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Introduction

Ternary thiol—ene systems as high-performance
bone adhesives for potential clinical uset

1304 Patrick Steinbauer, 1> Danijela Kojic,>®° Paul Slezak,®
*a,b,d

Lisa Sinawehl,
Heinz Red®<“ and Stefan Baudis

The vision of using bone adhesives for adjunct surgical treatment of complicated fractures or facile reat-
tachment of bone fragments is highly attractive, as compared to conventional techniques, it is expected
to significantly reduce operation times and potentially avoid the need for revision surgeries. Nevertheless,
no commercial adhesives, that combine biocompatibility, sufficient bonding strength, and time-efficient,
implementable fixation protocols are available yet. Inspired by self-etching dental restoratives, we present
the development of novel adhesive molecules, so-called primers, containing adhesion motifs for high
binding affinity to bone and implants and co-polymerizable groups for incorporation into the adhesive
matrix. By efficient design of this primer molecule with regards to spacer length and type and number of
polymerizable groups, we were able to develop the first-known one-step in situ photocurable adhesive
system, based on thiol-ene chemistry with a shear bond strength comparable to dental adhesives.
Unprecedented shear bond strength on bone was determined with the optimized system, which sur-
passes the state-of-the-art thiol-ene adhesive reported in literature by more than 70%. Good in vitro bio-
compatibility of the novel primer was determined, and, remarkably, first ex vivo indentation tests on the
calvariae of rats revealed exceptional adhesive performance with failure of the calvariae instead of the
adhesive. Due to combining practicability and applicability, this adhesive system might pave the way
towards the future of adjunct fracture treatment, with applications such as the fixation of comminuted
fractures, small or thin bone fragments, or the additional fixation of implants.

implant and bone.>® Additionally, more complicated traumas,
such as comminuted fractures or small bone fragments, are

The number of fracture incidents has been rising steadily due
to accidents and a growing number of patients suffering from
osteoporosis, with a 33% increase reported since 1990." While
simple fractures are treatable with external casts, unstable frac-
tures require surgical intervention and fixation with metallic
implants such as plates, screws, and nails.”* Drawbacks
associated with these conventional internal fixation pro-
cedures, however, include impaired joint mobility due to soft
tissue adhesion, a frequent need for secondary intervention,
high risk of infections, weak fixation of cancellous bone, and
stress shielding caused by the mismatch in modulus between
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difficult to fix by conventional means. Consequently, osteo-
porotic fractures often require treatment with more complex
procedures such as vertebroplasty, as the reduced bone density
may compromise the stability of internal fixation and increase
the risk of subsequent fragility fractures.'® A biocompatible
bone adhesive that can be shaped in situ and then rapidly
cured on demand into a high-strength material could over-
come these challenges and provide a quick and easy solution
for patient-specific bone repairs.” Furthermore, a fast-curing
bone adhesive would be a promising alternative to bone
cements currently utilized in vertebroplasties. Nevertheless,
due to the stringent requirements for these adhesives, no clini-
cally adoptable bone adhesive is commercially available yet,
that fulfills the high demands for biocompatibility and
adhesive strength while offering a fast and straightforward fix-
ation protocol without multiple application and curing
steps.>®

