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1. Introduction

Bone turnover is an active process 
resulting from the well-orchestrated 
interplay between bone-forming cells 
(osteoblasts) and bone-resorbing cells 
(osteoclasts). Their cross-talk is tightly 
regulated by hormones, including para-
thormone,[1,2] cytokines, for example, 
interleukin 6,[3] and growth factors, 
including bone morphogenetic proteins 
(BMPs) 2 and 7.[1] Disequilibrium in this 
complex interplay leads to an imbalance 
between bone formation and resorption, 
which results in severe bone diseases, 
including osteoporosis, and affects regen-
eration processes after both injuries and 
surgical intervention.[4,5] Therefore, opti-
mizing skeletal repair in the context of 
osteoporosis is an important scientific and 
medical aim. Bone structure improvement 
can be achieved by enhancing bone forma-
tion with therapeutic molecules, including 
BMPs,[6,7] and repressing resorption 
using, for example, bisphosphonates.[7–9] 
To achieve local delivery of therapeuti-
cally active compounds in bone defects or 

In osteoporosis, bone structure can be improved by the introduction of thera-
peutic molecules inhibiting bone resorption by osteoclasts. Here, biocompatible 
hydrogels represent an excellent option for the delivery of pharmacologically 
active molecules to the bone tissue because of their biodegradability, inject-
ability, and manifold functionalization capacity. The present study reports the 
preparation of a multifunctional hybrid hydrogel from chemically modified 
human serum albumin and rationally designed DNA building blocks. The hybrid 
hydrogel combines advantageous characteristics, including rapid gelation 
through DNA hybridization under physiological conditions and a self-healing 
and injectable nature with the possibility of specific loading and spatiotempo-
rally controlled release of active proteins, making it an advanced biomaterial for 
the local treatment of bone diseases, for example, osteoporosis. The hydrogels 
are loaded with a recombinant Rho-inhibiting C3 toxin, C2IN-C3lim-G205C. This 
toxin selectively targets osteoclasts and inhibits Rho-signaling and, thereby, 
actin-dependent processes in these cells. Application of C2IN-C3lim-G205C 
toxin-loaded hydrogels effectively reduces osteoclast formation and resorption 
activity in vitro, as demonstrated by tartrate-resistant acid phosphatase staining 
and the pit resorption assay. Simultaneously, osteoblast activity, viability, and 
proliferation are unaffected, thus making C2IN-C3lim-G205C toxin-loaded 
hybrid hydrogels an attractive pharmacological system for spatial and selective 
modulation of osteoclast functions to reduce bone resorption.
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weak bone, for example, immediately surrounding implants, an 
appropriate carrier is crucial to achieve sustained in situ release 
of therapeutic molecules. Here, biocompatible hydrogels could 
represent one of the best options for achieving an efficient local 
delivery system. The high water content imparts biocompat-
ibility and a large number of therapeutics could be loaded and 
delivered via a controllable slow-release mechanism.[10]

It has been shown previously that the delivery of thera-
peutic molecules into bone tissue is possible via absorption 
of the therapeutic within a synthetic hydrogel,[11] physically 
crosslinked alginate-gel[12] or Matrigel[13] during hydrogel prepa-
ration. Recently, we developed a biodegradable and biocom-
patible protein–DNA hybrid hydrogel, which is crosslinked by 
DNA hybridization without the application of reactive organic 
reagents or catalysts. DNA hybridization is based on sequence-
specific, supramolecular interactions, providing the hydrogel 
with beneficial features, including being injectable and self-
healing.[14] Importantly, it is this injectable nature, which allows 
for simple, local administration of the protein–DNA hybrid 
hydrogel via injection at the diseased site. In contrast to the 
incorporation of guest molecules via absorption, protein–DNA 
hydrogels offer the opportunity to readily assemble the desired 
bioactive molecules within the hydrogel using the appropriately 
functionalized DNA adaptors. Even different kinds of func-
tional proteins could be immobilized successfully following this 
approach.[14] In this fashion, a highly controlled protein loading 
in combination with local release of the bioactive molecules 
could be achieved at the diseased site by nuclease-mediated 
cargo release. In contrast to conventional hydrogel scaffolds 
based on synthetic polymers or undefined mixtures, including 
Matrigel, with high batch-to-batch variations,[15] the protein–
DNA hydrogels described herein feature a precisely defined 
composition and highly reproducible synthesis. Moreover, pro-
tein–DNA hybrid hydrogels provide several advantageous fea-
tures, including adaptable polypeptide chain lengths, precisely 
defined amino acid sequences, and high biocompatibility.[16] In 
addition, further chemical modifications are facilitated by the 
presence of different functional groups along the main chain 
of the polypeptide backbone. The same strategy that converts 
proteins into versatile biomaterials combining biocompatibility, 
biodegradability, and multifunctionality has been studied pre-
viously in vitro and in vivo, demonstrating great potential for 
drug delivery[17,18] and bioimaging.[17,19,20] Therefore, this mod-
ular approach for the precise assembly of multicomponent and 
biodegradable hydrogels based on supramolecular interactions 
of the DNA building blocks allows for the controlled assembly 
of various pharmacologically active proteins and enzymes 
within the hydrogel without the need for applying reactive or 
potentially toxic reagents. Moreover, spatiotemporally con-
trolled cargo release from the hybrid hydrogel is achieved by 
DNase application, which allows protein-cargo release while 
maintaining their pharmacological activity. In addition to being 
extensively studied for systemic application during cancer treat-
ment,[21] DNases have been reported to be well tolerated in 
patients with cystic fibrosis[22] and nephritis lupus.[23] In par-
ticular, bovine pancreatic DNase has been reported to not cause 
any evidence of systemic toxicity when applied by intravenous 
injections or by other parenteral routes, including intrathecal.[24] 
Therefore, DNase administration provides a simple and smart, 

