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A B S T R A C T   

Adhesion processes play a decisive role in the animal and human body and have been studied in great detail. 
Phosphorylation of serine as adhesion strategy is found in different species and serves different purposes, e.g. 
under water surface adhesion and protection strategies. Based on these biological adhesion applications, we 
present a biomimetic phosphonate-containing block copolymer approach to study surface adhesion. We syn
thesized two block copolymers (28 kDa and 39 kDa), which differed in their phosphonate-containing block 
dimethyl(2-methacryloyloxyethyl phosphonate) (DMMEP), using reversible addition fragmentation-chain 
transfer (RAFT) polymerization and tethered these polymers onto atomic force microscopy (AFM) probes. 
After performing AFM in single molecule force spectroscopy (SMFS) mode under physiological-like conditions 
(phosphate buffered saline - PBS, pH 7.2) on different substrates (mica, calcium deficient hydroxyapatite, TiO2 
coated Si-wafer) we determined adhesion forces of 1610 ± 76 pN and 2257 ± 48 pN for the 28 kDa and the 39 
kDa block copolymer, respectively. Our results show higher adhesion on hydroxyapatite, TiO2 and mica using 
polymers with a longer phosphonate block. This phosphonate containing block copolymer could serve as 
adhesion motif in several applications, and is very promising in the biomedical field, especially for tissue en
gineering applications due to its excellent adhesion on hydroxyapatite and titanium under physiological-like 
conditions.   

1. Introduction 

Adhesion is crucial in many biological processes. Thus, bioinspired 
adhesion strategies as a basis of novel adhesion technologies have been 
the subject of a number of studies, especially in biomedical engineering. 
[1] 

In this context and based on the adhesion mechanism identified, 
phosphorylation of serine is an occurring modification for adhesion in 
several species.[1] In the blue mussel (Mytilus edulis), foot protein 5 
(Mfp-5) contains L-3,4-dihydroxyphenylalanine (DOPA), lysines, gly
cines and phosphoserines, which promote the mussel adhesion on 
various surfaces under wet and salty environment.[2,3] Phosphoserines 

and lysine-rich proteins are prominent in protein Pc-3, which is 
responsible for complex coacervation in the sandcastle worm 
(Phragmatopoma californica) (Fig. 1a).[4,5] High content of phospho
serine in proteines are used by caddisfly larvae to glue grains of sand for 
protective defense (Fig. 1a).[6–8] These phosphoserines also participate 
in the adhesion of sea stars.[9] In the bone and tooth matrix 
phosphoserine-rich proteins, the so called non-collagenous proteins 
(NCPs), play a decisive role on both bone ultrastructure and bone frac
ture mechanics (Fig. 1b). NCPs influence bone mineralization by con
trolling hydroxyapatite crystal size and shape,[10] the formation of 
collagen fibrils and cell matrix interactions. Thus, modifications of NCPs 
can affect the mechanical properties[11–13] of bone. Before the insight 
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on NCPs role, bisphosphonates were used in osteoporosis treatment 
(Fig. 1c).[14–16] Commercially available osteoporotic drugs consist of 
bisphosphonates, which have a P-C-P bond that is highly resistant to 
chemical and enzymatic hydrolysis. These molecules have a high affinity 
to hydroxyapatite in bone and inhibit bone resorption by inhibition of 
osteoclast function.[17] Bisphosphonates as bone targeting ligands are 
also attractive for the treatment of Pagetś disease and bone metastatic 
cancer.[18] 

Additionally, possible use of biomimetic polymers may be also found 
for tissue engineering applications. For example, Long et al.[19] stated 
that a six amino acid long N-terminus motif of the salivary protein sta
therin (DpSpSEEK) is responsible for adhesion on hydroxyapatite (HAP). 
In a previous study we could corroborate this significant adhesion of the 
motif by comparing the naturally occurring phosphorylated motif with 
an unphosphorylated variant (DSSEKC) on calcium deficient hydroxy
apatite (CDHAP) and on a TiO2 coated silicon wafer.[20] This depen
dence of adhesion on phosphorylation suggests a potential adhesion-by- 
demand mechanism in biological systems driven by up- or down- 
regulated phosphorylation. 

The applicability in the biomedical field is very promising due to 
strong interactions with dentin, enamel or bone as well as implants. 
Strong adhesion occurs caused by covalent, ionic bonds and complex 
formation with calcium ions on the tooth surface or with titanium ions 
on the implant surface.[21] So-called, primer molecules consisting of 
phosphonic acid or phosphonate groups are frequently used in the 
dental industry (Fig. 1d). These primer molecules are composed of an 
adhesion motif (AM), a spacer and one or more polymerizable groups 
(PG). The adhesion motif is creating a bond between dentin and enamel. 
The spacer is responsible for hydrophilicity, swelling properties, flexi
bility and stiffness.[21] For the free-radical polymerizable groups, 
methacrylates have proven to be very efficient and reactive. A widely 
used dental primer for better adhesion of the restorative is 10-methacry
loyloxydecyl dihydrogen phosphate (MDP) (Fig. 1c).[21] 

Research and characterization of biomimetic phosphonate-based 
polymers for various applications started already several years ago 
[22,23] and is now massively increasing.[24] Further investigations in 

the animal kingdom and the human body are revealing the great po
tential of different proteins with phosphonate groups.[3] Such materials 
are used industrially for binding to metals due to their complexing 
properties[25–28] as well as dispersants,[29] flame-retardants[30,31] 
and corrosion inhibiting agents.[32] Preparation of many phosphorus- 
based polymers has been realized by free radical polymerization, espe
cially photopolymerization. Several research groups dealt with living 
radical polymerization like Reversible Addition Fragmentation-chain 
Transfer (RAFT) polymerization[33–35] for synthesis of adhesive 
polymers.[36–39] This polymerization technique allows synthesis of 
well-defined polymers with different architectures (e.g. block co
polymers,[40–42] graft and comb polymers,[43,44] star polymers, 
[45–47] hyper branched[48,49] and dendritic polymers[50,51]) under 
various reaction conditions. 