Self-etching dental adhesives are commonly used in dental
restorations due to their high adhesive strength, rigidity, and
load-bearing properties. Their ease of application, compared
to state-of-the-art three-step etch-and-rinse adhesives, makes
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them particularly promising for use as surgically feasible bone
adhesives.>"'* An essential component in these formulations
is adhesive molecules, so-called primers. These primers are
comprised of adhesion motifs for binding to dental hard
tissue, a spacer that determines specific properties such as
volatility, solubility and flexibility, and polymerizable groups
for copolymerization with multifunctional monomers that
build up the matrix of the dental composite.">'®> Commonly
used (meth)acrylate monomers may exhibit low biocompatibil-
ity, and acrylates, in particular, have been observed to cause
cytotoxic effects.'® Additionally, respective polymers exhibit
significant shrinkage'” and may generate acidic degradation
products leading to inflammatory responses.'® Therefore,
alternative compounds have been extensively investigated for
use as bone adhesives."”*> However, biomimetic approaches
using fibrin,>**> polysaccharides such as chitosan and
dextran®®?” or O-phospho-i-serine,”**®?° as well as synthetic
strategies based on cyanoacrylates or polyurethanes®?
typically exhibit poor mechanical strength or fail to meet the
required standards for biocompatibility.>**® Additionally,
owing to their different curing mechanisms, these substances
do not offer the processability needed during fracture align-
ment and do not allow bonding on demand through external
triggers such as light. In contrast, photocurable thiol-ene
chemistry (TEC) employs milder components and achieves
high conversions, thereby reducing the leakage of harmful
compounds. Due to the stepwise structural buildup, homo-
geneous and mechanically robust networks are formed,
enabling the use of TEC in biomedical applications such as
drug delivery vehicles or hydrogels.***° Recently, TEC has
been proposed for the development of biocompatible
adhesives for fracture fixation.>”*'"** Granskog et al. reported
an unprecedented shear bond strength of 9.0 MPa using thiol-
ene-based primer/matrix systems in combination with a fiber-
reinforced adhesive patch (FRAP).® Despite these outstanding
results, the FRAP methodology is time-consuming due to its
multi-step application protocol and therefore must be simpli-
fied to be surgically feasible. Recently, Celiz et al. developed
several one-step photocurable adhesives based on thiol-ene
chemistry. While demonstrating good biocompatibility, the
low shear bond strength below 1 MPa restricts their use in
hard tissue fixation applications.**

Herein, we report the first one-step light-curable TEC-based
systems containing a vinyl compound, a thiol, and a primer
molecule with a previously unprecedented shear bond strength
to bone. Inspired by self-etching dental adhesives, we specifi-
cally focus on the efficient design of the primer molecule with
regard to its spacer length and the type and number of poly-
merizable groups. The adhesives are characterized regarding
cytotoxicity, and bond strength on hydroxyapatite (HAP), tita-
nium, and bovine bone and were applied in ex vivo indentation
tests. By optimization of the primer structure, surgically feas-
ible one-step adhesives with exceptional shear bond strength
can be obtained, paving the way towards facile bone repairs
and the potential avoidance of metal implants for fixation of
comminuted, low-loaded bone fractures.

9,30,31
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Experimental section
Reagents and materials

All reagents were purchased from Sigma Aldrich unless other-
wise stated. 2,2-Bis(hydroxymethyl)propionic acid (bis-MPA,
98%), allyl bromide (TCI, 98%), N,N’-carbonyl diimidazole
(CDI1, aber, 93%), diethyl(aminomethyl)phosphonate (DAMP,
aber, 97%), trimethylsilyl bromide (TMSBr, 97%), pyridinium
p-toluenesulfonate (PPTS, TCI, 98%), 6-bromo-1-hexanol
(97%), 3,4-dihydro-2H-pyran (97%), triethyl phosphite (98%),
Amberlite 120 IR, 6-bromohex-1-enyl (TCI, 95%), 4-methoxy-
phenol (MEHQ, 98%), thioglycerol (TCI, 95%), oxalyl chloride
(98%), 5-norbornene-2-carboxylic acid (TCI, 98%), diethyl
hydroxymethyl phosphonate (1C-OH, TCI, 97%), sodium
hydride (in paraffin oil, TCI, 60%), allyl chloroformate (TCI,
98%), 1,3,5-triallyl-1,3,5-triazine-2,4,6-trione (TAI, TCI, 98%),
tris[2-(3-mercaptopropionyloxy)ethyl] isocyanurate TEMPIC
(Bruno Bock, 95%) pyrogallol (Merck, 99%), trimethyl-
olpropane tris(3-mercaptopropionate) TMPMP (Bruno Bock,
95%), di-pentaerythritol hexa(3-mercaptopropionate) di-
PETMP (TCI, 93%) and molecular sieves (4 A) were used as
received unless otherwise noted. Commercial grade methylene
chloride (DCM, Donau Chemie), methanol (MeOH; Donau
Chemie), tetrahydrofuran (THF, Donau Chemie), toluene
(Donau Chemie) and dioxane (Donau Chemie) were dried with
a PureSolvsystem (Inert, Amesbury, MA). Chloroform-d (CDCl;,
Eurisotop, 99.8%), triethylamine (99.5%), and pyridine
(99.8%) were dried over 4 A molecular sieves. The photo-
initiator bis(4-methoxybenzoyl) diethylgermanium (Ivocerin®)
was kindly provided by Ivoclar Vivadent AG and used as
received.

