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Horseradish Peroxidase-Crosslinked Calcium-Containing
Silk Fibroin Hydrogels as Artificial Matrices for Bone

Cancer Research

Lara Pierantoni, Viviana P. Ribeiro, Ligia Costa, Sandra Pina, Alain da Silva Morais,
Joana Silva-Correia, Subhas C. Kundu, Antonella Motta, Rui L. Reis, and

Joaquim M. Oliveira*

Hydrogels, being capable of mimicking the extracellular matrix composi-
tion of tissues, are greatly used as artificial matrices in tissue engineering
applications. In this study, the generation of horseradish peroxidase (HRP)-
crosslinked silk fibroin (SF) hydrogels, using calcium peroxide as oxidizer

is reported. The proposed fast forming calcium-containing SF hydrogels
spontaneously undergo SF conformational changes from random coil to
B-sheet during time, exhibiting ionic, and pH stimuli responsiveness. In vitro
response shows calcium-containing SF hydrogels’ encapsulation properties
and their ability to promote SaOs-2 tumor cells death after 10 days of cul-
turing, upon complete f-sheet conformation transition. Calcium-containing
SF hydrogels’ angiogenic potential investigated in an in ovo chick chorioal-
lantoic membrane (CAM) assay, show a high number of converging blood
vessels as compared to the negative control, although no endothelial cells
infiltration is observed. The in vivo response evaluated in subcutaneous
implantation in CD1 and nude NCD1 mice shows that calcium-containing SF
hydrogels are stable up to 6 weeks after implantation. However, an increased
number of dead cells are also present in the surrounding tissue. The results
suggest the potential of calcium-containing SF hydrogels to be used as novel
in situ therapeutics for bone cancer treatment applications, particularly to
osteosarcoma.

treatments!! or used as drug-delivery sys-
tems(? of chemotherapeutic agents com-
monly used in cancer therapy, such as
Doxorubicin (DOX)B# and 5-FU.PI In
particular hydrogels, being capable to be
finely tuned to mimic the native extracel-
lular matrix (ECM) microenvironment,
are greatly used for the generation of 3D
tissue models and targeted drug-delivery
systems.[®”) Silk fibroin (SF), compared
to other natural biopolymers, holds
numerous advantages,® including the
ability to undergo different processing
methods to produce several types of bio-
materials with modulated bioactivity.”) In
particular, silk-based biomaterials have
shown promising biomedical applica-
tions in bone tissue engineering field,
given their capacity to induce osteogenic
signaling both in vitro and in vivo.l'”)] SF
hydrogels have been also proposed for
the development of mineralized 3D bone-
mimicking constructs, and 3D in vitro
tumor and bone metastasis models.!
Belonging to the family of bone can-
cers, osteosarcoma represents one of
the most common types of primary

In recent years, the development of tissue engineered 3D con-
structs for disease modeling has been further explored. These
3D systems can be exploited to test new potential anticancer

bone malignancy affecting children and young adults.>" It
develops preferentially at the metaphysis of long bones, mainly
the distal femur, proximal tibia, and proximal humerus.['®! At
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diagnosis, about 20% of patients present metastasis, most fre-
quently in the lungs.l”] From a genetic point of view, osteosar-
coma is generated from a series of concurrent mutations that
acts to promote survival and proliferative advantages to cancer
cells.! Moreover, osteosarcoma progression also occurs
due to the interaction of tumor cells with the surrounding
microenvironment, like growth factors released by the dis-
rupted ECM and mesenchymal stem cells, highly present in
the tumor microenvironment.?%) Osteosarcoma patients usu-
ally undergo 10 weeks neoadjuvant chemotherapy treatment
with high-dose Methotrexate, Doxorubicin, and Cisplatin
(MAP therapy), followed by surgical removal of the tumor.[’®]
After surgery, 17 weeks MAP adjuvant chemotherapy is con-
tinuously administered.® This is the standard treatment of
osteosarcoma, however, several surgery-related disabilities and
chemotherapy-related chronic side effects have been showing
to induce discomfort and pain in patients.'®! Although innova-
tive therapeutic solutions have been investigated,?! it is essen-
tial to generate less invasive treatments that can better satisfy
the patients’ needs, and patient-specific approaches for fast-
responsive treatments.