In this study, biomimetic block copolymers with a neutral functional 
group, serving as an anchorage point for further modifications, and an 
adhesive block, allowing adhesion to hydroxyapatite and titanium sur
faces, were synthesized. The neutral moiety consists of 2-hydroxyethyl 
methacrylate (HEMA) and the adhesive part of dimethyl (2-meth
acryloyloxyethyl phosphonate) (DMMEP). In the latter, the block length 
was varied to generate a different number of adhesion points. Thus, the 
block copolymers can be analyzed according their pull-off force and the 
effects of the longer DMMEP block can be investigated. Therefore, AFM 
tips were functionalized with biomimetic block copolymers and char
acterized using atomic force microscopy (AFM) in the single force 
spectroscopy mode under physiological conditions (PBS, pH 7.2) on 
different substrates (mica, CDHAP, TiO2 coated silicon wafer). 

2. Results and discussion 

2.1. Adhesive block copolymers and synthesis thereof 

2.1.1. Synthesis of monomer and RAFT agent 
To mimic phosphorylated serines in adhesive peptide sequences, 

dimethyl (2-methacryloyl-oxyethyl phosphonate) DMMEP was chosen, 
containing a phosphonate group. The synthesis of DMMEP was based on 

Fig. 1. Natural occurring adhesion and bioinspired adhesion applications. a) Natural adhesion processes based on phosphoserines in sandcastle worm, caddisfly 
larvae and sea stars. b) Adhesion processes in the human body via non-collagenous proteins (osteocalcin, osteonectin, osteopontin, bone sialoprotein, etc.) and the 
salivary protein statherin. c) Bisphosphonates as drugs for treatment of osteoporosis. d) Primer molecules in dental industry consisting of an adhesion motif (AM), 
spacer and a polymerizable group (PG). 
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the procedure according to Avci and Albayrak.[52] 1 eq. of dimethyl (2- 
hydroxyethyl) phosphonate was reacted with an excess of methacryloyl 
chloride in the presence of triethylamine (TEA) under Schotten- 
Baumann conditions (Fig. 2). After the work-up procedure evaporation 
of solvent gave the product as yellow, viscous liquid in a yield of 75% 
and 98% purity. 

The synthesis of the RAFT agent 2-cyanoprop-2-yldithiobenzoate 
(CPDB) was performed in a three-step procedure. First, the synthesis 
of sodium dithiobenzoate (DTBA), was carried out in accordance to 
Mitsukami’s[53] modification of the method published by Becke and 
Hagen.[54] 1 eq. of benzyl chloride, 2 eq. of sodium methoxide (30% 
solution in methanol) and 2 eq. of elemental sulfur were reacted. After 
purification, the product was obtained as a solution of sodium dithio
benzoate in deionized water. Second, DTBA was oxidized via potassium 
ferricyanide (III) to di(thiobenzoyl) disulfide (DTBDS) according to 
Mitsukami et al.[53] To circumvent decomposition of the red solid 
product, DTBDS was directly used for the next step without any purifi
cation step. Third, the synthesis of 2-cyanoprop-2-yldithiobenzoate 
(CPDB) was carried out according to Thang et al.[55] DTBDS was 
added to 2,2′–azobis(isobutyronitrile) (AIBN) under argon atmosphere. 
The crude product was purified via column chromatography to give 
CPDB in a yield of 52% as red viscous liquid. 

2.1.2. Synthesis of adhesive block copolymers via RAFT polymerization 
To synthesize biomimetic adhesive block copolymers for possible 

medical applications, RAFT polymerization was used for controlling 
polymerization of monomers. Two different block copolymers with 

different length of the adhesive block were synthesized using CPDB and 
the monomers HEMA and DMMEP (Fig. 2). The last step was the end 
group removal of the thiocarbonylthio group to generate a thiol func
tionality for adhesion measurement via AFM based SMFS. 

The homopolymerization of HEMA was carried out in accordance to 
Vega–Rios.[56] First, the monomer (concentration 1.5 mol L-1), CPDB, 
the initiator (AIBN) and the internal standard (naphthalene) were 
mixed. A theoretical molecular weight of 14 kDa for the HEMA homo
polymer was calculated using Equation 1 (Supporting Information S6). 
The structure and molecular weight of the homopolymer (pHEMA) was 
confirmed using 1H NMR and GPC analysis. The polymerization kinetics 
were monitored by drawing samples over the whole course of reaction. 
The most efficient CTA to initiator ratio for pHEMA was 1:0.02 (see 
Table 1). The conversion was determined via the percental decrease of 
the methacrylate integrals with respect to the internal standard (see 
Supporting Information S6 Equation 2). RAFT polymerization of HEMA 
is different to well-known RAFT-polymerizations like methyl
methacrylate (MMA). Although both monomers are methacrylates, they 
have a quite different polymerization behavior and different solvation 
(HEMA is hydrophilic, MMA hydrophobic).[56] It is necessary to in
crease the CTA to initiator ratio to values between 25 and 50 for con
trolling the molecular weight and polydispersity, due to the low transfer 
ability of HEMA to the CTA.[56] The controlled radical polymerization 
of HEMA was only possible at low monomer conversion (<30%) as also 
reported in literature.[56] In this region, however, the polymerization 
proceeds well-controlled following a linear course of Mn,NMR (molecular 
weight determined via NMR), whereby the molar mass dispersity (Ð) 

Fig. 2. Preparation of HS-pHEMA-block-pDMMEP and related synthesis of RAFT agent (CPDB) and monomer DMMEP.  
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remained below 1.3 (Table 1). Fig. 3a illustrates linear behavior nearly 
until the end of the polymerization, which indicates a pseudo-first order 
reaction, which depicts constant concentration of free radicals during 
polymerization. After 450 min, the monomer is almost completely 
converted and literature known conversion was reached. 