Primer synthesis

The detailed syntheses and characterization of all primer
molecules are given in the ESI chapter 1.1

Functionalization step

General procedure A. The functionalization of the respective
building blocks (1C-OH, 6C-OH, or 6C-diOH) with norbornene
groups was conducted in accordance with a general esterifica-
tion procedure of acid chlorides with alcohols.*” Freshly pre-
pared norbornene chloride (NB-Cl) was added dropwise to a
mixture of the respective building block and TEA in dry
methylene chloride (DCM) at 0 °C under argon atmosphere.
The solution was stirred for 1 h at 0 °C and 24 h at room temp-
erature (RT), after which the solvent and residual starting
material were removed in vacuo. The obtained crude product
was dissolved in 50 mL DCM, and subsequently, the solution
was washed with brine (3 x 25 mL). The combined organic
layers were dried over MgSO,, and the solvent was evaporated.
The obtained product was either used without further purifi-
cation or purified via silica flash column chromatography, if
necessary.

General procedure B. The Williamson ether synthesis to
functionalize the building blocks with allyl ether groups was
conducted according to Sasaki et al’® Sodium hydride in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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paraffin oil was suspended in dry THF under argon atmo-
sphere. The respective building block was diluted in 10 mL
THF and added slowly via syringe at 0 °C. After 1 h, allyl
bromide was added via syringe. Then, the ice bath was
removed, and the reaction mixture was stirred at RT overnight.
After removal of the solvent and residual starting materials in
vacuo, the crude product was purified via silica flash column
chromatography.

General procedure C. The functionalization with allyl car-
bonate groups was conducted similarly to a procedure by Trost
et al.*’ The respective building block and dry pyridine were dis-
solved in DCM under argon atmosphere. Allyl chloroformate
was added dropwise via syringe at 0 °C. After stirring for 1 h at
0 °C, the ice bath was removed, and the reaction was stirred at
RT overnight. The crude product was dissolved in dry ethyl
acetate to precipitate the pyridinium salts, which were filtered
off. The solvent was evaporated, and the obtained product was
either used without further purification or purified via silica
flash column chromatography, if necessary.

Deprotection step

General procedure D. The dealkylation of the functionalized
intermediates was performed similarly to Chougrani et al.*®
Trimethylsilyl bromide (TMSBr) was added to a solution of the
intermediate in dry DCM. The reaction mixture was stirred for
20 h at 30 °C and then concentrated under reduced pressure.
50 mL of methanol were added, and the solution was stirred at
RT for 5 h. After evaporation of the solvent, the product was
used without further purification.

Preparation of formulations

All formulations were prepared in an orange light laboratory
with wavelengths below 480 nm filtered out to avoid light
exposure. All polymerizations were carried out in bulk, without
solvent by photopolymerization. As a radical photoinitiator
(P1), Ivocerin® (bis-(4-methoxybenzoyl)diethylgermanium) was
used. 0.02 wt% of pyrogallol were added for stabilization.

Two-step formulation

For the two-step procedure, a matrix and a primer formulation
were prepared. The primer formulation consisted of the vinyl
compound TAI (12.5 wt%) and the thiol TEMPIC (71 wt%), to
which an additional 15 wt% of the respective primer was
added, resulting in a thiol : ene ratio of roughly 2 :1 in this for-
mulation. Furthermore, the primer formulation contained
1.5 wt% Ivocerin and 0.02 wt% pyrogallol.

The matrix formulation consisted of the vinyl compound
TAI (32 wt%) and the thiol TEMPIC (67 wt%) in a molar ratio
of vinyl to thiol groups of 1:1, as well as 1 wt% of the photo-
initiator and the 0.02 wt% stabilizer.

