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Since the late 1980s tissue engineering has evolved into an interdisciplinary field 
of research combining expertise from materials science and technology, cell 
biology and chemical biology in order to develop materials that can be used to 
restore, maintain or improve tissue or organ function. [1]  
Growth factors (GFs) are naturally occurring substances that regulate a variety of 
cellular processes such as stimulating cellular growth, proliferation and 
differentiation, and therefore GFs are central to many therapies in the 
regeneration of damaged tissue but also in the treatment of many diseases such 
as cancer. [2] Crucial to the success of such GF-therapy is the mode of GF 
delivery. Strategies relying on bolus drug delivery or systemic administration are of 
limited use because the inherent instability of many GFs requires very high levels 
of protein for a measurable effect and the potential exists for unwanted activity 
at distant sites. GFs are endogenously primarily present as proteins attached to 
the extracellular matrix (ECM). [3] This natural attachment strategy takes care of 
several aspects, such as GF stability while preventing endocytosis and 
degradation of GF receptors, the presentation of highly localized signaling by the 
proteolytical activation of specific doses and duration of the stimulation. The 
ability to mimic such a microenvironment would create a perfect tool to control 
the spatiotemporal delivery of GFs. This challenge has spurred scientists to 
develop various strategies which are reviewed in Chapter 2. Although the latest 
developments of biomaterials are based on immobilized GFs, [4] up to now 
however, not all design criteria are met.  
To date, a variety of methodologies for the presentation and recruitment of GFs 
on materials has been reported that ranges from covalently [5] and non-
covalently [6] tethering GFs onto materials to tethering peptides that either mimic 
the GF activity [7] or recruit GFs to the desired place. [8] 
 
The research described in this thesis introduces novel reversible GF immobilization 
methodologies for the functionalization of biomaterials exploiting both covalent 
and non-covalent chemistry. The work presented here covers the chemical 
synthesis of building blocks that are used to tether GFs to surfaces, surface 
chemistry and characterization, biochemistry and cell biological experiments to 
demonstrate the functional immobilization of the GFs.  
 
In Chapter 2 an overview of the literature is presented of current immobilization 
strategies for the tethering and delivery of GFs. Emphasis is put on the design 
criteria for an optimal GF activity in the cellular microenvironment.  
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In Chapter 3, two different supramolecular interactions, histidine-nickel(II)-
nitrilotriacetate and adamantane-β-cyclodextrin are presented for the site-
specific binding of model fluorescent proteins. In this chapter, fluorescent 
proteins are used to give a fundamental perspective on the usage of such 
methodologies for achieving control over orientation and packing density while 
it opens a discussion about the competition of strong and weak binding affinities. 
Such properties would be useful for the reversible presentation and delivery of 
GFs. 
 
In Chapter 4, a combination of the supramolecular interactions presented in 
Chapter 3 is employed for the immobilization of histidine-tagged single-domain 
fragments derived from camelid antibodies, which were screened against 
human bone morphogenetic protein 6 (hBMP-6) with micromolar affinity. The 
system is successfully explored for the delivery of hBMP-6 to mouse progenitor 
cells marking an increase in osteogenic activity.  
 
In Chapter 5 a fluorogenic platform is introduced for detecting the immobilization 
of non-labeled cysteine-terminated peptide sequences. The immobilized 
peptides possess relevant known biological properties such as cell adhesion 
properties, [9] binding affinity for transforming growth factor (TGF) – β1 [10] as well 
as for collagen type II. [11] By co-immobilizing peptides with the latter two 
sequences, a bifunctional platform is fabricated that incorporates both 
chondrogenic differentiation and collagen II targeting properties at the same 
time.  
 
In Chapter 6 a strategy is presented for the reversible covalent immobilization of 
hBMP-6 with a time-specific release upon hydrolysis of the siloxane and imine 
bonds. Differences in early osteogenic cell differentiation are analyzed when 
presenting the GF by using linkers with different release kinetics under 
physiological conditions. In addition, our findings are extrapolated onto films of a 
model biomaterial such as Polyactive™.  
 
Finally, in Chapter 7 a novel hydrogel-filled silicon stamping device is used to print 
for the first time protein arrays with multiple proteins or with multiple features. The 
printed arrays are used for : i) the study of the effect of geometrical micro-cues 
on the adhesion and spreading of C2C12 cells (mouse myoblast cell line), and 
ii) the investigation of the effect of the surface dose of hBMP-6 on the early 
osteogenic differentiation of C2C12.  
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Chapter 2 

Strategies for the Delivery and Presentation of 
Growth Factors 

 
 
Since the first demonstration of employing growth factors (GFs) to control cell 
behavior in vitro, one characteristic feature has received continuous attention for 
the translation of these strategies in vivo. Namely, the properties resulting from a 
physically confined mobility of the GF have been used for various tissue 
engineering applications, such as stents, orthopaedic implants, sutures and 
contact lenses. The lack of control over the mobility of GFs in biomaterials 
hampers the performance of these materials in vivo. In this chapter an overview 
is given of the presentation of GFs to cells with a strong focus on the importance 
of the strategy of tethering them to surfaces. In the first part, non-covalent 
strategies are described covering interaction motifs that are generic to direct GF 
immobilization. In the second part, covalent strategies are described 
emphasizing the introduction of reactive groups in existing biomaterials. This 
chapter ends with describing strategies based on the physical entrapment of 
growth factors with delivery profiles regulated by mechanisms such as diffusion, 
swelling or by external stimuli.  
 