yet biocompatible possibility for well-directed cargo release. To 
address the excessive bone resorption by osteoclasts in osteo-
porosis, the targeted pharmacological modulation of osteo-
genesis or osteoclast activity represents a favorable strategy. 
The clostridial Rho-inhibiting C3 toxins could be attractive 
candidates for this purpose, because the treatment of cultured 
osteoclast-like cells with these enzymes effectively decreased 
both osteoclast formation from monocytic progenitor cells and 
their resorption activity in vitro.[25] The C3 toxins (≈25 kDa) 
mono-ADP-ribosylate Rho in the cytosol inhibits Rho-mediated 
signal-transduction and results in reorganization of the actin 
cytoskeleton accompanied by a dramatic change in cell mor-
phology and inhibition of central actin-associated cellular func-
tions.[26,27] Moreover, C3 toxins, such as C3bot from Clostridium 
(C.) botulinum[28] and C3lim from C. limosum,[29] are efficiently 
taken up into the cytosol of cells of the monocyte/macrophage-
line by an endocytic mechanism but not into the cytosol of 
other cell types, including epithelial cells and fibroblasts.[26] The 
recombinant fusion toxin C2IN-C3lim contains C3lim and the 
nontoxic C2IN portion of the C. botulinum C2 toxin,[26] which 
likely enhances the selective uptake of C2IN-C3lim into the 
cytosol of monocytes/macrophages and osteoclasts, because 
both cell populations are derived from the same lineage.[25] In 
these earlier studies, we identified C2IN-C3lim as the most 
efficient Rho-inhibitor for RAW 264.7 macrophages among 
the clostridial C3 enzymes. Additionally, we demonstrated 
that this fusion toxin ADP-ribosylates Rho in RAW 264.7 cells 
results in reorganization of F-actin, as demonstrated by DAPI/
phalloidin-staining of C2IN-C3lim-treated cells, and finally in 
the characteristic changes of cell morphology.[25] We believe 
that incorporating C2IN-C3lim enzyme into the biocompatible 
protein–DNA hybrid hydrogel opens a new avenue for efficient 
and cell type-selective treatment of increased bone resorption, 
featuring local application of therapeutics, ensuring a high local 
concentration and spatiocontrolled cargo release (Figure 1).

Herein, we demonstrate the unique potential of this novel 
protein–DNA hybrid hydrogel for local application and con-
trolled release of C2IN-C3lim for the targeted pharmacological 
inhibition of osteoclast formation and resorption activity 
without affecting osteoblasts.

2. Results and Discussion

2.1. Preparation of C2IN-C3lim-G205C

The fusion protein C2IN-C3lim (≈50 kDa) combining both the 
enzymatically inactive N-terminal region of the C2I-toxin C2IN 
(≈25 kDa) from C. botulinum and the enzymatically active toxin, 
C3lim, from C. limosum could efficiently and specifically inhibit 
osteoclast differentiation and growth as discussed previously.[25] 
To load C2IN-C3lim into the hydrogel, a cysteine mutant of this 
fusion protein was created. As described in the experimental 
design, we replaced glycine at position 205 with cysteine to 
create the C2IN-C3lim-G205C mutant, suitable for accom-
plishing thiol-based bioconjugation reactions. Gly-205 was 
selected, because it is located on the surface of the folded protein 
and, therefore, the mutation is accessible for DNA conjugation. 
After expression as the glutathione S-transferase (GST)-fusion 
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protein in Escherichia coli and purification by affinity chroma-
tography using the glutathione-sepharose system, the identity 
and complete expression of the toxin was confirmed by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and subsequent western blotting using specific antibodies. 
According to Coomassie blue staining (Figure 2A) and antibody 
staining, both the C2IN and C3 regions could be detected at 
the expected height by specific antitoxin antibodies (Figure 2B). 
The enzymatic activity of C2IN-C3lim-G205C was confirmed 
by ADP-ribosylation (Figure 2C). This ADP-ribosylation assay 
is well-established and represents the gold standard because of 
the very sensitive and specific detection of the modification of 
Rho by C3 toxins in cells.[25–30]

To confirm C2IN-C3lim-G205C uptake into the cytosol of 
living cells, J774A.1 macrophages were intoxicated with dif-
ferent amounts of C2IN-C3lim-G205C. Incubation of J774A.1 
cells for 8 h with the newly generated C2IN-C3lim-G205C or 
the original C2IN-C3lim as a control, led to clear C3-induced 
morphological cell changes (Figure 2D). To demonstrate the 
toxins could ADP-ribosylate Rho, the cells were lysed and in 
vitro ADP-ribosylation was performed. The lysates were incu-
bated with biotin-NAD+ and fresh C2IN-C3lim-toxin. Rho in 
untreated cells was strongly ADP-ribosylated during the in 
vitro reaction, resulting in a strong signal in the western blot 
(Figure 2E). In contrast, less ADP-ribosylated Rho was detected 
when the macrophages were treated with C2IN-C3lim-G205C, 
indicating that Rho was already ADP-ribosylated in living cells 
during the incubation period. This assay (Figure 2E) clearly 
displayed a concentration-dependent intoxication. Loading of 
comparable amounts of total protein was confirmed by actin 
staining with specific antibodies. In summary, the results indi-
cate the specific uptake of C2IN-C3lim-G205C into the cytosol 
of J774A.1 cells, whereas other cell types, including fibroblasts 
and epithelial cells, remained unaffected (data not shown).

2.2. Preparation of Toxin-Loaded Hydrogel

The synthesis of the hydrogel is based on a protocol reported 
previously. Briefly, human serum albumin (HSA) is first 
converted to cHSA (Figure 3A).[31] Thereafter, about 18 

poly(ethylene glycol) (PEG) chains (Mw = 2000) are conjugated 
to the amino groups of cHSA to afford cHSA-PEG(2000)18. 
Noteworthy, primary amino groups can originate from the 
newly introduced amino groups of the previous synthetic step 
as well as from lysine side chains of cHSA. For clarity reasons, 
the conjugation reaction in the scheme is only shown for the 
newly introduced amines and not for the lysine side chains. 
Residual amines are converted to azido groups by applying the 
diazo transfer reagent imidazole-1-sulfonyl azide hydrochlo-
ride yielding N3-cHSA-PEG(2000)18. The alkyne functionalized 
ssDNA sequence (alkyne-SE1′) is then conjugated to N3-cHSA-
PEG(2000)18 via Huisgen cycloaddition yielding cHSA-
PEG(2000)18-SE1′8 with on average eight SE1′ per polymer 
chain. Finally, cHSA-PEG(2000)18-SE1′8 is denatured in concen-
trated urea buffer, followed by reduction of the disulfide bridges 
by tris(2-carboxyethyl)phosphine (TCEP) and capping of the 
free sulfurhydryl groups as reported.[14] The stable and well sol-
uble polypeptide copolymer dcHSA-PEG18-SE1′8 (PcP) is thus 
obtained, carrying PEG chains contributing water-solubility 
and ssDNA (SE1′) allowing the precise interaction with DNA 
crosslinkers as well as further functionalization.