One-step formulation

For the one-step procedure, only the aforementioned primer
formulation containing primer (15 wt%), vinyl compound TAI
(27 wt%), thiol TEMPIC (57 wt%), photoinitiator (1 wt%), and
stabilizer (0.02 wt%) was prepared.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NMR spectra. NMR spectra were recorded at room tempera-
ture on a Bruker Avance at 400 MHz for 'H, 101 MHz for *3C,
and 162 MHz for *'P-NMRs. The samples were dissolved in
CDCl; and referenced to the solvent residual peak. Chemical
shifts are given in ppm, multiplicities are termed s (singlet), d
(doublet), t (triplet), q (quartet), and m (multiplet), and coup-
ling constants (J values) are given in hertz. The data was pro-
cessed with the software TopSpin 3.5 pl 7 from Bruker.

Shear bond strength (SBS)-measurements. The detailed set-
up, measurement procedure, and preparation of the substrates
for the shear-bond strength measurements can be found in
the ESL.}

For the execution of the two-step procedure, the primer formu-
lation was rubbed on the substrate surface with a dental micro-
brush for 20 s. After an air-drying phase of 5 s at room tempera-
ture, the formulation was cured for 10 s with a Bluephase C8
dental lamp (385-515 nm, 720 mW cm™>). A polypropylene (PP)
mold insert was placed on the top of the substrate surface and
fixated with a clamping tool, whereafter, the matrix formulation
was applied into the mold cavity and cured for 20 s.

For the one-step procedure, the primer formulation was
pipetted into the PP mold cavity and subsequently light-cured
for 20 s. The samples were stored in modified simulated body
fluid, m-SBF (prepared according to Oyane et al.*® at 37 °C for
24 h) before the measurements. The SBS was determined by
shearing off the obtained adhesive pins with a digital force
measuring device (Force Gauge SF-30) with a V-shaped bar.
Five samples of every formulation and substrate were tested.

Ex vivo indentation tests. Ex vivo experiments were con-
ducted on dead rat specimen at LBG Ludwig Boltzmann
Institute for Traumatology. All animals were euthanized as
part of other experiments not related to this study. All nessec-
ary permits and ethical approval were obtained by the institute
and no additional ethical statement was needed for experi-
ments conducted on cadavers. Ex vivo Indentation Tests were
performed in circular bone defects with a diameter of 8 mm
that were excised centrically from the calvariae of 4 dead male
Sprague Dawley rats with a weight of approximately 500 g,
(Janvier-Labs, France) using a hole saw. In two rats, the excised
calvariae plates were re-fixated in the cranium using the bone
adhesive at the edge of the defect. In the other two rats, the
adhesive was applied to cover the entire calvariae after reposi-
tioning of the excised plate defect and was subsequently cured
with a Bluephase C8 dental lamp for 20 s. Indentation tests
were then performed with a digital force measuring device
(Force Gauge SF-30 with a conical tip) to determine the stabi-
lity of the calvaria.

Evaluation of cytotoxicity. In vitro cytotoxicity of the vinyl
compound TAI, the thiol TEMPIC, and the primer 6C-diNB
was tested in NCTC Clone 929 fibroblast cell culture using a
Presto® Blue Assay according to ISO-10993-5. The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and penicillin-
streptomycin (Pen-Strep) (100 U mL™" penicillin and 100 pg
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mL ™" streptomycin), in 96-well plates at a density of 1 10 cells
per well for 24 h in humidified air with 95% relative humidity
and with 5% CO, at 37 °C. All compounds were dissolved in
DMSO to obtain 1 M solutions, which were then further
diluted with DMEM, 10% FBS, 100 U mL™" penicillin and
100 pg mL™" streptomycin, to obtain solutions with the con-
centrations 0.01 mol L™, 0.0075 mol L™, 0.005 mol L™}, and
0.0025 mol L. After 24 h, the cells were treated with 100 L
of each solution in triplicates and incubated at 37 °C for 24 h.
Qualitative screening of morphological changes was conducted
microscopically according to ISO 10993-5. For quantitative
screening of cell viability, the supernatant solution was
removed, and 10 pL of resazurin were added to the cells. After
1 h at 37 °C, the fluorescence intensity was measured at
570 nm. As control values, cells treated with 1% DMSO solu-
tion, a blank value, and PBS buffer were used. The results rep-
resent the mean of triplicate measurements. The background
fluorescence was subtracted from each measurement signal
and the viability of the negative control was assumed to be
100%. The viability of the treated cells was calculated by divid-
ing the mean of the treated cells by the mean of the control
culture on the respective cell culture plate. The concentration
at which 80% of the cells are still viable after 1 d was used to
determine the cytotoxic limit.