 
 
 
 
 
 
 
 
 
 
 



Strategies for the Delivery and Presentation of Growth Factors 

6 

2.1 Introduction 

Growth factors (GFs) are a powerful class of signaling molecules capable of 
regulating cellular functions and processes, including proliferation, differentiation, 
migration, adhesion and gene expression, and thus offering the potential to 
coordinate events like tissue formation, maintenance or regeneration. [1] 
Although GF signaling is initiated directly upon forming stable complexes with GF 
receptors, which reside on the cell surface, complete gene expression is a much 
slower process. Therefore, control over the presentation of GFs in biomaterials is 
required not only in terms of retained biological activity upon inclusion of GFs into 
these materials, ideally with optimized accessibility to and orientation of the GFs, 
but also in terms of extended longevity of the presence of GFs to obtain efficient 
cell response. 
Endogenously, the mobility of GFs is confined by trapping them in the 
extracellular matrix (ECM). Throughout the last decades sophisticated 
approaches have been developed incorporating features derived from the 
ECM. [2] Many of these approaches consist of tethering GFs onto the surface of a 
(bio)material to achieve control over their spatial distribution. Other approaches 
rely on blending GFs into biopolymers to achieve temporal control over the GF 
delivery. Notwithstanding the progress in the development of employing GFs in 
biomaterials, the in vivo performance of biomaterials in tissue engineering 
applications, such as stents, orthopaedic implants, sutures and contact lenses, is 
still challenged by the necessary control over the mobility of growth factors in 
biomaterials.  
In this chapter an overview is given of the methodologies presented in literature 
for the presentation of GFs to cells at biosurfaces. The discussion will be centered 
around selected examples emphasizing the different types of strategies 
irrespective of the type of GF, (bio)material or application involved. This chapter 
continues with highlighting examples ranging from the use of non-covalent 
interactions (Section 2.2), covalent attachment (Section 2.3) and the use of 
matrices (Section 2.4) to confine GFs with the common goal of controlling the 
spatiotemporal evolution of the GFs. 

2.2 Non-covalent GF immobilization 

The strategy used by the ECM to control the mobility of GFs and thereby to 
ensure proper cell functioning is based on non-covalent interactions between 
different parts of the ECM and GFs. When non-covalent interactions are non-
directional, including for example ionic bonds, hydrophobic and polar 
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interactions, typically GFs are physisorbed. However non-covalent interactions 
exist that are directional, including for example hydrogen bonds and host-guest 
interactions. [3] The advantage over non-directional interactions lies in the 
specificity and directionality of the supramolecular interaction and the tunability 
of the type and number of host–guest interactions. In addition to an 
homogeneous and oriented attachment, the reversibility of immobilization can 
be very attractive to tune the extent of delivery in time. Typically the ECM binds 
GFs through a combination of directional and non-directional interactions to 
ensure optimal orientation and temporal availability of the GFs.  
In recent years, researchers have adopted affinity tags for immobilizing GFs onto 
surfaces. Many of the interactions currently used for this purpose have been 
originally developed for protein applications such as purification, biocatalysis 
and drug targeting. [4]  

2.2.1 Nitrilotriacetic acid – Ni(II) – hexahistidine interactions 

Currently, recombinant proteins bearing an engineered hexahistidine (His6) tag 
are produced by genetic engineering, thus enabling site-specific immobilization 
of His6-tagged proteins on Ni(II)-nitrilotriacetic acid (Ni(II)·NTA)-functionalized 
surfaces. NTA is a tetradentate ligand that forms an octahedral complex with 
divalent metal ions, such as Ni(II), Co(II), Cu(II) and Zn(II), leaving two binding sites 
available for binding to a His6-tag. The binding affinity is usually in the range of 
106-107 M-1. [5] This immobilization can be easily reversed by the addition of a 
competitive metal binding agent (e.g. imidazole or ethylenediaminetetraacetic 
acid (EDTA)). Many researchers have taken advantage of this system for the 
binding of fluorescent proteins, antibodies, virus proteins, and GFs to surfaces for 
a variety of applications. [5-6]  
Iwata and co-workers employed the recombinant epidermal growth factor (EGF) 
carrying a C-terminal His6-tag (EGF-His), allowing it to be immobilized onto 
surfaces presenting Ni(II)·NTA. [7] First, the authors described a method to build 
arrays of Ni(II)·NTA on gold-coated glass substrates for the construction of EGF-His 
microarrays. [7a, 7b] Briefly, a 1-hexadecanethiol self-assembled monolayer (SAM) 
was formed that covered the entire surface. Then, 1-hexadecanethiol molecules 
were photolytically removed in a pre-defined dot pattern and these bare gold 
areas were subsequently functionalized with 11-mercapto-1-undecanoic acid. 
Further derivatization into active succinimidyl esters was achieved upon reaction 
with N-hydroxysuccinimide (NHS) in the presence of N,N’-
dicyclohexylcarbodiimide (DCC). Reaction with N-(5-amino-1-carboxypentyl) 
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iminodiacetic acid (NTA) and incubation with NiSO4 yielded a microarray of 
Ni(II)·NTA-terminated spots (Scheme 2.1). 

 
Scheme 2.1 – Immobilization strategy of EGF-His onto Ni(II)·NTA-terminated SAMs.  

After confirming the presence of EGF within the array spots, neural stem cells 
(NSCs) were cultured on the platforms. While NSCs seeded on chelated EGF-His 
spots adhered and proliferated to a substantial number, NSCs seeded on 
controls of covalently immobilized EGF spots, were deprived of aggregation. 
These results demonstrated that cell aggregation, proliferation and phenotype 
maintenance were mediated more efficiently on chelated EGF-His surfaces as 
compared to those with covalently tethered EGF. Most likely favorable 
interaction between the EGF and the specific EGF receptors (EGFR) on the cell 
surface takes place on EGF-His surfaces. In a follow-up study the authors were 
able to relate cell activity with the control over orientation, conformation and 
surface stability when immobilizing EGF via His-tag technology in comparison with 
covalently bound EGF via NHS-chemistry. [7c] Multiple internal reflection-infrared 
absorption spectroscopy (IR-IRAS) analysis of EGF-His anchored to the surfaces 
suggested that chelated EGFs retain the same conformation both in solution as 
well as for physically adsorbed EGF-His (through ionic bonds). Contrarily, 
covalently immobilized EGF exhibited an altered spectrum being indicative of 
protein denaturation. In addition, NSCs cultured on immobilized EGF-His 
presented negligible expression of the βIII neuronal marker and astrocytic GFAP 
marker indicating that on these regions the pluripotent phenotype is maintained. 
In contrast, cells outside the pattern expressed high levels of both βIII and GFAP 
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while the expression of nestin (a stem cell marker) was reduced. Interestingly, 
when the activity of chelated human EGF (hEGF) was compared to the covalent 
immobilization of mouse EGF (mEGF) similar biological activities were found in 
terms of proliferation. The authors attributed this to the fact that mEGF contains a 
single primary amine at the N-terminus which will result in a single covalent 
linkage that affects the natural conformation of the protein to a lesser extent. 
Taken together, these results showed a technology to create microarray surfaces 
to study protein-based cell function and that immobilizing EGFs employing 
directional interactions is advantageous over physisorption and (random) 
covalent chemistry. 