The hydrogel was prepared from the PcP as depicted in 
Figure 3A, according to the previously reported protocol.[14] 
The detailed synthesis and characterization of all synthesis 
steps are summarized in Scheme S1 and Figures S3–S19 (Sup-
porting Information). Gelation of the hydrogel is based on the 
crosslinking of the PcP with multiarm DNA crosslinker (DL1 
and DL2 DNA linkers, Figures 3B and 4). DL2 allows loading 
of up to two C2INC3lim-G205C to its sticky ends SE3′ and 
SE4′, while DL1 serves as a small crosslinker to increase the 
crosslinking degree. Maleimide-modified DNA tag SE3′ was 
specifically conjugated to the single mutated cysteine residue 
of C2IN-C3lim-G205C (Figure 4). The conjugation of the SE3′ 
DNA tag to C2IN-C3lim-G205C did not influence the uptake 
of this toxin into macrophages or its ADP-ribosyltransferase 
activity in the cytosol of these cells (Figures S1 and S2, Sup-
porting Information). Moreover, the coupling of the DNA tag 
to C2IN-C3lim-G205C had no effect on the viability of J774A.1 
macrophages or RAW 264.7 monocytic cells, because the 
number of viable cells after 72 h was comparable when treated 
with C2IN-C3lim, C2IN-C3lim-G205C, or C2IN-C3lim-G205C 
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Figure 1. Design concept – inhibition of local bone resorption via administration of injectable protein–DNA hybrid hydrogel featuring spatiotemporally 
controlled release of Rho-inhibiting C3 toxin. Inhibition of bone resorption can be realized by the selective targeting of the formation and activity of 
osteoclasts, allowing for efficient bone regeneration (DL2-FT: C2IN-C3lim-G205C toxin-loaded DL2 DNA linker, DL1: DNA linker for crosslinking, PcP: 
protein-derived polypeptide copolymer backbone of the hydrogel).
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coupled to the DNA tag (Figures S1 and S2, Supporting Infor-
mation). The results indicate that the treatment of the mac-
rophages with the individual C2IN-C3lim fusion toxins did 
not kill the cells but rather altered their actin cytoskeleton via 
the C3-catalyzed ADP-ribosylation of Rho. Through the DNA 
tags, C2IN-C3lim-G205C could be readily loaded onto the DL2 

linker under physiological conditions, thus the protein activity 
could be effectively maintained (data not shown). By mixing the 
C2IN-C3lim-G205C-loaded DL2 and PcP with a small amount 
of DL1 in water, the gelation occurred within 1 min at room 
temperature (RT). A temporally and spatially defined release 
of the intact C2IN-C3lim-G205C hydrogel cargo was achieved 
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Figure 2. Characterization of C2IN-C3lim-G205C and the concentration-dependent ADP-ribosylation of Rho in living J774A.1 macrophages subsequent 
to the uptake of C2IN-C3lim-G205C. A) Coomassie blue staining of the expressed and purified fusion protein C2IN-C3lim-G205C after SDS-PAGE. 
B) SDS-PAGE of 400 ng C2IN-C3lim-G205C and 400 ng C2IN-C3lim for control followed by western blot. Complete expression of the fusion protein 
was confirmed by detecting protein moieties with specific antibodies against C2IN and C3. C) Lysate from CHO-K1 cells (40 µg) and the toxins C2IN-
C3lim-G205C, C2IN-C3lim or C3lim (each 300 ng) were incubated in the presence of biotin-NAD+ (10 × 10−6 m) for 30 min at 37 °C. As controls, cell 
lysate was either left untreated or was incubated only with biotin-NAD+. Samples were separated by SDS-PAGE, blotted and biotinylated proteins were 
detected with streptavidin-peroxidase (1: 300 ng C2IN-C3lim-G205C, 2: 300 ng C2IN-C3lim, 3: 300 ng C3lim, 4: lysate with biotin-NAD+, 5: lysate only). 
D) J774A.1 macrophages were treated for 8 h with either C2IN-C3lim-G205C (0.5 µg mL−1), C2IN-C3lim (0.5 µg mL−1) or were left untreated (nega-
tive). E) J774A.1 macrophages were concentration-dependent treated for 3 h with C2IN-C3lim-G205C (0.3, 0.5, 1, 2 µg mL−1) or were left untreated as 
a control. Subsequently, cells were lysed and the lysates were incubated for 30 min at 37 °C with 300 ng C2IN-C3lim and 10 × 10−6 m biotin-NAD+ to 
ADP-ribosylate Rho that was not ADP-ribosylated in the living cells. Subsequently, samples were subjected to SDS-PAGE and western blot and bioti-
nylated proteins were then detected using streptavidin-peroxidase. Loading of comparable amounts of total protein was confirmed by actin staining 
with specific antibodies.
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by enzyme-mediated degradation of the hydrogel by DNase I 
application.

2.3. Improved Hydrogel Stability by Chitosan

Because bone regeneration is a slow process, which neces-
sitates controlled release of the toxin protein for several to 
tens of days, we have further developed a method to fine-
tune and increase the stability of the hydrogel. A biocompat-
ible cationic biopolymer – chitosan – was applied to interact 
with the negatively charged DNA linkers and to stabilize them 
through electrostatic interaction. Chitosan has been widely 
used for biocompatible hydrogel design and its biocompat-
ibility has been frequently demonstrated.[32,33] We found that 
incubation of the hydrogel in chitosan solution (5 mg mL−1 in 