View Article Online
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Results and discussion
Design of self-etching primers

Inspired by dental adhesives, we chose a two-component
system comprised of the rigid trifunctional thiol tris[2-(3-mer-
captopropionyloxy)ethyl] isocyanurate (TEMPIC) and the vinyl
compound triallyl isocyanurate (TAI) as the basis for the
adhesive formulation (Fig. 1A). Given that the high in situ
bonding strength of dental restoratives can be mainly attribu-
ted to the self-etching primer present in the formulation, we
focused on designing novel primer molecules.

Based on recent studies revealing high adhesion of the
phosphoprotein statherin to hydroxyapatite, the phosphonic
acid group was chosen as an adhesion motif.>® This motif
enables adhesion to bony substrates by dissolving HAP, expos-
ing collagen fibers for entanglement surface binding, and
forming both ionic and covalent bonds with the hard tissue
surface.®”'"*° To develop a formulation curable in fewer steps
than state-of-the-art systems while providing adequate
bonding strength, we hypothesized that the primer molecule
should contain a polymerizable group, with a different reactiv-
ity towards thiol-ene polymerization compared to the ene-
functionality of the monomer. This difference in reactivity
would enable full incorporation of the primer into the matrix
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Fig. 1 Schematic representation of the compounds of the TEC-adhesive formulation: (A) thiol-ene matrix consisting of TAl and TEMPIC and (B)
structures of the novel primer molecules containing different spacer lengths (1C or 6C, marked in blue) and type and number of polymerizable
groups ((di)NB, (di)AE, (di)AC, marked in red) as well as the difunctional allyl ether reference primer (REF) used by Granskog et al.®
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network and enhance its anchoring on the bone surface.
Norbornenes, allyl ethers, and allyl carbonates were selected as
polymerizable groups due to their higher reactivity towards TEC
compared to the unhindered ene moiety in TAI, as previously
shown by Hoyle and Bowman et al.,*>***" as well as in our recent
study.”> We further assumed that the number of polymerizable
groups and the spacer length would impact the resulting adhesive
strength as well. As a result, a series of primer molecules was syn-
thesized starting from building blocks with different spacer
lengths (1C-OH, 6C-OH, or 6C-diOH) and a protected phosphonic
adhesion motif (Fig. 1B). The initial reaction step involved the
functionalization with different polymerizable groups (norbornene
= NB, allyl ether = AE or allyl carbonate = AC, Scheme S1 If).
Norbornene and allyl carbonate functionalities were introduced via
esterification with the corresponding acid chlorides according to
Carlise et al.*® and Trost et al.,*” respectively, while allyl ethers were
synthesized using Williamson ether synthesis according to Sasaki
et al.*® To obtain the final primer structure, a hydrolysis step was
performed to deprotect the phosphonic acid (Scheme S1 IIf). As a
reference, the difunctional allyl-ether primer (REF, Fig. 1B) used in
photopolymerizable TEC systems by Granskog et al® was syn-
thesized. All novel primers were obtained in good yields, and
20 wt% solutions in ethanol/water (1:1 w/w) exhibited pH values
below 2, confirming their sufficient acidity for self-etching pro-
perties comparable to commercial dental primers (Table S11).>

Bonding strength

To assess the bond strength of the adhesive systems containing
different primer molecules, shear bond strength measurements
were performed. These measurements are particularly reliable
for determining the adhesive strength of stiff materials requir-
ing high shear rates, making them a standard method for evalu-
ating the adhesive properties of dental materials."*** Thereby, a
resin pin is polymerized onto a substrate surface and sheared
off parallel to the bonded surface (Fig. 3D).”> As a substrate,
hydroxyapatite (HAP) with a defined surface roughness was used
to mimic the mineral phase of bone. Additionally, tests were
performed on TiO, to determine the bond strength to the
surface of implants, with the detailed results given in the ESI

Primer Treatment

HAP 20s
' e —
; 2-step
Y o k

Ti w

A 4

1-step

Pre-Polymerization
10 s
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(Tables S5 and S6t). The setup and the preparation of all sub-
strates are shown in the ESI (Fig. S1 and S27).