2.2.2 Biotin – streptavidin interactions 

Similarly to the previous strategy, the interaction between biotin and streptavidin 
(SAv) has been broadly used to specifically bind proteins to materials. [5-6] This 
interaction leads to highly stable and nearly irreversible complexes with a binding 
affinity ranging between 1013 – 1015 M-1. An example of the use of this strategy to 
immobilize GFs was presented by Groves et al. in an attempt to understand 
ligand-receptor interactions. [8] Their approach consisted of the use of a fluid-
supported lipid bilayer (SLB) for displaying soluble ligands to cells. In this manner, 
the authors claimed to obtain a system combining a solution behavior (local 
concentration can be enriched by reaction-diffusion processes) and a solid 
behavior (with control over the spatial location of the ligands). To prove the 
concept, 1,2-dimyristoleoyl-sn-glycero-3-phosphocholine (DMOPC) was used 
with or without biotinylated EGF. The EGF was then bound to the SLB doped with 
3% biotin-modified dipalmitoyl-phosphatidylethanolamine (DPPE) by means of 
interaction with SAv (Figure 2.1). 
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Figure 2.1 – Fabrication of the SLB on glass substrates. Biotinylated-EGF could be tethered 
by means of Alexa 647-labeled SAv to the biotinylated SLB and fluorescence recovery after 
photobleaching (FRAP) experiments were performed to determine the fluidity. SLBs were 
used to study the interaction between EGF presented to specific EGFR on the cell 
membrane and cellular signaling. The Attofluor cell chamber was used to maintain the SLB 
stable while immersed in a NaCl solution. [8] Copyright © 2006 Wiley-VCH Verlag GmbH & 
Co. KGaA, Weinheim. 

EGF was conjugated to Alexa 647 via labeled SAv and the SLB contained 2% 
7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) for visualization purposes. This facilitated 
the possibility to regioselectively photobleach both bare lipids and 
EGF-containing layers in order to study fluorescence recovery. Their results 
pointed to a reduced fluidity for SLB containing EGF in comparison to bare lipid 
layers, indicating the success of the functionalization. Cells from the human 
breast epithelial cell line (MCF-10a cells) were used to assess the biological 
activity of the platforms. Cells seeded on a EGF-SLB were incubated for 20 h. 
After this time, cell attachment was only visible on EGF-modified SLB but not on 
those excluding EGF. Moreover, when a competing antibody for EGF-receptor 
tyrosine kinase (EGFR) was added, cell attachment was reduced in the same 
manner as for platforms in the absence of EGF. These results suggested that cell 
attachment is mediated by binding of EGF to EGFR on those platforms. To verify 
these results, cells were treated with Tarceva, a kinase inhibitor of EGFR, resulting 
in a similarly poor cell attachment, thus corroborating that activation of EGFR 
kinase activity is required for cell attachment. EGF clustering was observed 100 
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min after plating as reported by Alexa 647 fluorescence and EGF clusters were 
enlarged in time corresponding to focal adhesions required for cell attachment. 
Additionally, endocytosis of the complex EGF-EGFR was found (since 
fluorescence was observed at different planes) indicating the progress of cell 
signaling. The authors found as well that when reducing the system mobility by 
replacing DMOPC by 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) while 
maintaining the same surface concentration of GF, cell spreading was also 
reduced accordingly. Moreover, fewer EGF clusters were observed for the DPPC-
EGF-SLB compared to DMOPC-based EGF-SLB. These results indicated that the 
layer mobility facilitates clustering of EGF and ultimately cell adhesion and 
spreading.  
In another example given by Park and co-workers the biotin-SAv strategy was 
employed for cell transfection purposes. [9] Briefly, the primary amine groups of 
human EGF were used to couple biotin-derivatized PEG via the NHS moiety 
present in the biotin-PEG. This yielded mono-, di-, and tri-pegylated EGF species. 
Then, polyethyleneimine (PEI) and luciferase plasmid DNA were mixed to form 
positively charged polyelectrolyte complex particles (PEI-DNA) of around 90 nm 
in diameter. These particles could be coated electrostatically with SAv yielding 
an effective diameter from 100 to 200 nm for a SAv-DNA molar ratio of 100. SAv-
PEI-DNA complexes with a molar ratio of 100 (SAv-DNA) were used to form 
supramolecular complexes with EGF-PEG-biotin (mono- and multi-pegylated) 
conjugates. However, only when mono-pegylated EGF was bound to the 
complexes, stable nanoparticles were produced while multi-pegylated EGF led 
to abrupt aggregation at a biotin-SAv molar ratio of 4. This DNA delivery platform 
represented an optimal alternative to overcome DNA enzymatic degradation 
when incubated with nuclease, suggesting that entrapped plasmid DNA was 
effectively protected. Finally, the particles were used to successfully transfect 
A431 human epidermoid carcinoma cells which over-express EGF receptors. The 
transfection efficiency of PEI-DNA complexes was dependent on surface charge. 
When the surface charge became less positive, for example by the interaction 
with SAv, adsorptive endocytosis decreased resulting in a reduced transfection 
efficiency. When mono-pegylated EGF-PEG-biotin was conjugated to 
streptavidin-PEI-DNA a maximized transfection efficiency was found since in this 
case, transfection was mediated by the specific interaction between EGF and 
EGF receptors.  
In another recent example exploiting the interaction between biotin and SAv, 
M13 phages were modified to express biotin-like peptide sequences (HPQ) 
and/or integrin binding sequences (RGD) on their coat proteins for the 
immobilization of SAv-conjugated basic fibroblast growth factor (FGF-2) and 
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nerve growth factor (NGF). [10] Some of the advantages of presenting binding 
points for GFs on phages is that identical copies of the phage can be easily 
produced on large scale via bacterial amplification, and the resulting phage 
can be used to build nanofibrous networks without using additional fabrication 
techniques. FGF-2 and NGF could then be bound to the phage in order to 
successfully regulate proliferation and differentiation of hippocampal neural 
progenitor cells (NPCs) in a synergistic manner together with RGD.  
Shoichet’s group developed an approach for the efficient spatially controlled 
immobilization of sonic hedgehog (SHH) and ciliary neutrophic factor (CNTF) to 
promote differentiation of retinal precursor. [11] In their case a three-dimensional 
thiol-agarose scaffold was protected with the photolabile 
6-bromo-7-hydroxycoumarin moiety which upon two-photon irradiation could be 
cleaved yielding exposed thiol groups only in the illuminated areas. Those thiol 
groups could be further modified through the Michael addition of 
maleimide-terminated SAv and barnase to take advantage of the orthogonal 
non-covalent binding pairs barnase-barstar (Kd = 10-14 M) and SAv-biotin 
(Kd = 10-15 M). In this way, once the hydrogel was functionalized with both units, 
barstar-SHH and biotin-CNTF could self-sort upon supramolecular interaction with 
their binding partners. (Figure 2.2a). 