The block copolymerization was performed with the macro-RAFT 
agent pHEMA (14 kDa), AIBN, the internal standard (naphthalene) 
and the monomer DMMEP in DMF at 70 ◦C. The pDMMEP block was 
varied from 14 kDa to 25 kDa to ultimately obtain 28 kDa and 39 kDa 
pHEMA-block-pDMMEP polymers, respectively. Monomer conversion 
during block copolymerization can be determined using Equation 3 (see 
Supporting Information S6). Table 1 shows monomer conversion, mo
lecular weight and molar mass dispersity of the pHEMA–
block–pDMMEP block copolymers. The theoretical molecular weight 
was determined via Equation 4 (see Supporting Information S6). Both 
block copolymers were polymerized with conversions about 90% after 
400 min. If there was no more significant change in monomer conver
sion, the polymerization was considered complete. Fig. 3b and 3c 
illustrate linear behavior until the end of the polymerization indicating a 
pseudo-first order reaction. Furthermore, they show well-controlled 
polymerization due to a linear increase of the conversion whereby 

molar mass dispersity remained below 1.3 (Table 1). The GPC analysis of 
pHEMA and both block copolymers is depicted in Fig. 3d and shows 
continuous increase of molecular weight. 

The monomer conversion increases very slowly in the beginning, 
however, accelerates after 80 min. Fig. 3c shows a retardation in the 
polymer chain extension with longer second block during the first 100 
min of dithiobenzoate-mediated RAFT polymerization in DMF. It is 
assumed that an induction period was observed as often stated for RAFT 
polymerization.[57] This period can be explained by the higher mono
mer concentration resulting in slow fragmentation[58] and/or inter
mediate radical models,[59,60] like the intermediate radical 
termination hypothesis (IRT), where intermediate radicals were 
consumed in side reactions (combination and disproportionation).[61] 
Table 1 depicts a summary of the homopolymerization and block co
polymerizations including GPC measurements. 

After successful RAFT polymerization of the block copolymers with 
different lengths of the DMMEP block, end group removal to entirely 
characterize the polymers adhesion using AFM based SMFS. In many 
cases, it is desirable to transform the thiocarbonylthio group to achieve a 
preferred functionality. Additionally, the presence of this group leads to 
a colored polymer. There are several ways to modify the end group of a 

Table 1 
Summary of RAFT polymerization of pHEMA and pHEMA-block-pDMMEP in DMF.  

Sample [M]:[CTA]:[I] Conv. [%] Mn,theo [g mol− 1] Mn,NMR [g mol− 1] Mn,GPC [g mol− 1] PDI 

pHEMA 307:1:0.02 30 14,000 12,013 14,252 1.25 
pHEMA-block-pDMMEP 28 kDA 68:1:0.33 90 28,000 27,515 28,249 1.18 
pHEMA-block-pDMMEP 39 kDA 124:1:0.33 85 39,000 37,418 39,416 1.22  

Fig. 3. a) Kinetic plot and conversion over time of RAFT polymerization of pHEMA in DMF at 70 ◦C with AIBN as initiator and CPDB as CTA. Kinetic plot of pHEMA- 
block-pDMMEP with b) 28 kDa and c) 39 kDa in DMF at 70 ◦C with AIBN as initiator and pHEMA as macro-CTA. d) GPC analysis of pHEMA and the block copolymers 
measured in DMSO at 60 ◦C. 
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RAFT polymer.[62,63] For the determination of the pull-off force via 
SMFS a maleimide-PEG-NHS linker is connected to the AFM tip. The free 
maleimide group is predestined for a Michael-type thiol-ene click reac
tion with a thiol group on the polymer. Therefore, an aminolysis reac
tion was performed to transform the thiocarbonylthio moiety into a thiol 
group. Disulfide formation can be reduced during the reaction with the 
reducing agent tris(2–carboxyethyl)phosphine (TCEP). For these re
actions 0.2 eq. of the block copolymer (pHEMA-block-pDMMEP 28 kDa, 
39 kDa) and 0.2 eq. of TCEP were dissolved in DMF and degassed with 
argon followed by addition of 1 eq. of propylamine. The polymer was 
precipitated in diethyl ether. NMR spectroscopy cannot be used to 
suggest the quantitative reduction of the dithioester end group because 
the signal attributed to the aromatic end group is very low. Therefore, 
UV–Vis spectroscopy was used as simple procedure for the character
ization of the resulting polymers. The dithioester moiety has a strong 
absorption band at 300–310 nm in DMF. After aminolysis the absorption 
band of the dithioester is absent, which indicates the reduction of the 
dithioester terminus. Fig. 4 shows the UV–Vis absorption spectra of 
pHEMA-block-pDMMEP synthesized by RAFT polymerization before 
(solid lines) and after (dashed lines) reaction with propylamine. 

GPC analysis shows no significant change in molecular weight, 
which indicates successful end-group removal of pHEMA-block- 
pDMMEP to HS-pHEMA-block-pDMMEP. 

2.2. Single-molecule adhesion force of RAFT polymers 

To characterize the adhesion of the 28 kDa and 39 kDa HS-pHEMA- 
block-pDMMEP polymers, which differ in the length of the DMMEP 
block, pull-off forces were measured in phosphate buffered saline (PBS) 
on different substrates. AFM tips were first amino-functionalized and 
equipped with a flexible linker to attach the two block copolymers 
synthesized via RAFT polymerization. The adhesion forces of these 
biomimetic block copolymers were investigated on calcium deficient 
hydroxyapatite (CDHAP) to mimic the mineral phase of the bone and 
tooth, on a TiO2-coated silicon wafer to mimic implants in a physio
logical environment and on mica. 