In general, two different workflows were used for applying
the adhesive, which are depicted in Fig. 2. In the two-step pro-
cedure, a thin layer of primer formulation containing the syn-
thesized primer molecule, vinyl compound, thiol, initiator,
and stabilizer was applied and then cured within seconds with
a dental UV lamp (385-515 nm, 720 mW cm™>). To polymerize
the resin pin onto this pre-treated surface, a mold was
clamped onto the substrate, and the matrix formulation con-
taining the vinyl compound, thiol, and the initiator was
applied and subsequently cured.

In the one-step procedure, the primer formulation was
directly applied to the mold without prior surface treatment
and cured with the dental lamp. This approach is far more
practical and time-efficient for surgical applications. To mimic
physiological conditions, all samples were immersed in modi-
fied simulated body fluid at 37 °C for 24 h before evaluating
the shear bond strength.

To ensure high curing depths and efficient polymerization,
the biocompatible photoinitiator Ivocerin, which is also used in
dental restoratives, was selected due to its red-shifted maximum
absorption wavelength of 408 nm.”® For optimal mechanical
performance, precise control of the stochiometric ratio between
thiol and ene groups is essential for a proper progression of the
polymerization. In the matrix formulation, a molar ratio of 1:1
of vinyl and thiol groups was used. Preliminary studies for the
primer formulation indicated that a slightly off-stoichiometric
ratio of thiol to total vinyl groups (2.2:1 thiol: ene, TAI, and
primer molecule) results in residual thiol groups, which then
enhance covalent binding of the matrix to the primer network
and lead to higher SBS (Fig. S3 and Table S2}). Additionally,
various thiols were evaluated, and it was found that the highest
SBS was achieved with TEMPIC (Fig. S4 and Table S37).

Next, it was shown that precise control over the primer
content in the formulation is crucial. Phosphonic acid moi-
eties, which are present in the primer molecules, are com-
monly used as stabilizers in TEC formulations due to their
ability to trap radicals and thereby may impede the polymeriz-
ation process. Our findings revealed that the highest shear

Addition of Matrix
Formulation

Polymerization

Bone L
N

Polymerization
20s

Addition of 1-step
Formulation

Fig. 2 Workflows for application of the TEC adhesive for SBS measurements to the different substrates. Two-step procedure with the pre-treatment
with the primer formulation, pre-polymerization, the addition of matrix formulation followed by the final polymerization step. One-step procedure
with the addition of the primer formulation followed by the final polymerization step.
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bond strength was achieved with a primer concentration of
15 wt% (Fig. S5 and Table S4t). This concentration corres-
ponds to a molar ratio of phosphonic groups relative to the
TEC functional groups ranging from 0.04-0.12 for all formu-
lations. This ratio, also reported by Granskog et al.,® is pre-
sumed optimal as it ensures that all phosphonic acid groups
are bound to the substrate surface without excess groups that
could interfere with the radical polymerization.

A comprehensive investigation further revealed the effects
of spacer length, as well as the type and number of polymeriz-
able groups on SBS for both the two-step and the one-step
system (Fig. 3A-C and Tables S5, S61).

For both procedures, increasing the spacer length from one
carbon to six carbons resulted in higher SBS. This improve-
ment may be attributed to the increased flexibility in the
primer structure, which enhances its orientation on the sub-
strate surface and thereby increases bond strength. Another
explanation might be that upon contact of the primer with the
substrate surface, an insoluble salt is formed between the
phosphoric acid moiety and the calcium ions. As primers with
six carbon atom spacers create a more hydrophobic environ-
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ment, the equilibrium shifts more towards the insoluble salt,
producing a stronger bond compared to less hydrophobic
primers with one carbon spacers. Additionally, primer mole-
cules bearing norbornene groups demonstrated higher SBS
compared to allyl ethers and allyl carbonates. This is due to
the significantly increased reactivity of norbornene groups
towards thiol-ene polymerization, as confirmed by previous
studies (Fig. 3A and B).>* Thereby, the consumption of norbor-
nene moieties is prioritized, ensuring that most primer mole-
cules are covalently connected to the thiol-ene matrix.