phosphate-buffered saline (PBS), pH 5 at 4 °C) for 2.5 h sig-
nificantly prevented hydrogel degradation during cell experi-
ments and prolonged the effective time of the hydrogel for slow 
protein release. The prepared hydrogels stabilized by chitosan 
treatment remained intact in PBS at 4 °C for 35 d. Moreover, 
the stabilized hydrogels remained intact in PBS at RT and 
37 °C for several weeks, allowing for easy handling and admin-
istration. In contrast, the control hydrogel not incubated in 
chitosan degraded within 1 d when incubated at 4 °C in PBS 
(Figure S13, Supporting Information). Therefore, this observa-
tion indicates a highly increased stability of the hydrogel via 
noncovalent interactions. This could be advantageous for fur-
ther in vivo application, allowing prolonged release of bioactive 
molecules from the hydrogels. These molecules might include 
anabolic factors, including growth factors, to stimulate bone 
formation, or antibiotics to fight periprosthetic infections, or 
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Figure 3. Scheme for the preparation of the hybrid protein–DNA hydrogel building blocks. A) Sequential preparation of human serum albumin (HSA)-
derived polypeptide backbone (PcP) decorated with polyethylene glycol (PEG) and ssDNA (SE1′). B) Preparation of DNA crosslinker by DNA hybridiza-
tion. Hybridizing sequences of the ssDNA as well as the respective sticky ends are indicated.
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might target osteoclasts, thereby inhibiting bone resorption, 
for example, C3-toxin. Therefore, although hydrogels cannot be 
used for mechanical bone augmentation, in contrast to conven-
tional cements, they may be useful for local drug release.

2.4. Mechanical Properties of the Stabilized Hybrid Hydrogel

To assess quantitatively the mechanical properties of the 
hybrid hydrogel, which are critical parameters for its function 
and applications, rheological characterization was performed. 
The oscillatory frequency sweep revealed typical viscoelastic 
behavior at lower frequencies, verifying the nature of a gel 
with the values of the storage modulus G′ being higher than 
the corresponding values of the loss modulus G″ (Figure 5A). 
With increasing frequency, the loss modulus increased until 
intersection with the storage modulus occurred, indicating a 
phase transition from the gel to sol state at high frequencies. 
Moreover, mechanical stability over time was investigated by 
an oscillatory time-sweep test, measured at a fixed frequency 
(1 Hz) and strain (1%) (Figure 5B). The hydrogel exhibited 
constant mechanical strength with time, indicating that no 
structural rearrangements occurred within the hydrogel 
once gelation was completed. In addition, mechanical prop-
erties were investigated by an oscillatory strain sweep (0.01–
1000%) at a fixed frequency (1 Hz) (Figure 5C). The values 
of G′ and G″ remained constant in the low shear-stress 
region (<20%). However, with increasing oscillatory strain, 
G′ decreased rapidly, whereas G″ increased slightly after the 
strain exceeded 40%. These results indicate the presence of 
a network structure, which does not collapse abruptly. How-
ever, microfissures within the network did form, which rap-
idly expanded to macrofractures, resulting in a gel-to-sol 
transition, indicating the collapse of the gel state to a quasi-
liquid state at the intersection of G′ and G″ at 123% strain. 
Moreover, the self-healing properties of the hydrogel were 

demonstrated by a combinatorial measurement, where the 
performed strain sweep was followed by an oscillatory time-
sweep measurement at the same fixed frequency (1 Hz) used 
in the strain sweep and, importantly, a very low strain (0.1%) 
to avoid impacting structure formation during gel recovery 
(Figure 5D). This self-healing behavior of the hybrid hydrogel 
indicates that it could be applied in a straightforward fashion 
by simple injection directly to bone defects, thereby avoiding 
the need for surgical procedures to deliver the hydrogel into 
the body.

2.5. Inhibition of Osteoclast Formation and Bone Resorption  
by Hydrogel-Released C2IN-C3lim-G205C

To analyze C3-mediated toxicity in osteoclasts, hydrogel alone 
or hydrogel loaded with C3-derived recombinant fusion toxin 
C2IN-C3lim-G205C were incubated with RAW 264.7 cells 
in osteoclastogenic medium. The RAW 264.7 cell is a well-
characterized preosteoclastic cell line, which is widely used 
as a model for osteoclast formation and activity.[34,35] Prelimi-
nary experiments showed that these cells were, like J774A.1 
cells, susceptible to the cytotoxic effect of the recombinant 
fusion toxin (Figures S1 and S2, Supporting Information). 
Here, we investigated whether our hydrogel can serve as 
a potential carrier and controlled-release system for C2IN-
C3lim-G205C to affect selectively bone cells in situ. The for-
mation of multinucleated tartrate-resistant acid phosphatase 
(TRAP)-positive cells could be significantly reduced by 96% 
(P < 0.001 compared to control) after the treatment of RAW 
264.7 cells with hydrogel loaded with C2IN-C3lim-G205C 
during the entire differentiation period, whereas cells incu-
bated with hydrogel alone did not significantly differ from 
differentiated control cells (Figure 6A–E). Confirming these 
data, the resorption activity of RAW 264.7 cells after osteo-
clastogenic differentiation on a calcium phosphate-coated 
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Figure 4. Scheme for the preparation of the toxin–DNA conjugate and the toxin-loaded hydrogel. A) Coomassie blue staining of the C2IN-C3lim-G205C-
SE3′ DNA conjugate after SDS-PAGE. A total of 3 µg of the DNA conjugation reaction giving C2IN-C3lim-G205C-SE3′ and 3 µg C2IN-C3lim-G205C 
for control were subjected to SDS-PAGE. B) Preparation of the fusion toxin (FT) DNA conjugate DL2-FT by DNA-programed assembly. The ssDNA-
modified C2IN-C3lim-G205C-SE3′ is used for DNA hybridization with DL2. C) Scheme for the preparation of C2IN-C3lim-G205C-loaded hydrogel with 
subsequent DNase-initiated degradation.
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surface with C2IN-C3lim-G205C-loaded hydrogel was signifi-
cantly decreased, whereas hydrogels without toxin displayed 
no effect (Figure 6F–J). Therefore, in summary, hybrid hydro-
gels alone do not affect osteoclastogenic differentiation or the 
activity of osteoclast-like cells, whereas toxin-loaded hydrogels 
displayed a significant toxic effect, indicating effective C2IN-
C3lim-G205C uptake into the cytosol. This corresponds to 
the described toxic effects when C2IN-C3lim was applied to 
macrophages, leading to the inhibition of Rho-mediated sign-
aling, reorganization of the actin cytoskeleton, and a charac-
teristic C3-mediated cell morphology.[26] Moreover, these data 
are in agreement with our previous findings, showing that 
C2IN-C3lim without a carrier could also affect morphology, 
viability, and osteoclastogenic differentiation of RAW 264.7 
cells in a concentration-dependent manner more effectively 
than C3bot1.[25] Currently, the reason for the cell type-selec-
tive mode of action of C2IN-C3lim toward macrophage-like 
cells, including osteoclasts, remains unclear. However, one 
possible reason for the efficient internalization of C3 proteins 
into the cytosol of such cells may be that C3bot binds to pro-
teinaceous structures on macrophages and that macrophages 
exhibit significantly more C3-binding sites compared to other 
cell types.[36]

