow
determining the kinetics with which TMV is washed out of the
hydrogels over 72 h. As a prerequisite for this experiment, we
verified the possibility to quantify the concentration of wt-TMV
and TMVy in suspension by measuring a calibration curve
using TMV suspensions with defined concentrations (ESIt). The
micro BCA assay was then performed with the serial washing
buffers, and the respective TMV concentration was calculated
using the calibration function determined before. For both the
wt-TMV and TMVys-containing hydrogels, only the first of the
three washing buffers, collected after 24 h washing time, con-
tained detectable concentrations of wt-TMV and TMVy,
respectively. The relative amount of the TMV derivatives found
in these washing buffers compared to the total amount of TMV
in the hydrogels is shown in Fig. 5.

It is evident that the washed out TMV varied between approx.
1% and 3% of the initial amount, independent of the TMV
derivative used. No significant differences between the samples
were observed. The fact that TMV was found only in the first
washing buffer suggests that it derived mainly from TMV
adsorbed on the hydrogel surface, but not from TMV diffused
out of the interior of the hydrogel.
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Fig. 5 Fraction of initially applied TMV released in the first washing
step (24 h). In the subsequent two wash solutions, no further TMV was
detected.

Investigation of TMV structure in the hydrogels

Depending on the solvent conditions, TMV particles can either
be solvated as individual virus rods, or form nematic crystals, or
aggregate to bigger virus bundles.>” As PEG of higher molecular
weight (M,, = 6000 g mol ") was used for precipitating TMV, it
cannot be completely excluded that a similar effect took place in
PEG-DA solutions. Therefore, it was interesting to investigate
the distribution of the virus particles within the hydrogels. So
far most structural investigations on hydrogel preparations
have been performed by (E-)SEM analysis of (freeze-)dried
hydrogels with a resolution in the 100 nm to 1 um range not
sensitive enough to see features as small as TMV.'* Also changes
in hydrogel morphology can be expected to occur during the
drying process. Therefore, the TMV containing hydrogels were
embedded in epoxy resin, stained with uranyl acetate and
sectioned into 60-100 nm thick slices. TMV particles in the
hydrogels appear as 10 to 20 nm thick lines of different lengths
(100-1000 nm, see Fig. 6).

This variation in length is due to two effects; first, the virus
particles are embedded with varying orientations and second,
they tend to form so-called head-to-tail attachments so that five
TMV attached in this way would result in a 1.5 um long
particle.”® For both TMV variants, TMV particles could be
detected at all concentrations. There was also no significant
difference in the amount of TMV for wt-TMV in comparison to
TMVys visible, supporting the conclusion that the viruses are
confined within the hydrogels due to the small mesh size. The
viruses were also relatively homogeneously distributed within
the hydrogels, thus it can be concluded that PEG-DA does not
have an aggregating effect on TMV. The absence of larger TMV
aggregates in the hydrogels containing TMVcy, also indicates
that the formation of CP-PEG-CP during the thiol-Michael
reaction takes place prior to cross-linking preferentially by
forming PEG loops on a single TMV particle rather than by
linking CPs of two different TMVs to each other. This is in
contrast to the results of Wu et al.,>* they combined TMV at
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Fig. 6 TEM images of TMV containing hydrogels after resin embed-
ding and sectioning. TMV particles can be seen as dark, uranyl acetate
stained lines upon the cloudy hydrogel background.

1.5 wt% with alginate and observed immediate clouding of the
solution while TMV-PEG-DA solutions stayed clear upon mix-
ing. In addition, the corresponding TEM images showed clus-
ters of laterally aligned TMV particles, oriented by the
application of shear forces, within an unstained alginate
background.

Conclusions

The TMV¢y, mutant was successfully functionalised with acry-
late groups by coupling thiol-presenting CPcys subunits with
PEG-DA via the thiol-Michael reaction. The thus obtained TMV-
PEG-A particles were integrated covalently into PEG-DA hydro-
gels, as evidenced by the increased G’ of the hydrogels with
increasing TMV-PEG-A concentration. On the other hand, wt-
TMV did not have a significant effect on G’ due to the missing
covalent interactions. The presence of the TMV derivatives had
no effect on the curing efficiency of PEG-DA or on the EWC. Due
to the small mesh size of the hydrogels, both TMV derivatives
were immobilised in the hydrogels. They were distributed quite
homogeneously throughout the whole volume. The results give
rise to the conclusion that TMV particles offer a way to add
functionality into otherwise non-functional PEG-DA hydrogels,
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extending earlier findings for alginate and hyaluronan gels and
adding a detailed characterisation to the initial promising
results obtained for TMV-containing PEG-DA gels.** Especially
the thiol groups of the TMV,, mutant or functional groups of
other TMV mutants not tested in this study might be used for
future coupling of further functional moieties such as growth
factors or enzymes into the hydrogels, e.g. for uses as cell
culture or tissue engineering matrices.
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