 
Figure 2.2 – a) Strategy to simultaneously immobilize SHH and CNTF. Maleimide-barnase 
(black) is immobilized by locally irradiating the hydrogel in the presence of the compound 
and allowing it to react with the deprotected thiol groups in the matrix. In a similar way 
maleimide-streptavidin (orange) can be immobilized in another desired location. 
Incubation with barstar-SHH and biotin-CNTF leads to the self-sorting of each factor with its 
complementary binding partner. b) Loss of the coumarin protection by two-photon 
irradiation and maleimide functionalization. While the large broken circle corresponds to 
maleimide-barnase, the smaller oval corresponds to maleimide-SAv. c-e) Confocal images 
corresponding to different views of the two-regions functionalized with barstar-SHH-488 
(green) and biotin-CNTF-633 (red). Adapted by permission from Macmillan Publishers Ltd: 
Nature Materials. Shoichet et al. [11] Copyright © 2011.  
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After analyzing the relationship between scan number and concentration of 
immobilized GF in independent experiments for each binding pair, the technique 
was used to simultaneously immobilize the two proteins following the process in 
Figure 2.2a. Confocal microscopy was used to sequentially irradiate two different 
regions while functionalizing them with either barnase or SAv. Since the coumarin 
protective group has an intrinsic fluorescence, functionalization could be 
followed by loss of fluorescence (Figure 2.2b). Co-functionalization could be 
observed by using two different Alexa fluorescent dyes for labeling the GFs 
(Figure 2.2 c-e). Finally, the bioactivity of the scaffolds was confirmed in vitro with 
retinal precursor cells (RPCs) derived from the ciliary margin of the adult mouse 
retina since expression of relevant markers was found while the platforms were 
perfectly non-cytotoxic. 

2.2.3 Peptide amphiphiles (PAs) 

Peptide amphiphiles (PAs) combine the amphiphilic features from surfactants 
with peptide sequences with relevant biological functions to self-assemble into 
one-dimensional nanostructures (mostly cylindrical nanofibers) resulting in a gel 
under physiological conditions. [12] Moreover, they represent a highly robust 
construction since differences in peptide sequence have a minimum impact on 
the self-assembly process. 
Throughout the last decades, the group led by Stupp has been a pioneer in the 
development of supramolecular PA nanostructures in the tissue regeneration 
field. [13] One of the PA-fibers was employed for direct binding and delivery of 
transforming growth factor β1 (TGF-β1) [14]. In this example, the researchers 
presented the co-assembly of two PAs: i) one PA bearing at the N-terminus the 
HSNGLPL epitope (identified by phage display) with a high binding affinity to 
TGF-β1 [15] and ii) a biologically passive sequence that acts as filler peptide to 
control the distribution and accessibility of the binding epitopes (Figure 2.3), with 
the purpose of supporting the viability and chondrogenic differentiation of 
mesenchymal stem cells (MSCs).  
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Figure 2.3 – Design of PAs with chondrogenic potential. Chemical structure of A) TGF-β1-
binding PA and B) filler PA. C) Illustration of the resulting self-assembled nanofibers 
displaying the accessible TGF-β1-binding sequences. D) TGF-β1 release profile for 
nanofibers composed of only filler PA or filler PA containing a 10% of TGF-β1-binding PA 
(TGFBPA). Stupp et al. [14] Copyright © 2010. 