2.6. Hydrogel-Released C2IN-C3lim-G205C Does Not Affect 
Osteoblast Viability or Differentiation

To confirm that the delivery of C2IN-C3lim-G205C toxin via 
hydrogel does not compromise osteoblast activity, osteoblast-
like MC3T3-E1 cells were cultivated in osteogenic media with 
or without C2IN-C3lim-G205C immobilized in hybrid hydro-
gels. Cell proliferation and metabolic activity was evaluated 
by the MTT assay. No significant differences in cell viability 
were found between the groups (Figure 7A). Furthermore, 
analysis of the gene expression of the characteristic apoptosis 
marker tumor protein p53 and the proliferation marker KI67 
showed, in agreement with the MTT analysis, no differences 
between the groups (Figure 7B,C). These results indicate that 
neither hydrogel alone nor C2IN-C3lim-G205C immobilized on 
hydrogel induced apoptosis or compromised cell proliferation. 
These data are in accordance with our previous studies showing 
that C2IN-C3lim cannot penetrate MC3T3-E1 cells without the 
separate transport component C2IIa, thereby not affecting Rho 
ADP-ribosylation in these cells.[25]

Osteogenic cell differentiation was analyzed by alkaline phos-
phatase staining and by the expression of osteogenic marker 
genes, including alkaline phosphatase (Alpl), osteocalcin 
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Figure 5. Rheological properties of chitosan-stabilized hybrid hydrogel. A) Frequency sweep (0.05–100 Hz) of 3.4% hydrogel at 25 °C with a fixed strain 
of 1%. Values are given as the mean ± standard deviation (n = 2). B) Oscillatory time sweep of 3.4% hydrogel for 5 min with a fixed strain of 1% and 
frequency of 1 Hz at 25 °C. Values are given as the mean ± standard deviation (n = 3). C) Oscillatory strain sweep (0.01–1000%) of 3.4% hydrogel at 
25 °C with a fixed frequency of 1 Hz. Values are given as the mean ± standard deviation (n = 2). D) Oscillatory strain sweep (0.01–1000%) of 3.4% 
hydrogel at 25 °C with a fixed frequency of 1 Hz, followed by an oscillatory time sweep measurement with a fixed strain of 0.1% and frequency of 1 Hz 
at 25 °C. Values are given as the mean ± SD (n = 2).
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(Bglap), and bone sialoprotein (Ibsp). We detected no significant 
differences in the alkaline phosphatase activity or gene expres-
sion between cells incubated in osteogenic differentiation 
medium with or without C2IN-C3lim-G205C-loaded hydrogels 
(Figure 7D–H), indicating that the hydrogel alone or the treat-
ment with toxin did not compromise osteogenic differentiation 
of MC3T3-E1 cells. Osteocalcin gene expression was also sig-
nificantly increased with both hydrogels. There was a nonsig-
nificant increase in Ibsp expression in the presence of hydrogel. 
Therefore, our data clearly indicate that hybrid hydrogels either 
alone or loaded with C2IN-C3lim-G205C had no adverse or 
toxic effect on osteoblasts. In the osteoclast cell culture, C2IN-
C3lim-G205C decreased osteoclast formation and activity, and 
these effects can be attributed to the toxin, because treatment 
with hydrogel alone did not affect the cells. However, the use 
of cell lines represents a limitation of the present study and 
implies the need for further evaluation using primary cells.

3. Conclusions

We have prepared a multifunctional hybrid hydrogel consisting 
of biodegradable and biocompatible components as well as 
a functional protein cargo as an efficient biomaterial for local 
treatment of bone diseases, including osteoporosis. The hybrid 
hydrogel is composed of chemically modified HSA and a 
rationally designed DNA linker. The hybrid hydrogel provides 
several advantageous features because of the mild and efficient 
DNA hybridization-based gelation, including: (1) rapid gelation 
under physiological conditions with crosslinking in the absence 

of chemically reactive, toxic groups or metal catalysts; (2) self-
healing with favorable injectability allowing direct application 
to bone defects by simple injection,[14] (3) rapid, highly specific, 
and stable loading and controlled release of DNA-tagged cargo, 
ranging from proteins, enzymes, and growth factors to antibi-
otics. Considering all these properties, there are currently no 
other materials that provide a combination of all these features.

Recombinant C3 toxin (C2IN-C3lim-G205C) was effectively 
incorporated into the hybrid hydrogel, which fully maintained 
its bioactivity following bioconjugation. The spatiotemporally 
controlled C2IN-C3lim-G205C release allows efficient and spe-
cific inhibition of osteoclast formation and bone resorption, but 
does not affect osteoblastic differentiation and mineralization. 
The protein release by DNase application allows for local appli-
cation of this hydrogel, which could provide inhibition of osteo-
clasts on a controlled time scale. This could provide not only a 
promising strategy to promote skeletal repair of bone diseases 
but also for local improvement of bone quality, for example, 
immediately surrounding bone implants. In addition, after 
releasing the therapeutic protein, this hydrogel is fully degra-
dable and nontoxic, which is critical for noninvasive therapies.