The functionalization of silicon nitride (Si3N4) AFM tips with nom
inal spring constants of 0.02 N m− 1 followed an established protocol for 
antigen–antibody interaction measurements[64,65] modified for adhe
sion motifs as previously reported.[20] After oxidation of the AFM tip 
surface under ambient atmosphere (atmospheric oxygen), the generated 
silanol groups were amino-functionalized with ethanolamine. The free 
amino groups were then esterified with an NHS-PEG-maleimide linker 
with a length of about 72 nm. The free maleimide group on the linker is 

predestined for Michael-type maleimide-click chemistry via the free 
thiol group generated by the end group removal on the polymers (see 
Fig. 6a). The RAFT agent was selected because it does not contain any 
other acid groups that could interfere with the substrate during the 
adhesion measurement. 

In a typical SMFS pull-off experiment, a functionalized AFM tip with 
attached adhesion motif is brought into contact with the target surface 
of the desired substrate (CDHAP, TiO2 or mica) at a constant displace
ment rate until predefined (setpoint) force is reached. This contact was 
maintained over different time periods (0, 2, 4, 8 s). The functionalized 
AFM tip with adhesion motif is then pulled off the surface at different 
velocities (100–2000 nm s− 1), while recording force vs displacement 
data. The adhesion measurements were performed in fluid (PBS, pH 
7.2). The choice of the buffer system is essential because the PEG chain 
changes slightly in configuration under different conditions.[66] Kry
siak et al[67] showed that tris buffer is more suitable for SMFS adhesion 
measurements than others. However, we chose PBS to mimic physio
logical conditions on bone, considering that the hydroxyapatite surface 
containing calcium ions can interact with phosphate ions in PBS. As 
previously reported,[20] the maximum possible binding sites of a 
molecule per area (molecules/μm2) at the apex of the AFM tip were 
determined in advance to ensure that only an individual molecule and 
thereby, one single adhesion motif interacts with the surface which was 
confirmed by the results we received. Multiple interactions and disso
ciation events were present in about 15% of the data as it is usually the 
case for this type of measurements.[68] These events were discarded for 
data processing.[20] 

For the adhesion measurements in this study, a maleimide-PEG-NHS 
linker system with an average of 162 ethylene glycol units (with a 
calculated length of 72 nm) was used to clearly distinguish between 
specific and non-specific adhesions events.[20] The selected linker sys
tem generates specific adhesions events with tip-sample separation 
distances from 80 nm to 180 nm. Further validations for the SMFS 
measurements were performed as recently published.[20] Briefly, the 
pull-off forces were measured after each functionalization step, showing 
more specific adhesion events when the adhesive polymers were 
attached (Fig. 5). The different adhesion values after each step were also 
evidence for successful chemical functionalization (see Fig. 5b). Kruskal- 
Wallis-Test with Bonferroni post-hoc test was performed, to check sig
nificance for validation on TiO2 (see Supporting Information S2). 

The dependence of adhesion of the adhesive block copolymer 
pHEMA-block-pDMMEP 28 kDa on CDHAP on the surface dwell time 
was investigated by varying the dwell time from 0 s to 8 s and using a 
constant retraction velocity of 1000 nm s− 1 (Fig. 6b). The adhesion force 
increased significantly with rising dwell times from 0 s to 4 s, whereas 
dwell times above 4 s did exhibit similar adhesion force values (Fig. 6c). 
Each bar in the chart presented in Fig. 6c consists of 600 measurements 
from four cantilevers. These results clearly show that sufficient dwell 
time is important for adhesion motifs to orient and arrange themselves 
properly on the surface. They are in perfect agreement with previous 
measurements in our previous published study[20] and in Krysiak et al. 
[67] Kruskal-Wallis-Test with Bonferroni post-hoc test was performed to 
check significance between the 28 kDa polymer by variation of dwell 
times on CDHAP (see Supporting Information S3). Notably, the adhesion 
force at dwell times of 4 s and above was 1.610 ± 0.076 nN, which is 
higher compared to the single-molecule adhesion force of DOPA on a Ti- 
substrate as reported by Lee et al.[69] and higher than the adhesion force 
of DpSpSEEKC on CDHAP and TiO2 as reported in our own recent pre
vious study.[20] 

The mechanism of the dwell-time phenomenon remains unclear and 
has not been fully elucidated so far, perhaps higher dwell time is related 
for achieving the optimal conformation for interface formation [70] due 
to interfering phosphate ions from the PBS buffer. 

Adhesion Force is dependent on length of phosphorus block. 
Two different block copolymers were synthesized by RAFT polymeri
zation, the first block is based on the monomer HEMA with a molecular 

Fig. 4. UV–Vis absorption spectra of pHEMA-block-pDMMEP and HS-pHEMA- 
block-pDMMEP in DMF. 
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weight of 14 kDa and the second block is composed of the monomer 
DMMEP, which was varied from 14 kDa to 25 kDa. These two polymers 
differ only in the length of the phosphonic acid containing block. Both 
polymers have been investigated for their adhesion strength to CDHAP, 
TiO2 and mica in wet environment. In particular, the influence of the 
longer phosphonic acid block compared to the shorter one will be 
determined. 

Fig. 7a shows the selected retraction force/distance (FD) curves on 
CDHAP for both polymers with 4 s dwell time and 1000 nm s− 1 pull-off 
velocity. 600 FD curves per pulling velocity and dwell time were 
recorded on four spots on the substrate. Curves with distinct dissociation 
events from detected adhesion forces were plotted as histograms 
(Fig. 7b). The resulting adhesion forces are not normally distributed 
(Kolmogorov-Smirnov test see Supporting Information S4) and illustrate 
significantly higher pull-off forces (Mann-Whitney-U-Test see 

Supporting Information S4) of pHEMA-block-pDMMEP 39 kDa 
compared to ones of the 28 kDa polymer with shorter phosphonate block 
(Fig. 7c). 