First, the authors demonstrated a slower release of TGF-β1 in the case pre-loaded 
nanofibers containing 10 mol% of TGF-β1-binding PA were used in comparison to 
TGF-β1 supplemented to fibers assembled from only filler PA. MSCs were not only 
viable within the PA gel in vitro but they also showed an increased expression of 
cartilage markers in the presence of TGF-β1 for TGF-β1-binding PA fibers 
compared to fibers of filler PA after 4 weeks of culture. The in vivo potential of the 
fibers was evaluated in full thickness chondral defects in a rabbit model. The 
defects were filled with the PA fibers and after 12 weeks of treatment, 
macroscopic differences were observed for defects treated with TGF-β1-binding 
PA both with and without TGF-β1 compared to those treated either with TGF-β1 
alone or with non-bioactive filler PA. For the TGF-β1 loaded as well as unloaded 
TGF-β1-binding PAs, the defect was nearly filled by new tissue similar in color and 
texture to the surrounding cartilage. The fact that unloaded TGF-β1-binding PA 
was able to regenerate the tissue in the defects as effectively as in the presence 
of exogenous TGF-β1 was explained by the ability to bind endogenously present 
TGF-β1 (i.e. from the bleeding marrow or from the surrounding synovial fluid). The 
use of a supramolecular material promoting specific biological response without 
the need for exogenous GFs or transplanted cells, inspired others to explore the 
potential of PA as a scaffold to bind platelet-derived growth factor BB (PDGF-BB), 
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vascular endothelial growth factor A (VEGF-A), FGF-2 and angiopoietin-1(Ang-
1). [16] A prolonged PDGF-BB delivery was found for up to 14 days when delivered 
together with PA gel with potential applications in the preservation of myocardial 
function. Moreover, FGF-2 was also bound to the PA matrix by mixing the GF with 
a PA aqueous solution resulting in the in situ formation of a 3D scaffold inducing 
angiogenesis in vivo and in vitro. [17] 
The group of Lee was able to decorate the periphery of the peptide-based fibers 
with biotin for the specific interaction with SAv and biotinylated insulin-like growth 
factor 1 (IGF-1). [18] The ‘’biotin-sandwich’’ approach was used to deliver IGF-1 to 
the myocardium. The authors designed biotinylated peptide sequences that can 
self-assemble into nanofibers at physiological conditions. After SAv was attached 
to the fibers, biotinylated IGF-1 was complexed to the SAv bound to the fibers. 
The presence of IGF-1 bound to peptide fibers was 5-fold higher than for peptide 
fibers in the absence of biotin. The construct was then used to treat rat neonatal 
cardiac myocytes and Akt phosphorylation was analyzed as it represents a 
downstream target of IGF-1 signaling. Fibers loaded with biotinylated IGF-1 
induced Akt phosphorylation 5-fold after prolonged delivery for 14 days 
compared to either peptide fibers alone or untethered IGF-1. When the IGF-1 
loaded fibers were delivered in vivo to the myocardium of rats, an enhanced GF 
retention was observed up to 28 days in comparison to the soluble one, which 
was rapidly eliminated. Additionally, after 14 days Akt activation was detected in 
tissues with tethered IGF-1 but not with the controls without tethered IGF-1. 
Tethered IGF-1 further reduced implanted cardiomyocyte apoptosis while 
increasing cell growth was observed.  

2.2.4 Heparin-based systems 

In the late 1990s an increasing interest in the interactions between proteins and 
glycosaminoglycans (GAGs) arose. In particular, heparin and heparan sulfate 
interactions with proteins with relevant biological functions have been 
exhaustively studied to date, resulting in the appearance of several reviews on 
the topic. [19] Heparin and heparan sulfate, both present in the ECM, are sulfated, 
linear, unbranched polysaccharides structurally composed of disaccharide 
repeat units. [19b] They contain dimers of uronic acid and 1-4 linked glucosamine 
(Figure 2.4a). While the major occurring disaccharide sequences in heparin 
contain three sulfonate groups, heparan sulfate contains only an average of less 
than 1 per disaccharide. [19a] O-sulfated saccharides have been found both in 
heparin and heparan sulfate for the specific interaction with various members of 
the FGF family. [20] 
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Figure 2.4 – a) Structure of heparin (top) and heparan sulfate (bottom) consisting of major 
and minor variable disaccharide repeating units.(X = H or SO3-, Y = Ac, SO3-, or H). b) Helical 
conformation of a heparin dodecasaccharide with the major sequence in a). Sulfur atoms 
are yellow, oxygen atoms red, nitrogen atoms blue and hydrogen atoms cyan. Adapted 
from Capila and Linhardt. [19b] Copyright © 2002 Wiley-VCH Verlag GmbH, Weinheim. 

Heparin exists primarily as a helical structure (Figure 2.4b). The key of the 
specificity of the interaction of heparin with proteins is suggested to rely on a 
defined orientation and distribution pattern of the charges of both the sulfonate 
and carboxyl groups at the exterior of the helix. [19b] Several consensus sequences 
including basic and hydroapathic (neutral and hydrophobic) amino acid 
residues with turns in the secondary structure (which bring basic amino acid 
residues into proximity), have been frequently reported for the interaction with a 
multitude of GFs. [19a] As an example, Lindhart and co-workers presented a 
collection of studies regarding the interaction of acidic FGF-1, basic FGF-2 and 
TGF-β1 with heparin. [19a] In summary, after structural analysis of the three GFs a 
common motif was found: TXXBXXTBXXXTBB (where T defines a proline turn, B a 
basic aminoacid residue such as arginine or lysine (or occasionally a 
hydrogen-bonding glutamine) and X a hydroapathic residue). This interaction 
resulted in a complex with a dissociation constant in the 10-9 M range for FGF-2 
complexed with heparin. [21] Moreover, competitive binding studies in the 
presence of different concentrations of NaCl served to determine that only 30% 
of the binding free energy is caused by pure electrostatic interactions while the 
rest of the contributions rely mostly on hydrophobic interactions and hydrogen 
bonding through the hydroxyl groups present in heparine. [21] 
As seen above, one of the most well studied heparin-binding protein is FGF with a 
high affinity for heparan sulfate proteoglycans on the cell surface. To deploy their 
potential, FGF binds specifically to cell surface receptors called fibroblast growth 
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factor receptors (FGFRs). Interestingly, FGFRs are also heparin-binding proteins 
with multiple interacting points. Therefore, for the success of the interaction a 
simultaneous ternary complex formation is required. [22] Within this context, 
heparan sulfate mediates FGFR dimerization, necessary to initiate signal 
transduction, by binding several FGF next to each other. Depending on the FGF 
and FGFR pairs, the complex will be 1:1:1 interacting with another 1:1:1 and thus 
resulting in a 2:2:2 complex for the pair FGF-2 and FGFR-1 or 2:2:1 for FGF-1 and 
FGFR-2 with heparin as reported by Schlessinger et al. [23] and Pellegrini et al. [24] 
respectively and presented in Figure 2.5. 

 

Figure 2.5 – Structures of FGF-FGFR-heparin complexes for FGF-2:FGFR1:heparin (left) and 
FGF-1:FGFR2:heparin (right). FGFR is gold, FGF green and heparin molecules are shown as 
sphere models with sulfur in yellow, oxygen in red and nitrogen in blue. [19b] 
Copyright © 2002 Wiley-VCH Verlag GmbH, Weinheim. 