For all two-step systems, a further improvement of SBS was
observed by increasing the number of polymerizable groups
from one to two. An explanation is that additional polymeriz-
able groups provide more binding sites for the TEC matrix,
which further enhances the incorporation of the primer into
the matrix network and reduces the potential for adhesive
failure. Again, this effect was most pronounced with norbor-
nene-bearing primer molecules (Fig. 3A).

In the one-step procedure, SBS measurements could not be
performed with 1C-NB due to strong discoloration of the for-
mulation, which hindered light penetration and polymeriz-

B) 1-Step
20

15 4

Shear Bond Strength [MPa]

*

REF

oog
$1¢|3
w0

Allyl carbonates

1C-NB

Ref. Norbornenes Allyl ethers

D)

F Shear force

DTEC resin pin

Substrate surface

Fig. 3 Results of SBS measurements of the (A) two-step and (B) one-step adhesive systems containing 15 wt% Primers, 27 wt% TAI, 57 wt% TEMPIC,
and 1 wt% Ivocerin®, ranked according to the spacer length as well as the type and the number of polymerizable groups. (C) Comparison of the
one-step systems containing either the reference primer or 6C-diNB on the different substrate surfaces HAP, titanium, or bovine bone; (D) schematic
representation of the SBS-measurement procedure. *Due to strong discoloration of the formulation, only partial curing and as a result no testing

was possible.
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ation. For the other systems with a one-carbon spacer (1C-AE
and 1C-AC) no significant differences in SBS were determined.
Although increasing the spacer length enhanced the SBS, an
increase in the number of allyl ether or allyl carbonate groups,
did not improve the SBS of the one-step system. In contrast,
primers containing norbornene groups exhibited the highest
SBS, with a significant further increase when two polymeriz-
able groups were used. This underscores the importance of
two highly reactive groups within the primer structure (Fig. 3B)
to ensure complete incorporation into the polymer matrix. An
unprecedented SBS of 15.4 MPa (+0.3 MPa) was obtained with
6C-diNB, significantly surpassing the reference system despite
its lower molar proportion due to increased molecular weight.
Remarkably, this SBS even exceeded the values reported for
commercial dental adhesive systems, such as Clearfil SE Bond,
with a SBS of 5.8 MPa (+0.1 MPa),® and outperforms the multi-
step FRAP methodology using TEC-adhesives by 71%.° The
high surface bonding strength of this one-step system was also
confirmed on titanium and in ex vivo measurements on
bovine bone (Fig. 3C). As a control experiment and to mimic
the conditions present during surgical procedures, measure-
ments were also performed on wetted bone surfaces. Results
showed that when a short air-drying step of 5 s was applied,
no discernable differences in SBS were observed. (Table S7 and
Fig. S6). Additionally, to incorporate degradable moieties into
the material, in recent studies the ene monomer TAI was par-
tially replaced by the hydrolytically cleavable boronic ester
monomer 1,4-bis(4-vinyl-1,3,2-dioxaborolan-2-yl)benzene (vinyl
dioxaborolane, VDB, Fig. S7 Af). SBS results indicated that
bond cleavage occurred during storage in modified-simulated
body fluid resulting in a softened network with reduced SBS
(Table S8 and Fig. S7BT). Since this degradation is proceeding
fast, future studies will be conducted to further tune the degra-
dation profile of the employed matrix monomers.

Ex vivo indentation tests

As an initial proof of concept, ex vivo tests were performed on
the most promising one-step system containing the primer 6C-
diNB (Fig. 4). The calvariae of 4 rats were removed using a hole
saw, and the excised bone plates were reattached to the
cranium with the adhesive. For two test specimens, the
adhesive was applied only on the edges of the plate and cured
for reattachment. For the remaining rats, the formulation was

= lF =

Indenter

<+— Sample

Fig. 4

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

applied over the entire bone plate and cranium-calvaria edges
before polymerization. The stability of the treated defect was
assessed via indentation tests using a conical tip (Fig. S87). For
all specimens unprecedented indentation forces were shown
(Table S9t) with failure occurring in the calvariae rather than
in the adhesive, further corroborating its superior adhesive
performance.