Analogous to CDHAP, the adhesion of the block copolymers to TiO2 
was evaluated. Titanium and its oxides are often used for implants. 
Fig. 8a depicts the comparison of FD curves of pHEMA-block-pDMMEP 
28 kDa and 39 kDa on TiO2 coated silicon wafer with 4 s dwell time and 
1000 nm s− 1 pull-off velocity. Histograms of the 28 kDa and 39 kDa 
polymers were plotted in Fig. 8b. The resulting adhesion forces are not 
normally distributed (Kolmogorov-Smirnov test see Supporting Infor
mation S5) and illustrate significantly higher pull-off forces (Mann- 
Whitney-U-Test see Supporting Information S5) of the polymer with 
longer phosphorus ester block when comparing it to the 28 kDa polymer. 
Fig. 8c shows again the synthesized block copolymers and demonstrates 
the higher adhesive force using longer phosphorus ester blocks. 

Fig. 5. Validation of SMFS measurement by comparing the pull-off forces of an unfunctionalized silicon nitride (Si3N4) tip, an amino functionalized tip, a linker 
functionalized tip and a linker-pHEMA-block-pDMMEP 28 kDa functionalized tip on TiO2 at 4 s delay time and a retraction velocity of 1000 nm s− 1. a) Force/distance 
curves on TiO2. b) Bars showing adhesion and statistical analysis after every functionalization step. 

Fig. 6. a) Functionalization of AFM tip including amino- and linker-functionalization as well as introduction of the adhesive polymers. b) Selected force-distance 
curves of SMFS measurement with pHEMA-block-pDMMEP 28 kDa on CDHAP with different dwell times and constant retraction velocity of 1000 nm s− 1. c) 
Mean adhesion values of different dwell times, error bars indicate standard deviations. 
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The longer block of adhesive groups increases the probability of 
interaction with Ti4+ ions and oxides of the titanium substrate as well as 
interaction with Ca2+ ions, hydroxyl groups and phosphonates of the 
HAP substrate. Further adhesion measurements of biomimetic RAFT 
polymers and statistical analysis thereof were performed on mica (see 
Supporting Information S1). SMFS measurements on CDHAP, TiO2 and 

mica showed a distinct increase in adhesion of the polymer with longer 
phosphonic acid ester block. An increase in block length of 40% results 
in an increase in adhesion of about 25%. 

We are aware that our method may has two main limitations. The 
first is that the occurrence of steric hindrances is related to the length of 
the block copolymer. In other words, block copolymers containing 

Fig. 7. SMFS measurement of pHEMA-block-pDMMEP with 28 kDa and 39 kDa on CDHAP with 4 s dwell time and a retraction velocity of 1000 nm s− 1. a) Selected 
FD curves of pHEMA-block-pDMMEP 28 kDa and 39 kDa. b) Histograms (n = 600) of adhesion forces of 28 kDa polymer (1610 ± 76 pN) and of 39 kDA polymer 
(2257 ± 48 pN) (p < 0.001) measured with four AFM tips. c) Higher phosphorylation of the polymer leads to higher adhesion on CDHAP. 

Fig. 8. SMFS measurement of pHEMA-block-pDMMEP with 28 kDa and 39 kDa on TiO2 coated silicon wafer with 4 s dwell time and a retraction velocity of 1000 nm 
s− 1. a) Selected FD curves of pHEMA-block-pDMMEP 28 kDa and 39 kDa. b) Histograms (n = 600) of adhesion forces of 28 kDa polymer (1862 ± 39 pN) and of 
39 kDA polymer (2320 ± 42 pN) (p < 0.001) measured with four AFM tips. c) Higher phosphorylation of the polymer leads to higher adhesion on TiO2. 
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longer phosphonate blocks possess higher probability to hinder binding 
between adhesion motif and surface groups. The scecond is the possible 
emergence of high adhesion forces during the SMFS experiments. 
Measured adhesion force values are close to rupture forces of maleimide- 
thiol adduct bonds[71] and other related covalent bonds.[72] 

3. Conclusion 

In nature and in the human body adhesive interactions of proteins 
are of crucial importance for a multitude of biological processes in 
various conditions. To maintain their adhesion capacity on surfaces in 
wet environments is a significant characteristic of biological adhesives. 

Many synthetic adhesives proposed for industrial applications, 
especially in the field of tissue engineering are lacking the ability to bind 
to moist surfaces. 

In this study, we used SMFS to show the dependence of adhesion on 
the length of phosphonate blocks in biomimetic block copolymers on 
different substrates (CDHAP, TiO2 and mica) under physiological con
ditions (PBS, pH 7.2). The use of SMFS allowed use to investigate 
adhesion processes on the nanoscopic level and circumventing the 
challenge to distinguish between cohesive and adhesive forces – a 
common problem on the macroscale. 

The synthesized polymers as well as the polymerization technique 
allowed us to quickly investigate and compare the adhesion of the blocks 
via SMFS by tethering them on the AFM tip. By using RAFT polymers, 
the RAFT agent end group (thiocarbonylthio group) can be removed via 
aminolysis and a thiol end group is generated. Thus, synthesized RAFT 
polymers can be attached to the functionalized AFM tip via a free mal
eimide group. The results of this study indicate the dependence of 
adhesion to the length of phosphonate blocks on three substrates, 
especially CDHAP to replicate the mineral part of the bone and TiO2 to 
mimic implants. With the carefully selected neutral first block (HEMA), 
the free hydroxy group enables the introduction of a desired functional 
group for further applications. Although there are limitations due to the 
length of phosphonate blocks and the emergence of high adhesion forces 
during SMFS experiments, we believe our work highlights the use of 
adhesion motif containing block polymers. This approach may be very 
promising in the biomedical field, especially for tissue engineering 
applications. 

4. Experimental 

4.1. Materials 

All reagents, if not otherwise mentioned, were purchased from Sigma 
Aldrich and were used without further purification. 2,2′-Azobisisobu
tyronitrile (AIBN) initiator was purified by recrystallization from 
methanol. 2-Hydroxyethyl methacrylate (HEMA) was distilled before 
polymerization. Solvents were purchased and distilled prior usage. 1H-, 
13C- and 31P NMR spectra were recorded on a Bruker Avance 400 MHz 
FT-NMR spectrometer. Deuterated DMSO and chloroform were used as 
NMR solvents. 