Examples describing the interaction of heparin with isoforms of the vascular 
endothelial growth factor (VEGF), TGF-β1, PDGF and EGF have been presented 
by Capila and Lindhart as well. [19b] These invaluable efforts in exploring and 
characterizing in great detail interactions between several growth factors and 
heparin gave origin to a multitude of applications in the tissue engineering 
field. [2d, 4] Some studies used approaches to incorporate heparin to a broad 
range of existent biocompatible materials in order to improve their GF retention, 
presentation and delivery properties. In one example heparin was modified with 
methacrylate groups in order to be co-polymerized with dimethacrylated PEG 
yielding a hydrogel for the localized delivery of biologically active FGF-2 for up to 
5 weeks. The complexed FGF-2 was able to promote adhesion, proliferation and 
osteogenic differentiation of human mesenchymal stem cells (hMSCs). [25] Bone 
morphogenetic protein 2 (BMP-2) and RGD were also presented to hMSCs by this 
type of hydrogel resulting in the production of increased levels of osteogenic 
markers. [26] In another example, hyaluronic acid, gelatin and heparin were 
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modified with thiol groups and co-crosslinked with poly(ethylene glycol) 
diacrylate (PEGDA). These hydrogels containing only 0.3% of heparin in its 
composition showed sustained release of either VEGF or FGF-2 and improved 
in vitro neovascularization properties, when compared to hydrogels without 
co-crosslinked heparin. [27] 
Titanium surfaces were also functionalized with heparin for the immobilization of 
BMP-2 [28] and VEGF. [29] In a recent example, [29b] the activity of heparin-bound 
VEGF was compared to the one of VEGF tethered covalently to the same type 
of surface. VEGF was covalently immobilized on Ti foils coated with hyaluronic 
acid-catechol (HAC) or non-covalently on heparin-catechol (HepC). The Ti 
surfaces were used to evaluate cell response using endothelial cells (ECs) and 
osteoblasts. Although similar surface densities of immobilized GF were achieved 
following both the covalent and non-covalent strategies, the EC response of the 
covalently immobilized VEGF was significantly reduced when compared to the 
heparin-bound VEGF. In addition, the latter case led to enhanced mineralization 
in osteoblast/EC co-cultures. Moreover a reduced bacterial infection was 
observed in the studies which could be related to the highly hydrophilic and 
negatively charged nature of the heparin-bound Ti surfaces. 
A range of biomaterials has been covalently cross-linked with heparins. For 
example alginate [30] and poly(lactic-co-glycolic acid) (PLGA) [31] are covalently 
cross-linked with FGF-2 binding heparin and these materials showed improved in 
vivo and in vitro angiogenesis properties when compared to the materials 
without heparin. A dendrimer modified with EGF-binding heparin was cross-linked 
with a collagen gel and successfully used for inducing the proliferation of human 
cornea epithelial cells (HCECs). [32] The surface of electrospun fibers of 
poly(ε-caprolactone) (PCL)/gelatin was covalently modified with heparin for the 
binding of PDGF-BB. The fibers showed prolonged proliferation and smooth 
muscle cells (SMCs) could infiltrate extensively into the heparin-modified 
scaffold. [33] Polymeric micelles of a block copolymer of Tetronic®-PCL-heparin 
were prepared by an emulsion and solvent evaporation method as an injectable 
vehicle for long-term delivery of FGF-2 showing an excellent performance of GF 
delivery properties. [34] 
An elegant example based on the use of natural matrices functionalized with 
heparin was presented by Hubbel’s group for the controlled delivery of FGF-2 [35] 
or beta-nerve growth factor (β-NGF) for nerve regeneration technology making 
use of heparin-GF interactions. [36] β-NGF is known for its weak interaction with 
heparin. In fact, this GF has even been used as a negative control in experiments 
concerning GF binding to heparin. [37] However, the authors postulated that a 
basic domain present in β-NGF or other neutrophins such as brain-derived 
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neurotrophic factor (BDNF) and neurotriphin-3 (NT-3) could actually interact with 
heparin while slowing down the diffusion-based protein release from a fibrin 
matrix. In order to demonstrate it, fibrin was decorated with heparin-binding 
peptides covalently cross-linked to the matrix by the enzymatic activity of factor 
XIIIa. Those peptides could subsequently sequester heparin within the fibrin 
matrix. After loading the matrix with β-NGF, its release was studied and 
compared with a case with both heparin-binding peptides and heparin being 
absent. Without the heparin-binding and heparin components present in the 
matrix, the majority of the GF was released within a day, whereas in the presence 
of the components, only 50% of the initial amount of β-NGF was released within a 
day while 30% of the initial GF remained stagnant in the matrix after 15 days. In 
addition, a neuronal cell culture model was used to assess the performance of 
β-NGF, BDNF, or NT-3 presented via the heparin-based delivery system resulting in 
a significant enhancement of neurite extension only when heparin-binding 
peptide, heparin and GF were present in comparison to unmodified fibrin with 
β-NGF in the cell culture medium. 
Another biomimetic anchoring method was recently presented for the 
immobilization of FGF-2 and FGF-8 that enables a switchable GF 
bioavailability. [38] Here conducting poly(3,4-ethylenedioxythiophene) (PEDOT) 
films were formed on poly(ethyleneterephthalate) (PET) substrates by the 
oxidative electropolymerization of 3,4-ethylenedioxythiophene (EDOT), resulting 
in a net positively charged polymer. This property was used by Teixeira and co-
workers to form a stable electrostatic complex between negatively charged 
heparin and the positively charged polymer backbone. The electrochemical 
responsiveness of the system was described (Figure 2.6). When an 
electrochemical reduction process was applied to the system, PEDOT became 
nearly neutral decreasing the ionic binding of heparin to PEDOT and when the 
system was electrochemically oxidized, fully oxidized PEDOT restored the tight 
original complex with heparin.  
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Figure 2.6 – Schematic representation of the two redox states of the electro-responsive GF 
presentation system. a) When reduced, PEDOT becomes neutral while weakening the 
electrostatic interaction with heparin which gains then an increased freedom of 
movement for the interaction of the heparin-immobilized GF with specific cell receptors. 
b) Contrarily, when oxidized, PEDOT becomes positively charged with a high affinity for the 
anionic sulfonate groups of heparin resulting in a tight structure that hampers the 
interaction of heparin-bound GFs with cells. The two states have a clear impact in NSCs 
differentiation. c) While interaction with FGF-2 prevents cell differentiation while cells remain 
proliferative, d) a restricted contact with the GF leads to astrocytic differentiation. [38] 
Copyright © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