In principle, because of the high functionalization capacity of 
the protein–DNA hybrid hydrogel, it is conceivable that it could 
stimulate bone formation by loading the hydrogel with anabolic 
factors, including growth factors, or to fight periprosthetic infec-
tions by loading it with antibiotics. In relation to this, instanta-
neous protein immobilization by simply adding the crosslinker 
immediately prior to injection or by applying moderate sheer 
forces would allow the application of very sensitive, less stable 
proteins. In this manner, the protein–DNA hybrid hydrogel 
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Figure 6. Effect of C2IN-C3lim-G205C released from protein–DNA hybrid hydrogel on the formation of mature osteoclast-like cells and their activity. 
Hydrogel comprising immobilized C2IN-C3lim-G205C (1 µg per 500 µL) was added to RAW 264.7 cells starting from day 1 and cells were treated with 
RANKL/M-CSF to induce osteoclast formation. Toxin release was enhanced by the addition of DNase I (50 or 100 U) to the hydrogel. A) The number 
of TRAP-positive multinucleated cells was determined after 5 d of incubation. B) Representative image of TRAP staining of untreated RAW 264.7 cells, 
C) cells after osteoclastogenic differentiation, and D) osteoclastogenic differentiation in the presence of unloaded hydrogel or E) C2IN-C3lim-G205C-
loaded hybrid hydrogel. Scale bar is 100 µm. Arrowheads indicate TRAP-positive multinucleated cells. F) Quantification of resorbed area per well and 
G) representative von Kossa staining of a well with untreated RAW 264.7 cells, H) cells after osteoclastogenic differentiation, and I) osteoclastogenic 
differentiation in the presence of unloaded hydrogel or J) C2IN-C3lim-G205C-loaded hybrid hydrogel. Values are given as the mean ± SD (n = 12–15 
for TRAP staining, n = 6–8 for pit assay), *=P < 0.05; **=P < 0.01; ***=P < 0.001.
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has great potential for the local improvement of bone quality 
in osteoporotic bone, for example, surrounding implants.[37–39] 
Moreover, using this strategy, patient-specific prophylactic treat-
ment of bones with a high fracture risk, including vertebrae 
and the femoral neck, is also conceivable.[40–42]

4. Experimental Section
Materials and Instruments: HSA (>98%), bovine pancreatic 

deoxyribonuclease I (DNase I, lyophilized powder, protein 
≥85%, ≥400 Kunitz units mg−1 protein), high-purity chitosan (Mv 
40 000–60 000), DMT-dA(bz)-CPG, DMT-dT-CPG, DMT-dG(ib)-CPG, 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, ethylene diamine, 
and 5-hexyn-1-ol were obtained from Sigma-Aldrich Chemie GmbH 
(Munich, Germany). DMT-dA(bz) phosphoramidite, DMT-dT 
phosphoramidite, DMT-dG(iBu) phosphoramidite, and DMT-dC(Bz) 
phosphoramidite were obtained from Wuhu Huaren Science and 
Technology Co. (Wuhu City, Anhui Province, China). α-Methoxy-ω-
carboxylic acid succinimidyl ester poly(ethylene glycol) was purchased 
from Iris Biotech GmbH (Marktredwitz, Germany). TCEP hydrochloride, 
urea, and ethylenediaminetetraacetic acid were obtained from Alfa 
Aesar (Karlsruhe, Germany). N-ethyldiisopropylamine was purchased 
from Merck Millipore (Darmstadt, Germany). 2-Cyanoethyl N,N-
diisopropylchloro phosphoramidite was obtained from ChemGenes 

Corporation. TEAA 2.0 m buffer (pH 7) for high-performance liquid 
chromatography (HPLC) purification of DNA was purchased from 
Biosolve BV (Valkenswaard, Netherlands). Anti-C2IN and anti-C3 
antisera were raised in rabbits (Pineda, Berlin, Germany). Horseradish-
peroxidase-conjugated anti-rabbit and anti-mouse antibodies were 
obtained from Santa Cruz (Santa Cruz, Dallas, USA) and monoclonal 
anti-actin antibody from Sigma (Taufkirchen, Germany).

DNA synthesis was performed on a PolyGen 12-Column solid-phase 
DNA synthesizer (PolyGen GmbH). Purification of the synthesized 
DNA was accomplished by HPLC (1260 Infinity Quarternary LC System, 
Agilent Technologies) with a C18 RP-HPLC column (Agilent Eclipse XDB-
C18, 5 µm, 9.4 × 250 mm, Agilent Technologies). The DNA concentration 
was determined using a NanoDrop 2000c from Thermo Fisher Scientific 
Inc. ÄKTA Purifier FPLC and a HighPrep_16/60 Sephacryl 300 HR 
column (GE healthcare, Munich, Germany) were used for polypeptide 
copolymer purification. A Superdex 200 Increase 10/300 GL column 
from GE healthcare was utilized for DNA linker purification. Agarose 
gel electrophoresis was conducted using the Bio-Rad Mini-Sub Cell 
GT horizontal electrophoresis system (Bio-Rad Laboratories GmbH). 
Sodium dodecyl sulfate (SDS) gel electrophoresis was performed 
using the Bio-Rad Mini-PROTEAN Tetra Cell electrophoresis system. 
Matrix-assisted laser desorption/ionization time-of-flight mass specta 
(MALDI-ToF MS) were recorded on a Bruker Reflex III MALDI-ToF MS 
spectrometer (Bruker Corporation). Rheological measurements were 
conducted on a DHR3 rheometer (TA Instruments). Characterization 
of chemical compounds by nuclear magnetic resonance spectroscopy 
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Figure 7. Effect of C2IN-C3lim-G205C delivered via hydrogel on osteoblast viability, proliferation, and differentiation. Hydrogel alone or hydrogel 
containing immobilized C2IN-C3lim-G205C (1 µg per 500 µL) was added to MC3T3-E1 cells cultivated with or without osteogenic differentiation 
medium (ODM). A) Cell viability as determined by the MTT assay. B) Expression of the apoptosis marker p53 and C) proliferation marker KI67.  
D) Representative alkaline phosphatase staining of MC3T3-E1 cell incubated without ODM, E) cells after osteogenic differentiation without and  
F) with hydrogel alone or G) with C2IN-C3lim-G205C-immobilized hybrid hydrogel. Scale bar is 500 µm. H) Relative expression of alkaline phosphatase 
(Alpl), osteocalcin (Bglap), and bone sialoprotein (Ibsp). Values are given as the mean ± SD (n = 15–22 for MTT assay, n = 6–10 for RT-qPCR analysis),  
*=P < 0.05; **=P < 0.01.
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was conducted using a Bruker DRX 400 (1H-NMR 400 MHz, 13C-NMR  
100 MHz, 31P-NMR 162 MHz).