4.2. Monomer synthesis of dimethyl (2- 
methycryloyloxyethylphosphonate) (DMMEP) 

The synthesis of dimethyl (2-methycryloyloxyethylphosphonate) 
(DMMEP) was carried out according to Avci et al.[52] Therefore, 1 eq. of 
dimethyl (2-hydroxyethyl) phosphonate (15.4 g, 100 mmol) was reacted 
with 1.05 eq. of methacryloyl chloride (11.0 g, 105 mmol) in the pres
ence of 1.25 eq. of triethylamine (12.7 g, 125 mmol) in 20 mL dry 
methylene chloride at 0 ◦C under Schotten-Baumann conditions. After 
stirring overnight at room temperature, the formed precipitate was 
filtered off and washed with 40 mL diethyl ether. The organic phases 
were combined and washed with 80 mL of brine. The pH value was 
adjusted to 1 with 2 N hydrochloric acid. In addition to that, the organic 

phases were washed with 80 mL of 10 wt% aqueous solution of NaHCO3 
and 100 mL of brine. Excess of triethylamine and triethylamine/HCl 
salts were then removed by extraction with deionized water (3 × 20 
mL). The organic layer was separated and dried over CaCl2. The evap
oration of methylene chloride gave 18.52 g (83% of theory) of the 
desired product as a yellow, viscous liquid. 

TLC (EE): Rf 0.20; 1H NMR: (400 MHz, CDCl3) δ (ppm): 6.12 (s, 1H, 
CH2 = C cis), 5.58 (s, 1H, CH2 = C trans), 4.39 (dtd, 2H, J1 = 13.4 Hz, J2 
= 7.3 Hz, J3 = 1.2 Hz, O-CH2), 3.76 (s, 6H, 2x O-CH3), 2.19–2.07 (dtd, 
2H, J1 = 18.8 Hz, J2 = 7.3 Hz, J3 = 1.1 Hz, CH2-P), 1.93 (s, 3H, CH3); 13C 
NMR: (100 MHz, CDCl3) δ (ppm): 167.06 (C = O), 135.97 (C = CH2), 
126.08 (C = CH2), 58.68 (2x O-CH3), 52.69 (O-CH2), 25.66 (CH2-P), 
18.22 (CH3); 31P NMR: (CDCl3) δ (ppm): 29.69 (s); GC–MS (m/z): calc. 
222.18, found 222.12 [M] 

4.3. RAFT agent synthesis 

4.3.1. Synthesis of sodium dithiobenzoate (DTBA) 
The synthesis was carried out according to Mitsukami et al.[53] and 

Thang et al.[55] Therefore, a 500 mL three-neck round-bottomed flask 
equipped with a magnetic stir bar, dropping funnel and thermometer 
was dried, filled with argon, charged with 2 eq. of sodium methoxide 
(30 wt% solution in methanol; 90.38 g, 500 mmol) and diluted in 160 
mL dry methanol. Subsequently, 2 eq. of sulfur (16.03 g, 500 mmol) 
were added under argon counter flow. 1 eq. of benzyl chloride (31.65 g, 
250 mmol) was added dropwise over the course of approximately 1.5 h 
at room temperature. The reaction mixture was heated in an oil bath at 
75 ◦C for 20 h. After this time, the reaction mixture was cooled to 0 ◦C 
using an ice bath. The precipitated salts were removed by filtration, 
washed with 50 mL of methanol and then the solvent was evaporated. 
The residue was dissolved in 250 mL of deionized water and the 
precipitated salts were removed by filtration. Hereafter, the solution was 
transferred into a 1 L separatory funnel and washed with diethyl ether 
(3 × 150 mL). Diethyl ether (150 mL) and 250 mL 1 N HCl were added to 
the deep red solution. Then dithiobenzoic acid was extracted into the 
ethereal layer (purple color). Afterwards 150 mL deionized water and 
300 mL 1 N NaOH were added to the ethereal layer, whereby sodium 
dithiobenzoate was extracted to the orange-red aqueous layer. This 
washing process was repeated two more times to finally yield a 500 mL 
solution of sodium dithiobenzoate. 

4.3.2. Synthesis of di(thiobenzoyl) disulfide (DTBDS) 
For the synthesis of di(thiobenzoyl)disulfide the aqueous sodium 

dithiobenzoate solution was transferred to an 1 L round-bottomed flask 
with magnetic stirrer. Potassium ferricyanide (III) (90.38 g, 150 mmol) 
was dissolved in 300 mL deionized water and was added dropwise over 
the course of approximately 2.5 h under vigorous stirring. The red 
precipitate was filtered and washed with deionized water until the 
washings became colorless. The red solid was dried in vacuum for 6 h at 
room temperature to yield 16.53 g (22% theoretical yield). 

TLC (PE:EE 20:1): Rf 0.67; mp 95–97 ◦C (Lit[73]: 96–98 ◦C); 1H 
NMR: (400 MHz, CDCl3) δ (ppm): 7.96 (d, 4H, o-ArH), 7.63 (m, 2H, p- 
ArH), 7.51 (m, 4H, m-ArH); 13C NMR: (100 MHz, CDCl3) δ (ppm): 
167.77 (-C = S), 133.33 (-ArC-C = S), 131.21 (p-ArC), 129.73 (m-ArC), 
129.04 (o-ArC); IR (ATR) v (cm− 1): 1236.2 (C = S), 1041 (C = S) 