Herein, we aimed to investigate the potential of SF hydro-
gels as artificial matrices for bone cancer research, explicitly
to osteosarcoma, as novel tools for therapeutic approaches.
This was achieved through the generation of horseradish per-
oxidase (HRP)-crosslinked SF hydrogels (Figure 1a), using
SF solution at 8 wt% concentration.’2l As substrate for the
HRP, two different contents of calcium peroxide (CaO,) were
used, and denominated throughout the text as Ca-1 and Ca-2
(with Ca-1<Ca-2), respectively. As recently shown by Le Thi
et al.,, CaO, dissolved into an aqueous solution will divide
into Ca(OH), , H,0,, and 0,.23] When mixed together with
the SF solution containing HRP, the enzyme utilizes the H,0,
as a substrate to crosslinks the SF tyrosine side chains, thus
leading to hydrogels formation.?* For comparison purposes,
hydrogen peroxide (H,0,) was used as an oxidizer for the
enzymatic-crosslinking method to generate SF hydrogels. Cal-
cium-containing SF hydrogels were characterized at multiscale
levels structurally and physicochemically. The results revealed
that the presence of calcium induced a fast hydrogels’ gelation
and helped to stabilize the SF structure, inducing a higher
crystallinity. Moreover, they also possess a compacted porous
internal microstructure, and are able to undergo spontane-
ously from SF random-coil to B-sheet conformational change
over time. This change in conformation also resulted in the
death of the hydrogels-encapsulated SaOs-2 osteosarcoma
cells after 10 days of culturing. In ovo and in vivo implanta-
tion of calcium-containing SF hydrogels showed their capacity
to inhibit angiogenesis and to induce surrounding tissue cells
death, respectively.

The microstructural properties of SF hydrogels kept for 7 days
at physiological conditions were characterized by Transmission
electron microscopy (TEM) and cryo-scanning electron micros-
copy (Cryo-SEM) imaging (Figure 1b,c). From TEM images,
it was possible to observe that SF presented a typical fibrillar
conformation.?’] The microstructure evaluation by Cryo-SEM
showed that SF hydrogels presented a different internal struc-
ture depending on the crosslinking agent. The calcium-con-
taining SF hydrogels showed a dense network of interconnected
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pores, with an average pore size of 0.216 £ 0.031 um for Ca-1
and 0.169 * 0.023 pum for Ca-2, while the hydrogels crosslinked
with H,0, have larger pores (1 + 0.087 um).

SF hydrogels’ crystalline phases were analyzed by X-ray dif-
fraction (XRD) (Figure 1d). The calcium-containing SF hydro-
gels (Ca-1 and Ca-2 samples) presented a main peak in the
region of 26 = 28.8°-30.9°, that can be assigned to the B-sheet
crystalline structure (type II B-turn).?®?] An additional peak
located at =21°, belonging to the hydrogels at day 14 post-gela-
tion, is shown which corresponds to the -sheet crystalline con-
formation of SF.[82% At day 1, the spectra presented a broad dis-
tribution, typical of an amorphous conformation of the hydro-
gels.””3% From day 3 onward, the peaks intensity increased,
corresponding to an augmentation of the hydrogels crystallinity
with time.’% By its turn, SF hydrogels crosslinked with H,0,
presented a main peak at 20 = 29° attributed to B-sheet type II
phase, being more pronounced for days 10 and 14 post-gelation.
Therefore, it is indicated that SF naturally undergo protein con-
formation transition over time, concomitant with SF structural
transition from random-coil to B-sheet.??3! The presence of
calcium seems to enhance the stability of SF protein structure,
increasing SF hydrogels crystallinity, which is reflected also by
the compact porosity observed by Cryo-SEM (Figure 1c).