FGF-2 could be bound to the negatively charged heparin and upon applying 
the PEDOT reductive potential the heparin complexation to the PEDOT film was 
disrupted, thereby releasing FGF-2. The authors found significant stabilization of 
FGF-2 against enzymatic degradation when compared to soluble FGF-2, which 
represents a clear advantage to a daily soluble dose required in cultures of NCSs. 
In addition the authors found that the control over the bioavailability of the GF 
via an electrochemical stimulus resulted either in undifferentiated (Figure 2.6c) or 
differentiated (Figure 2.6d) NSC cells.  
Stupp and co-workers have been exploring the potential of heparins by 
decorating the periphery of their PAs with heparins as pro-angiogenic 
matrixes. [39] After mixing two aqueous solutions: i.e. one solution containing a PA 
with a positively charged peptide sequence (i.e. LRKKLGKA), which is able to 
bind to heparin chains (Ka = ~107 M-1) [39a] and another solution of heparin with or 
without FGF-2 and VEGF, PA-heparin fibers were formed. These PA-heparin fibers 
were reported to bind FGF-2 and delay its release in comparison to PA in 
absence of heparin. The FGF-2 loaded PA fibers resulted in enhanced 
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vascularization of a rat cornea in comparison with samples using PA without 
heparin or using a PA fiber made of a scrambled version of the heparin-binding 
PA sequence (i.e. LLGARKKK) (Figure 2.7). [39b]  
 

 

Figure 2.7 – Schematic representation of heparin-nucleated HBPA fibers (blue). Heparin 
chains (red) interact with VEGF (purple), FGF-2 (yellow) and FGF receptor (green). The 
authors attribute an extra stabilization of the complex heparin-FGF-2-FGF receptor due to 
hydrophobic interactions of the GF with another HBPA fiber (upper part). They hypothesize 
that the absence of hydrophobic interactions for the scrambled sequence might lead to a 
decreased GF activity. Reprinted from Stupp et al. [39b] Copyright © 2008, with permission 
from Elsevier. 

HBPAs were also used by the authors to deliver angiogenic GFs to extrahepatic 
islet isografts in diabetic mice while increasing vascular density in the transplant 
site, thereby improving islet engraftment and insulin production and reducing the 
time required to achieve normoglycemia. [39c, 39d] Finally, in a more recent 
example these authors combined the use of HBPAs with hyaluronic acid to 
create a membrane at their interface. [39e] This membrane has three regions: an 
amorphous layer, a region with PA fibers parallel to the contact interface and a 
zone with fibers aligned perpendicular to the interface. [40] These membranes, 
that can form in situ, were successfully used to deliver VEGF and FGF-2 in vitro 
and promote angiogenesis in vivo. 
Recently, Tekinay, Guler and co-workers designed PA fibers that contain 
carboxylic acid, hydroxyl and sulfonate groups to mimic the binding function of 
heparin. [41] A binding constant of Ka = 106 M-1 was found for VEGF binding to the 
PA fibers containing all three charged groups which compares favorably to the 
VEGF binding constant with heparin. SO3-PA nanofibers did not reveal any VEGF 
binding but the PA fibers with SO3-, COOH and OH groups exhibited slow VEGF 
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release rates within the narrow VEGF therapeutic region. Culturing human 
umbilical vein endothelial cells (HUVECs) on such multi-charged PA fibers led to 
the formation of capillary-like structures without the presence of any exogenous 
GF. In vivo neo-vascularization of rat cornea was successfully achieved with GFs 
amounts several times lower than the ones used in literature when in 
combination with HMPA providing new opportunities for angiogenesis and 
general tissue regeneration. The usability of the system was extended lately to 
binding other GFs such as hepatocyte growth factor (HGF), BMP-2 and NGF with 
different affinities [42] 
As described above, the interaction between heparin and GFs can be used to 
synthesize heparin-mimicking materials in which heparin is eventually absent. [43] 
In particular, the example presented by the Maynard’s group [43b] shows a 
method to create micro- and nanoarrays of FGF-2 and VEGF by using electron 
beam (e-beam) lithography. First, the authors designed a novel synthetic 
polymer which mimicked heparin to overcome the limitations of costumed 
heparin synthesis. Poly(sodium 4-styrenesulfonate)-co-poly(ethylene glycol 
methacrylate) (PSS-co-PEGMA) was synthesized by reversible 
addition-fragmentation chain transfer (RAFT) polymerization yielding sulfonate 
groups, which can be used to mimic heparin. These sulfonate groups are more 
stable towards hydrolysis than the sulfonate groups present in the natural 
polysaccharides. Moreover, the PEG units rendered the material biocompatible. 
After polymerization, n-butylamine was used to reduce the dithioester groups 
found at the end of the polymer to create thiol groups for stably coating gold 
substrates. Subsequently SPR experiments revealed that both VEGF and FGF-2 
can bind to PSS-co-PEGMA in a specific and dose-dependent manner. 
Moreover, the GF-PSS-co-PEGMA complex was stable at physiological salt 
concentrations. Using e-beam lithography allowed the creation of microarrays 
on polymer films that were spin-coated onto silicon substrates. The e-beam was 
used to regioselectively cross-link the PEG block of the polymer to the substrate. 
After washing with water and methanol the non-cross-linked polymer was 
removed rendering polymer patterns surrounded by background areas. Within 
these patterns VEGF or FGF-2 could be specifically immobilized through 
interactions with the sulfate groups (Figure 2.8).  
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Figure 2.8 – Strategy to create GF nanopatterns on a heparin mimicking polymer. a) Films of 
PSS-co-PEGMA are deposited on Si substrates and e-beam treated yielding b) a 
size-tunable micro or nanoarray of heparin mimicking polymer. The platform can then be 
used for binding of c) VEGF or d) FGF-2. Reprinted with permission from Maynard et al. [43b] 
Copyright © 2008 American Chemical Society. 