Vector Construction for the C3 Mutant – C2IN-C3lim-G205C: To create 
the cysteine-mutant of the fusion toxin C2IN-C3lim, glycine-205 was 
replaced by cysteine. The vector for the cysteine-C2IN-C3lim mutant was 
generated by site-directed mutagenesis with pGEX2T-C2IN-C3lim[30] as 
a template and the respective oligonucleotides using the Quick Change 
II XL site-directed mutagenesis kit (Agilent Technologies) according 
to manufacturer’s instructions. One of the two complementary 
synthetic oligonucleotides is depicted here; C2IN-C3lim-G205C: 
5′-CCTGAGTCAGCTATTATAACTACTATAA-AGTGCAAAGACTATATATTA-
ATAGAAGGAAG-3′. The mutated plasmid was transformed into E. coli 
BL21 competent cells and the presence of the mutation confirmed by 
DNA sequencing.

Expression and Purification of the Recombinant C2IN-C3lim-G205C 
Mutant: C2IN-C3lim-G205C protein was expressed as a recombinant 
GST-fusion protein in E. coli as described earlier,[30] containing the 
respective DNA plasmid (C2IN-C3lim-G205C gene). Protein expression 
and enzymatic activity of the fusion protein was confirmed by SDS-PAGE 
and western blotting.

Macrophage Intoxication Assay to Evaluate Toxin Activity: J774A.1 
macrophage-like cells (obtained from Dr. Singh Chhatwal, Braunschweig, 
Germany) were cultivated at 37 °C and 5% CO2 in Dulbecco’s modified 
Eagle medium (DMEM), containing 10% heat-inactivated (30 min 
at 56 °C) fetal calf serum (FCS). The medium contained l-glutamate 
(4 × 10−3 m), penicillin (100 U mL−1), and streptomycin (100 mg mL−1). 
Cells were reseeded at least twice weekly. For the intoxication assay, the 
cells were seeded in 12-well plates at a density of 125 000 cells per well in 
1 mL medium. Afterward, the cells were incubated with toxin solutions: 
Either C2IN-C3lim-G205C (0.5 µg mL−1) or C2IN-C3lim (0.5 µg mL−1), 
which were added into the cell culture medium, or the cells were left 
untreated (negative control). At indicated time points, pictures were 
taken using a Zeiss Axiovert 40CFl microscope (Oberkochen, Germany) 
connected to a progress C10 CCD camera from Jenoptik (Jena, 
Germany). To detect in vitro enzyme activity of the new fusion-protein 
C2IN-C3lim-G205C, 40 µg of Chinese Hamster Ovary (CHO) cell lysate, 
including protease inhibitor, were incubated for 30 min at 37 °C in the 
presence of biotin-labeled NAD+ as cosubstrate for ADP-ribosylation 
and with 300 ng of C2IN-C3lim-G205C, C2IN-C3lim, or C3lim. The 
samples were denatured at 95 °C for 10 min and subjected to SDS-
PAGE followed by western-blot analysis. Biotin-labeled ADP-ribosylated 
Rho was detected using a streptavidin-peroxidase system (MILLIPORE 
Immobilon Western, Billerica, USA) according to the manufacturer’s 
instructions. Loading of comparable amounts of blotted protein was 
confirmed by detection of actin in the same blots.

MTS Assay: A total of 5000 RAW 264.7 cells or 8000 J774A.1 cells 
per well were seeded in 96-well plates overnight at 37 °C and 5% 
CO2. Subsequently, the cells were incubated for 24, 48, and 72 h in a 
total volume of 100 µL containing either medium alone as control or 
C2IN-C3lim, C2IN-C3lim-G205C, or C2IN-C3lim-G205C-SE3′ at a final 
concentration of 2 or 1 µg mL−1. Each sample was tested as a three-well 
replicate. The number of viable cells after incubation was determined 
using the CellTiter 96 AQueous One Solution Cell Proliferation Assay 
(MTS assay, Promega GmbH, Mannheim, Germany) according to the 
manufacturer’s instructions.

Conjugation of Maleimide DNA to C2IN-C3lim-G205C Toxin – C2IN-
C3lim-G205C-SE3′: Maleimide SE3′ (5.28 µL of 500 ng µL−1 stock 
solution in water, 663 pmol), C2IN-C3lim-G205C toxin (69.95 µL of 
474 ng µL−1 solution in water, 663 pmol), and TCEP (12.02 µL, 5 ng µL−1, 
324 pmol, 0.3 eq) were mixed in PBS buffer (total volume of 100 µL) and 
incubated under gentle shaking for 4 h at RT. A conjugation yield of 30% 
was confirmed by SDS gel electrophoresis (10% gel, 2-(N-morpholino)
ethanesulfonic acid buffer, 150 V, 50 min) and the modified toxin was 
stored at −20 °C until further use.

Preparation of Toxin-Loaded DNA Linker DL2-Fusion Toxin (FT) – DNA-
Programed Assembly of C2IN-C3lim-G205C-SE3′ and DL2 DNA Linker: 
C2IN-C3lim-G205C-SE3′ (30 µg, 603 pmol) and DL2 (25.5 µg, 354 pmol)  
were mixed in PBS (26.55 µL total volume) and incubated under  

gentle shaking overnight at 4 °C to obtain the toxin-loaded DL2 linker 
(DL2-FT).

Preparation of Hybrid Hydrogel Comprising C2IN-C3lim-G205C: A total 
of 10 µL hydrogel comprising C2IN-C3lim-G205C toxin was prepared by 
mixing 2.25 µL PcP (15 wt%), 4.5 µL water (nuclease free), and 1.5 µL 
DL2-FT to obtain a final concentration of toxin in cell culture medium 
of 1 µg per 500 µL. Addition of 2.25 µL DL1 (2 × 10−3 m) resulted 
in hydrogel formation within seconds. To prepare 5 µL hydrogel, 
1.13 µL PcP (15 wt%) was mixed with 2.3 µL water (nuclease free) and 
0.45 µL DL2-FT to obtain a final concentration of the toxin in cell culture 
medium of 1 µg per 500 µL, followed by the addition of 1.13 µL DL1 
(2 × 10−3 m) and rapid mixing of the components. Hydrogel formation 
occurred within few seconds.

Stabilization of Hybrid Hydrogel: Stabilization of the hydrogel was 
achieved by incubation in saturated chitosan solution (5 mg mL−1, pH 5, 
500 µL for 10 µL hydrogel and 150 µL for 5 µL hydrogel) for 2.5 h at 4 °C 
for cell experiments and rheological characterization or 3 h to determine 
stability.