The gelation time of SF hydrogels was evaluated through
rheological analysis and the results were expressed by plot-
ting the storage (G’, elastic component) and loss (G”, viscous
component) moduli as a function of time (Figure 1le). Calcium-
containing SF hydrogels undergo a faster gelation process
(Ca-1, about 5.5 min; Ca-2, about 8 min) as compared to the
ones crosslinked with H,0,, which jellified in about 12 min
(Figure 1e). This phenomenon could be due to the presence of
the calcium ions, which help to stabilize the SF, thus leading
to a faster gelation. All the conditions then reached a stable
plateau phase for both G” and G” moduli in less than 40 min.
Peculiarly, all the hydrogel formulations showed increased G’
and G” values and proximity of the curves after the plateau
phase, from =40 min onward. This fact can be explained by the
loss of moisture from the already-formed hydrogels inside the
measuring chamber.

The capability of the hydrogels to respond to different
ionic stimuli liquids (i.e., phosphate buffered saline (PBS),
water, NaCl 0.154 M, and NaCl 2 m solutions) was also evalu-
ated (Figure S1, Supporting Information). When SF hydrogels
(crosslinked with H,0, and CaO,) were alternatively immersed
in distilled water/PBS (Figure Sla, Supporting Information) and
in NaCl 2 m/NaCl 0.154 M solutions (Figure S1b, Supporting
Information), it was noticed an increase in diameter, corre-
sponding to hydrogels’ swelling, followed by shrinkage until the
original dimensions of the tested samples. This phenomenon
is related with the differences in the osmotic pressure estab-
lished by the tested solutions.?”! These results demonstrated
that the SF hydrogels studied in this work were able to respond
to different ionic fluxes, by shrinking or swelling consequently,
being able to adapt to diverse ionic changes occurring in the
external environment.??l The ability of SF hydrogels to respond
to different pH, ranging from pH 3 to pH 10.5 was also tested
(Figure 1f). The acidic pH was the most effective in originating
a SF hydrogels response, inducing a high degree of hydrogels
shrinkage. This phenomenon is probably caused by the lower

© 2021 Wiley-VCH GmbH
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Figure 1. Structural and physicochemical characterization of HRP-crosslinked SF hydrogels. a) HRP-crosslinking preparation method for the
generation of the SF hydrogels. In aqueous solution, CaO, will break down into Ca(OH),, H,0,, and O,. H,0, will be the substrate for the HRP-
mediated crosslinking of SF tyrosine side chains, leading to hydrogels formation; b) SF structural analysis by Transmission Electron Microscopy
(TEM) after 7 days of hydrogels post-gelation. Scale bar: 200 nm; c) SF hydrogels microstructure analysis by Cryo-Scanning Electron Microscopy
(Cryo-SEM) after 7 days of hydrogels post-gelation. Scale bar: 1 um; d) X-ray diffraction (XRD) analysis after 1, 3, 7, 10, and 14 days of hydrogels
post-gelation; e) SF hydrogels modulus versus time of gelation; f) SF hydrogels’ pH responsiveness after 2 h of immersion in 0.154 m NacCl
aqueous solution at pH 3, 7.4 and 10.5; g) Doxorubicin release profile of SF hydrogels immersed in phosphate buffered saline (PBS) after 3, 6,
12, 24, h and 3, 7, 14 days.
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solubility of SF in acidic pH and loss of water molecules from
the hydrogels induced by the ionic forces of the low pH condi-
tion. On the other side, the hydrogels responsiveness was not
affected by physiological or basic pH conditions, showing stable
structural properties. This behavior does not resemble the one
seen in previously developed hydrogels using SF 16 wt%, which
responded by their swelling when immersed in basic pH condi-
tions.[?2 This can be related to the fact that the hydrogels herein
developed possess a higher degree of crosslinking, preventing
hydrogels swelling in neutral and basal conditions.