Cytotoxicity

Photopolymers used in vivo may cause leakage of residual
unreacted compounds into surrounding tissues. To estimate
the concentration of these residual compounds after polymer-
ization, photorheology’” studies were performed. These
studies revealed a high efficiency of the thiol-ene polymeriz-
ation, with double bond conversions exceeding 70% for the
one-step formulation (Fig. S10 and Table S117). According to
this and assuming equal consumption of the double bonds
and thiol groups, all compounds should be incorporated into
the polymer network with at least one functionality.
Nevertheless, to ensure that potentially unreacted substances
do not cause any adverse effects, cell viability tests were con-
ducted using a Presto® Blue Assay with mouse cells (NCTC
Clone 929). The cells were incubated for 24 h with varying con-
centrations of the vinyl compound TAI, the thiol TEMPIC, and
the most promising primer 6C-diNB. Concentrations ranged
from 2.5 to 10 mmol L™". In addition to this quantitative
screening, a qualitative microscopic assessment revealed no
morphological changes in the cells caused by the substances
(Figure S9t). The concentration at which 80% of the cells
remained viable after the incubation time (effective concen-
tration, ECg,) was used to evaluate the cytotoxic limit of the
compounds (Table 1 and Table S10%).

High ECg, values were determined for both the monomer
TAI and the novel primer molecule. Accordingly, these com-
pounds demonstrated high tolerance by the cells and exerted
sufficiently low toxic effects on the fibroblast cells. This high-
lights the benign nature of the novel high-performance
primer. Although no morphological changes were observed in
the cells treated with solutions of the thiol TEMPIC
(Fig. S9BT), quantitative screening revealed a slight cytotoxic
potential for this compound with viabilities of 46% at 2.5 mM.
Nonetheless, due to the high conversions of the compounds
determined in photorheology measurements, the possibility of

(A) Schematic overview of the indentation test, (B) ex vivo indentation test of the fixated rat calvariae.
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Table 1 Cytotoxic effect (ECgo values) of the vinyl compound TAl, the
thiol TEMPIC, and the primer 6C-diNB

Substance ECg (mM)
TAI 5.0
TEMPIC <2.5
6C-diNB 5.0

the presence of unreacted compounds is neglectable. Thus,
the concentrations of potentially unreacted components are
expected to be sufficiently low, though this still needs to be
confirmed through upcoming in vivo tests.

Conclusion

Despite three decades of research, no surgically adoptable
bone adhesive has been identified that combines biocompat-
ibility, sufficient bonding strength, and ease of application.
Inspired by self-etching dental adhesives, we developed novel
primer molecules for use in a ternary thiol-ene adhesive for-
mulation, by varying spacer length, type, and number of poly-
merizable groups. By increasing the spacer length and incor-
porating two ene moieties with higher reactivity towards the
thiol component compared to the vinyl compound, improved
primer incorporation into the matrix network was achieved.
Most remarkably, these novel adhesives could be applied in a
time-efficient, surgically preferred one-step process without
the need of additional fiber reinforcement to achieve sufficient
mechanical strength. Unprecedented high SBS on hydroxy-
apatite, bone, and titanium was obtained with the system con-
taining the novel primer 6C-diNB. Impressively, this system by
far exceeded state-of-the-art bone adhesives and even outper-
formed commercial dental adhesives. Finally, ex vivo tests
proved the excellent adhesive performance while good biocom-
patibility of the novel primer was shown in vitro. This demon-
strates the great potential of this one-step system as a high-per-
formance bone adhesive, which can be shaped in situ and then
rapidly cured by UV light and potentially used for the fixation
of comminuted fractures, and small or thin bone fragments.
This system combines practicability and applicability and may
therefore serve as a support for fracture treatment in the
future. Further work will focus on determining long-term local
tissue responses and in vivo toxicity of this novel adhesive in
animal models.
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