Rheological Characterization: Rheological characterization was 
conducted using a DHR3 rheometer (TA Instruments) equipped with 
a temperature controller and a solvent reservoir to prevent hydrogel 
drying. Experiments were performed using an 8 mm parallel-plate 
geometry with 20 µL toxin-free hydrogels (DL2-FT was substituted by 
nuclease-free water) resulting in a gap size of 0.35 mm. In total, three 
different experiments were performed: (i) The linear viscoelastic region 
was found to be in the range of 1% strain and 1 Hz frequency. Therefore, 
oscillatory time-sweep measurements were performed at a fixed strain 
of 1% and a fixed frequency of 1 Hz at 25 °C for 5 min. (ii) Oscillatory 
strain sweeps (0.01–1000%) were conducted at a fixed frequency of 1 Hz 
at 25 °C. (iii) Frequency sweeps (0.05–100 Hz) were performed at a fixed 
strain of 1% at 25 °C.

Osteoclast Cell Culture: Murine monocytic RAW 264.7 cells (from 
LGC Standards GmbH/American Type Culture Collection (ATCC), 
Wesel, Germany) were incubated in DMEM (ATCC, Manassas, VA, USA) 
containing 10% FCS (Gibco, Darmstadt, Germany), 1% l-glutamine 
(Gibco), and 1% penicillin–streptomycin (Biochrom AG, Berlin, 
Germany) at 37 °C under a humidified atmosphere with 5% CO2. To 
support the differentiation of RAW 264.7 cells into osteoclasts in vitro, 
the medium was supplemented with 20 ng mL−1 of murine recombinant 
receptor activator of nuclear factor-κB ligand (RANKL) and 10 ng mL−1 
macrophage colony-stimulating factor (M-CSF).

Osteoclast formation was assessed by TRAP staining, seeding 2000 
cells per well into 24-well plates. Resorption activity was evaluated 
by the pit assay, seeding 500 RAW 264.7 cells on calcium phosphate-
coated 96-well plates. Coating was performed using SaOS2 cells as 
described in Lutter et al.[43] After 24 h, cell-culture medium was replaced 
with osteoclastogenic medium containing RANKL and M-CSF, and  
10 µL hydrogel per 0.5 mL medium (24-well plates) or 5 µL hydrogel per 
0.15 µL medium (96-well plates) was added. To avoid direct hydrogel/
cell contact, the hydrogels were added into cell culture inserts placed 
into the wells. To enhance cargo release from the hydrogel, 100 U  
(10 µL hydrogel) or 50 U (5 µL hydrogel) DNase I was applied onto the 
hydrogel. After 5 d, TRAP staining was performed using a TRAP staining 
kit (Sigma) according to manufacturer’s recommendations to analyze 
osteoclast formation. TRAP-positive cells with more than three nuclei 
were counted as osteoclasts (n = 12–15). To quantify TRAP staining, 
the mean number of TRAP+ multinucleated cells was calculated for each 
well by analyzing six visual fields per well under 100× magnification. 
Von Kossa staining was used to determine the resorption area using 
the image processing software Photoshop 6 (Adobe Systems) (n = 
6–8). Here, the entire well area was set as the region of interest (ROI) 
and the threshold was set to the lightest (resorbed) area in the ROI. 
The percentage of resorbed area was calculated as the ratio of pixels 
after thresholding to the total number of pixels per ROI. All data were 
analyzed using Kruskal–Wallis with Dunn’s post hoc test.

Osteoblast Cell Culture: Murine preosteoblastic MC3T3-E1 cell line 
(German Collection of Microorganisms and Cell Cultures, Braunschweig, 
Germany) was incubated in alpha-minimal essential medium (Gibco) 
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supplemented with 10% FCS (PAA Laboratories, Pasching, Austria), 
1% penicillin/streptomycin (Gibco), and 1% l-glutamine (Biochrom) 
at 37 °C under a humidified atmosphere with 5% CO2. To induce 
osteogenic differentiation, the medium was additionally supplemented 
with 10 × 10−3 m β-glycerophosphate and 0.2 × 10−3 m ascorbate-
2-phosphate (both Sigma-Aldrich; further denoted as osteogenic 
differentiation medium, ODM). A total of 20 000 cells were seeded per 
well in 24-well plates. After 24 h, the expansion medium was replaced 
with ODM containing 10 µL hydrogel per 0.5 mL medium. To avoid direct 
hydrogel/cell contact, the hydrogels were added into cell culture inserts 
placed into wells. Cargo release was enhanced from the hydrogel by the 
application of 100 U DNase I onto the hydrogel. Cell proliferation and 
metabolic activity were assessed after 7 d of osteogenic differentiation 
by the MTT assay as described previously.[25] Alkaline phosphatase 
protein expression was analyzed using the alkaline phosphatase staining 
kit (Sigma). Additionally, the expression of osteodifferentiation markers 
(alkaline phosphatase, osteocalcin, and bone sialoprotein), apoptosis 
marker p53, and proliferation marker KI67 were analyzed by real time 
quantitative PCR (RT-qPCR, n = 6–10). All data were analyzed using 
Kruskal–Wallis with Dunn’s post hoc test.

Total RNA of samples was isolated using the Micro RNEasy Kit 
(Qiagen, Hilden, Germany) according to the manufacturer’s protocol. 
A total of 1 µg of isolated RNA was subscribed into cDNA using 
the Omniscript Reverse Transcriptase Kit (Qiagen). Real-time PCR 
was performed using the Brilliant Sybr Green qPCR Master Mix Kit 
(Stratagene, Agilent Technologies, Munich, Germany) according to the 
manufacturer’s instructions in a total volume of 25 µL as previously 
described.[44] Primer sequences are summarized in Table 1. Gene 
expression was normalized to the housekeeping protein glyceraldehyde 
3-phosphate dehydrogenase (GAPDH).

Statistical Analysis: All results are presented as a mean ± standard 
deviation (SD). For experiments with RAW 264.7 and MC3T3-E1 cells, 
statistics software GraphPad Prism 6 (GraphPad Software, La Jolla, 
CA, USA) was used to evaluate the data, applying Kruskal–Wallis with 
Dunn’s post hoc test. The level of significance was set to P < 0.05. 
All data were obtained from at least three independent experiments. 
Here, sample size was as follows: TRAP staining (n = 12–15), pit assay  
(n = 6–8), MTT assay (n = 15–22), real-time quantitative PCR (n = 6–10).

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