In the optics of anticancer drug-releasing systems, the DOX
release profile from SF hydrogels was investigated by means of
soaking the DOX-loaded SF hydrogels in PBS for up to 14 days
(Figure 1g). A low DOX release profile was observed for all the
formulations during the initial 7 days of testing. After 14 days,
Ca-1 hydrogels showed a higher level of DOX release than Ca-2,
which could be due to the earlier degradation of Ca-1 (Figure
S2, Supporting Information). In fact, it has been demonstrated
that a higher CaO, concentration reduces hydrogels’ degrada-
tion rate.?3] As compared to the calcium-containing SF hydro-
gels, the control H,0, showed instead a notable increase of the
DOX released level after 14 days, possibly related with an initial
hydrogels degradation and the larger pores size, as compared to
the calcium ones. The compacted porous microstructure of the
calcium-containing SF hydrogels (Figure 1c) can also provide
an explanation of the observed low DOX release. Pores being
smaller than 1 pm (Ca-1: 0.216 £ 0.031 um; Ca-2: 0.169 £ 0.023
um), and hydrogels high crystallinity, impede the fast release of
the drug. Therefore, this aspect can be very interesting in the
context of controlled release profile of drugs,> enabling to go
from a fast to slow release.

The in vitro cell encapsulation within the proposed hydro-
gels was explored using an osteosarcoma SaOs-2 human cell
line, following the procedure represented in Figure 2a. Cell
viability and proliferation of encapsulated SaOs-2 tumor cells
were evaluated by Alamar blue (Figure 2b) and DNA quantifica-
tion (Figure 2c). In all formulations, it was possible to observe
that until day 3 cells presented a stable metabolic activity
(Figure 2b). However, after 10 (p < 0.001) and 14 (p < 0.001) days
of culturing, a significant decrease in metabolic activities of the
cells was detected. This is concomitant with the SF hydrogels’
B-sheet conformation transition, which demonstrated already
in a previous work to reduce cells viability and induce apop-
tosis.?l Results obtained from DNA quantification (Figure 2c)
confirmed the effect of hydrogels crystallinity on cells behavior
by the significant decrease in cell proliferation after 10 days of
culturing (p < 0.001). A possible explanation to this phenom-
enon could be related with the compacted hydrogels structure
after the change of conformation, which impaired the nutrients
and oxygen exchanges and thus compromised the cells viability.

Given the importance of angiogenesis in tumor formation,3!
the angiogenic potential of SF hydrogels was assessed through
an in ovo CAM assay. The angiogenic response was semiquanti-
tatively evaluated (Figure 2d) following the procedure described
by Silva-Correia et al.,* and was also qualitatively evaluated
by H&E and lectin histological staining (Figure 2e). From the
quantification of blood vessels convergence (Figure 2d), it was
noticed that all SF hydrogels formulations possessed a sta-
tistically higher number (Ca-1 p < 0.01, Ca-2 p < 0.05, H,0,
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p < 0.001) of convergent blood vessels, as compared to the gel-
atin sponge used as negative control. However, no significant
differences were observed among the different SF hydrogels
formulations tested, and between SF hydrogels and the filter
paper used as positive control. From the CAM H&E histological
analysis (Figure 2e), it was observed that the calcium-containing
SF hydrogels (and the control ones) were partially reabsorbed
by the CAM membrane during the incubation time, due to the
triggered inflammatory response. Moreover, from the H&E and
lectin staining (Figure 2e), it was possible to observe that the SF
hydrogels (both using CaO, and H,0, as oxidizer) do not allow
surrounding tissue and almost no endothelial cells infiltration
(black arrows in Figure 2e), contrarily to the FP controls. The
obtained angiogenic profile could be related to the highly com-
pacted microstructure of these hydrogels, even after 4 days of
preparation (where they should have a more amorphous con-
formation), in which endothelial cells are not allowed to infil-
trate. Further Cryo-SEM analysis of the hydrogels after 4 days of
preparation could verify this hypothesis.