4.3.3. Synthesis of 2-cyanopropyl-2-dithiobenzoate (CPDB) 
The synthesis was performed according to Mitsukami et al.[53] 

Therefore, ethyl acetate was pre-dried over K2CO3 for 12 h, decanted 
and distilled from 10 g/L P2O5. A 250 mL round-bottomed flask was 
purged three times with argon and charged with 0.6 eq. of di(thio
benzyol)disulfide (4.69 g, 15 mmol), AIBN (1 eq., 1.73 g, 9 mmol) and 
dry ethyl acetate. The reaction solution was heated at reflux for 20 h. 
Afterwards the ethyl acetate was removed in vacuum. The crude product 
was purified by column chromatography (PE:EE 20:1) to yield 2.43 g 
(52% theoretical yield) of a red viscous liquid. 
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TLC (PE:EE 10:1): Rf 0.51; 1H NMR: (400 MHz, CDCl3) δ (ppm): 7.91 
(m, 2H, o-ArH), 7.55 (m, 1H, p-ArH), 7.39 (m, 2H, m-ArH), 1.94 (s, 3H, 
CH3); 13C NMR: (100 MHz, CDCl3) δ (ppm): 223.15 (-C = S), 144.59 
(-ArC-C = S), 132.91 (p-ArC), 128.56 (m-ArC), 126.67 (o-ArC), 119.98 
(–CN), 41.75 (-C-CN), 26.50 (2x –CH3); MS (m/z): calcd. 222.34, found 
221 [M]; IR (ATR) v (cm− 1): 2232.7 (CN), 1227.3 (C = S), 1047.7 (C =
S) 

4.4. RAFT polymerization of adhesive block copolymers followed by end- 
group removal 

The RAFT polymerization of pHEMA was carried out similar to Vega- 
Rios et al.[56] To perform RAFT polymerization of HEMA (14 kDa), the 
monomer, initiator (AIBN), RAFT-agent (CPDB) and the internal stan
dard (naphthalene) were dissolved in DMF (M:CTA:I 230:1:0.02). The 
solution was degassed for about 40 min. Afterwards the penicillin flasks 
were placed in a pre-heated metal heating block (70 ◦C). The polymer
ization kinetics were investigated by drawing samples over the whole 
course of reaction. Therefore, an amount of about 200 µL of samples 
were taken by syringe after certain time intervals and quenched by ice 
cooling to stop the reaction until they were analyzed by 1H NMR spec
troscopy. After complete polymerization time, the reaction mixture was 
quenched by liquid nitrogen and precipitated in cold diethyl ether. The 
sticky polymer was re-dissolved in methanol and precipitated in cold 
diethyl ether for three more times to yield a pink powdery polymer. 

1H NMR: (400 MHz, DMSO‑d6) δ (ppm): 4.92–4.67 (br, 1H, –OH), 
3.90 (s, 2H, -O-CH2-), 3.60 (s, 2H, –CH2-OH), 2.02–1.68 (br, 2H, –CH2-), 
0.95 (s, 3H, –CH3) 

The block copolymerization was done in accordance to Canniccioni 
et al.[36] The synthesis of pHEMA-block-pDMMEP (28 kDa and 39 kDa) 
polymers was performed via RAFT polymerization, the monomer 
DMMEP, AIBN, macro RAFT-agent (pHEMA) and the internal standard 
naphthalene were dissolved in DMF (M:CTA:I 68:1:0.33; 124:1:0.33). 
The solution was degassed for about 40 min. Afterwards the penicillin 
flaks were placed in a pre-heated metal heating block (70 ◦C). The 
polymerization kinetics were investigated by drawing samples over the 
whole course of reaction. Therefore, an amount of about 200 µL of 
samples were taken by syringe in noted time intervals and quenched by 
ice cooling to stop the reaction until they were analyzed by 1H nuclear 
magnetic resonance spectroscopy (NMR). After complete polymeriza
tion time the reaction mixture was quenched by liquid nitrogen and 
precipitated in cold hexane. The sticky polymer was re-dissolved in 
methanol and precipitated in cold hexane for three more times to yield a 
pink polymer. 

1H NMR: (400 MHz, DMSO‑d6) δ (ppm): 4.97–4.62 (br, 1H, –OH), 
4.17–3.91 (m, 4H, -O-CH2–), 3.94 (s, 2H, -O-CH2–), 3.71–3.58 (m, 8H, 
–CH2-OH, 2x -O-CH3), 2.29–1.58 (br, 4H, –CH2–), 1.13–1.06 (br, 2H, 
–CH2-P), 1.13–0.75 (br, 6H, –CH3); 31P NMR: (DMSO‑d6) δ (ppm): 29.51 
(s) 

To remove the end-group of the block copolymers, 0.01 eq. of 
pHEMA-block-pDMMEP (28 kDa, 39 kDa) and TCEP (0.01 eq.) were 
dissolved in DMF. Afterwards the solution was degassed and 0.05 eq. of 
propylamine were added. The solution was stirred for about 2 h and the 
product was precipitated in cold diethyl ether. The sticky polymer was 
re-dissolved in methanol and precipitated again in cold diethyl ether for 
three more times to yield a colorless polymer. 

1H NMR: (400 MHz, DMSO‑d6) δ (ppm): 4.97–4.62 (br, 1H, –OH), 
4.17–3.91 (m, 4H, -O-CH2–), 3.94 (s, 2H, -O-CH2–), 3.71–3.58 (m, 8H, 
–CH2-OH, 2x -O-CH3), 2.29–1.58 (br, 4H, –CH2–), 1.13–1.06 (br, 2H, 
–CH2-P), 1.13–0.75 (br, 6H, –CH3); 31P NMR: (DMSO–d6) δ (ppm): 
29.51 (s) 

4.5. Polymer characterization via gel permeation chromatography (GPC) 

Molecular weight of the polymers was determined by gel permeation 
chromatography (GPC) measurements using a Viscotek® GPCmax 

VE2001 system with a UV detector (Viscotek® detector) and three col
umns (AplliChrom DMSO-Phil-P-200, AplliChrom DMSO-Phil-P-250, 
DMSO-Phil-P-350) (AplliChrom, Oranienburg, Germany) with dry 
DMSO as mobile phase (0.5 mL min− 1 flow rate) at 60 ◦C. The polymers 
were dissolved in dry DMSO, filtered through a 0.2 μm poly(tetra
fluoroethylene) (PTFE) disposable Chromafil 0–20/15MS syringe filter. 
The injection volume was 100 μL. Calibration was performed with pol
ymethylmethacrylate standards (Agilent Technologies, Mn range be
tween 550 and 46890 g mol− 1). Omnisec Software was used for 
determination of Mn and Mw to calculate the molar mass dispersity (Ð). 