The calcium-containing SF hydrogels were ultimately evalu-
ated by subcutaneous implantation in CD1 and nude CD1
(NCD1) mice models, for screening the in vivo biostability and
biocompatibility up to 6 weeks (Figure 3). After 3- and 6-weeks
post-implantation, it was possible to see that all the SF formula-
tions, without and with SaOs-2 cancer cells encapsulation, were
stably present in the connective tissue and no chronic inflam-
mation was observed. From the TUNEL staining it was noticed
an increased cells death surrounding the SF hydrogels, particu-
larly on those crosslinked with CaO, (controls shown in Figure
S3, Supporting Information). This observation can be related
to the presence of calcium ions composing the hydrogels, con-
firmed with energy-dispersive x-ray spectroscopy (EDS) analysis
with values going from 2.4 wt% in the Ca-1 and 4.1 wt% in the
Ca-2 (data not shown), which can possibly trigger the cell apop-
totic process.>’!

In summary, in this study, we developed novel HRP-
crosslinked SF hydrogels using calcium peroxide (CaO,) as
substrate. For comparison purposes, these hydrogels were
compared with HRP-crosslinked hydrogels using hydrogen
peroxide (H,0,) crosslinking. The calcium-containing SF
hydrogels were generated in random-coil conformation, and
spontaneously acquired [B-sheet conformation over time. A
compacted porous microstructure was observed in all hydrogel
formulations, with special relevance for the calcium-containing
SF hydrogels presenting desirable features for the spatio-tem-
poral release of drugs. Their ionic stimuli responsiveness and
rapid gelation time allowed the encapsulation and viability of
SaOs-2 cells up to 10 days of culture. However, the calcium-
containing SF hydrogels conversion into a crystalline B-sheet
conformation affected cells metabolic activity and proliferation.
Preliminary in ovo and in vivo data showed calcium-containing
SF hydrogels’ abilities to inhibit angiogenesis and mediate cells
death, respectively, providing new ambitions to explore these
3D in vitro matrices for novel antitumor therapeutic strate-
gies. In fact, thanks to these hydrogels capability to fast jellify
at physiological conditions, they could be loaded with therapeu-
tics and injected in the patient in the tumor site, thus acting
as in situ drug-releasing systems. In addition, thanks to their
capabilities to induce tumor cells death upon B-sheet induction

© 2021 Wiley-VCH GmbH
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Figure 2. In vitro cell behavior and angiogenic potential of HRP-crosslinked SF hydrogels. a) SaOs-2 encapsulation method into SF hydrogels; b) Alamar
blue metabolic activity and c) DNA quantification of encapsulated SaOs-2 cancer cells after 1, 3, 10, and 14 days of culturing; d) Number of converging
blood vessels toward the SF hydrogels implanted in the CAM for 4 days. Filter paper (FP) and gelatin sponge (GSp) were used, respectively, as positive
and negative controls. €) Ex ovo images, H&E and lectin staining of SF hydrogels implanted in the CAM for 4 days.
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Figure 3. In vivo subcutaneous implantation of SF hydrogels in a) CD1
and b) nude NCD1 mice. Images show representative explant regions
stained with H&E and TUNEL.

and to inhibit angiogenesis, they could enhance the antitumor
effect, by impairing nutrients and blood supplies. In this way,
the calcium-containing SF hydrogels could be used as neoad-
juvant therapy systems prior to surgery, by reducing the tumor
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mass and giving clearer tumor-free margins, thus reducing the
overall treatments side effects.

Experimental Section

The maintenance and use of animals were performed in accordance to
the European Council Directives on Animal Care (Directive 2010/63/EU)
and were approved by the Ethics Committee of University of Minho and
by the Portuguese Licensing Authority (DGV-DSSPA).

The Experimental section details can be found in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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