4.6. AFM tip functionalization 

AFM tips for force spectroscopy measurements were prepared ac
cording to previous published functionalization protocol.[20] Prior to 
functionalization silicon nitride (Si3N4) AFM chips (Bruker MSNL-10) 
were oxidized in ambient atmosphere (atmospheric oxygen) and 
cleaned in chloroform (3 × 5 min). The AFM tips with silanol (Si-OH) 
groups were dried in a gentle argon stream. Subsequently, the tips were 
immersed in 1 g mL− 1 ethanolamine hydrochloride (TCI Deutschland, 
Eschborn, Germany) dissolved in DMSO in the presence of molecular 
sieves (4 Å) for 30 min, resulting in an amino-functionalized AFM tip. 
The aminated AFM tips were washed with DMSO (3 × 1 min) and 
ethanol (3 × 1 min) and dried in a gentle argon stream. 
Maleimidopropionyl-PEG-hydroxysuccinimide ester (Mal-PEG-NHS 
with an average of 162 ethylene glycol units, JenKem Technology, USA) 
were used as linker and covalently coupled to the amino-functionalized 
tips in a Teflon reaction chamber by incubating cantilevers with a so
lution of 7 mg Mal-PEG-NHS linker dissolved in 1 mL of chloroform. 150 
μL of triethylamine were added to the linker solution. After 2 h of re
action time the AFM tips were washed with chloroform (3 × 10 min) and 
dried in a gentle argon stream. For attachment of the synthesized co
polymers to the linker system, the sample was dissolved in 100 μL 
deionized water to obtain a 15 mM solution. This solution was mixed 
with ethylenediamine tetraacetic acid (EDTA), 4-(2-hydroxyethyl)-1- 
piperazineethanesulfonic acid (HEPES) and tris(2-carboxyethyl) 
phosphine (TCEP; TCI Deutschland, Eschborn, Germany). Subse
quently, 100 μL of this solution were pipetted onto the AFM chips, which 
were placed on pieces of Parafilm in Petri dishes. After 2 h reaction time 
the tips were washed (3 × 5 min) and stored at 4 ◦C for up to two days in 
PBS buffer (pH 7.2 – 7.4; sterile filtered). 

4.7. Substrate preparation 

The preparation and characterization of the calcium deficient hy
droxyapatite (CDHAP) pellet was the same as previously published.[20] 
The silicon wafer [Si-Mat, Kaufering,Germany; crystal structure of 
(100)] was cleaned by a UV cleaner (Boekel Scientific, Pennsylvania, 
USA) for 15 min prior usage. Afterwards, it was sonicated in water, 
methanol, acetone and toluene followed by coating of TiO2 nano
particles. The layer thickness of the TiO2-layered wafer was determined 
by ellipsometry (Sentech SE 500adv, Sentech Instruments, Berlin, Ger
many). The same TiO2 coated silicon wafer was used and characterized 
in Steinbauer et al.[20] 

4.8. AFM-SMFS measurements 

All AFM experiments were performed in PBS buffer with high quality 
chemicals in a temperature- and humidity-controlled room at a tem
perature of 20.7 ± 0.7 ◦C and humidity of 47.9 ± 6.7%. The measure
ments were conducted on a NanoWizard ultra speed atomic force 
microscope (JPK Instruments, Berlin, Germany) using Bruker MSNL-10 
cantilevers (<12 nm tip radius, 0.02 N m− 1 nominal spring constant) 
in liquid under physiological-like conditions (PBS, pH 7.2) on different 
substrates (mica, CDHAP, TiO2 coated Si-wafer). The AFM was operated 
with an inverted optical microscope Axio Observer, AxioVert 200 (Zeiss, 
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Germany). The NanoWizard is placed on a Halcyonics i4 vibration 
isolation system (Accurion, Göttingen, Germany) and the whole system 
is located in an acoustic enclosure from JPK, which in turn is placed on a 
stable base (JPK, Berlin, Germany). Prior functionalization AFM tips 
were cleaned in chloroform and cantilever spring constants were 
determined under dry conditions using thermal method (Sader method). 
[74] Nominal spring constants (kc) between 7.7 and 9.8 mN m− 1 were 
obtained. After AFM tip functionalization cantilever sensitivity was 
measured in PBS buffer. The Inverse Optical Lever Sensitivity (InvOLS) 
was defined by performing sixteen force curves on a stiff substrate 
(mica). A linear fit was performed to each force curve. 

4.9. Data analysis 

Data acquisition and analysis were carried out using SPM Control 
and JPK data processing software. Prior to analysis, only single rupture 
events (adhesion events) with the specific linker stretching and ± 20 nm 
of the calculated contour length were taken into account ensuring over 
95% probability to be sure that the adhesion event was mediated by a 
single bound. Due to this restriction of data, some of the curves are 
eliminated, but the others provide a narrow distribution of the pull off 
forces. 

4.10. Statistical analysis 

The statistical Analysis was performed with the statistic software 
IBM statistics SPSS. The samples were independent and the grouping 
variable were the tip sample and the dwell time. To test the significance 
of the adhesion values of the samples measured on mica, on CDHAP and 
on a TiO2 coated silicon wafer, all samples with a dwell time of 4 s were 
chosen. Before testing the significance of the mean values of adhesion, 
the normality of the data distribution was tested. Kruskal-Wallis-Tests 
with Bonferroni post-hoc tests were performed, to check significance 
between the sample by variation of dwell times on CDHAP (Supporting 
Information S3) and the validation on TiO2 (Supporting Information S2). 
Due to the fact that, the mean value of several not normally distributed 
samples has to be compared, a Mann-Whitney-U-Test was done. 
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