This technology was recently implemented by these authors for the co-
immobilization of FGF-2 by electrostatic interaction with the sulfonate groups 
while ketone-functionalized RGD was bound covalently through the formation of 
an oxime bond with 8-armed aminooxy-terminated PEG that was co-cross-linked 
to the substrates together with PSS-co-PEGMA. The platforms contributed 
synergistically in the spreading of HUVECs in comparison to controls. [44] 
Another recent example using heparin-GF interactions was presented by Lahann 
and co-workers. [45] The authors presented the synthesis of a novel polymer 
coating (poly[4-formyl-p-xylylene-co-4-ethynyl-p-xylylene-co-p-xylylene]) bearing 
two orthogonal functional groups i.e. aldehydes and alkynes. Aldehyde-
functionalized heparin was attached to the aldehyde functional group in the 
polymer through the hydrazide-aldehyde reaction using a bis-hydrazide 
crosslinker. Azide-functionalized cyclic RGD (cRGD) was attached to the alkyne 
functional groups in the polymer using the click reaction. FGF-2 was subsequently 
immobilized on the heparin-presenting surfaces while the RGD could lead to 
better cell adhesion properties.  
In a study presented by Segura et al. heparin was immobilized covalently to a 
SAM on gold. [46] Their strategy consisted of using the heparin-binding domain of 
VEGF to orient the molecule and a secondary functional group in the SAM to 
mediate covalent bonding, yielding VEGF that is simultaneously covalently as 
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well as non-covalently bound to the surface. [46] This bind-and-lock approach 
aimed to homogenize GF orientation prior to covalent reaction which stabilizes 
the GF layers (Figure 2.9).  
 

 

Figure 2.9 – Bind-and-lock immobilization strategy for VEGF. A) VEGF electrostatic 
interaction with a heparin-modified surface via the heparin binding domain of the GF. 
B) When heparin is modified with p-azidobenzoyl, VEGF electrostatically interact with the 
polysaccharide to form a covalent bond with the p-azidobenzoyl moiety upon UV 
illumination for 10 min. Reprinted from Segura et al. [46] Copyright © 2009, with permission 
from Elsevier.  

First, mixed SAMs were formed on gold substrates consisting of 
(1-mercapto-11-undecyl) tetra(ethylene glycol) (EG-OH, 99%) and 
(1-mercapto-11-undexyl) hepta(ethylene glycol) amine (EG-NH2, 1%). Second, 
heparin was modified with the photoreactive group p-azidobenzoyl (Heparin-
ABH). The reaction between the aldehyde groups in heparin and the amine 
groups on the SAM formed a Schiff base which after a reduction step yielded an 
irreversible bond. VEGF could be immobilized yielding a GF density of around 200 
pg/cm2 similarly on both heparin-ABH and oxidized heparin without the 
photoactive group. A GF surface density on EG-NH2 was found to be around 120 
pg/cm2 and it was released up to 80% during 2 days in PBS resulting in 20 pg/cm2 
while for the other surfaces, 40% was released throughout the first 3 days resulting 
in a plateau at 100 pg/cm2. These differences in retention demonstrated the 
specific interaction of the GF with both heparin or heparin-ABH. However upon 
covalent binding a much reduced release was found for VEGF bound to 
heparin-ABH compared to the one electrostatically interacting with heparin. 
Upon contact between the platforms and porcine aortic endothelial (PAE) cells 
overexpressing KDR (PAE/KDR), similar VEGFR-2 phosphorylation was found for 
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cells in contact with both electrostatically and covalently immobilized VEGF. 
Nevertheless, when HUVECs (endogenously presenting VEGFR-2) were used 
instead, phosphorylation of the receptor was found for both covalent and 
non-covalent immobilization approaches again, but in this case a cut-off was 
observed after some time for the phosphorylated receptor for VEGF delivered in 
a soluble format which was not found for the immobilized one. Those results 
indicated different phosphorylation kinetics for immobilized and soluble VEGF. 
The fact that phosphorylation occurred for covalently immobilized VEGF 
indicated that phosphorylation can occur without internalization of the 
ligand-receptor complex. In addition, the different release properties observed 
for electrostatically and covalently bound VEGF converts these platforms in 
excellent surfaces for further studying VEGF-VEGFR-2 signaling. 
Kiick and co-workers are intensively involved in the use of low-molecular-weight 
heparin-modified star polymers (PEG-LMWH) that are assembling into a physically 
crosslinked hydrogel network upon addition of VEGF. [47] This hydrogel presented 
a higher elastic modulus when crossed-link by VEGF than upon the addition of a 
control protein not interacting with heparin such as BSA. This confirms that the 
cross-linking is mediated by the addition of VEGF. 30% of the VEGF was released 
over a 10-day period when incubated in PBS, however, when incubated in the 
presence of VEGF receptor 2 (VEGFR-2), the release was increased to 80% for the 
same period of time while the hydrogel completely disappeared. Maintained 
VEGF bioactivity was demonstrated since an enhancement in the proliferation of 
PAE/KDR was observed for cells cultured in the presence of the hydrogel. The 
authors used this novel system for the presentation of other GFs such as FGF-2 [47b] 
or they used sulfated peptides with binding affinities (~106 M-1) for both 
heparin-binding peptides (HBPs) [48] and VEGF165. (Scheme 2.2). [49] 
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Scheme 2.2 – Non-covalently assembled hydrogels for the delivery of GFs. Hydrogels can 
be formed either by mixing PEG-LMWH or PEG-[heparin mimic] such as a four-armed PEG 
modified with sulfated peptides with either GF alone or together with four-armed PEG 
decorated with PEG-HBP in order to obtain hydrogels with different release and 
mechanical properties. Reprinted from Kiick et al. [49] Copyright © 2007, with permission from 
Elsevier.  

2.3 Covalent GF immobilization 

2.3.1 Covalent attachment through amines 

A groundbreaking contribution was presented by Kuhl and Griffith-Cima in 1996 
in which a GF was covalently tethered to a surface. [50] In this example, the 
authors hypothesized that delivery of non-endocytosible and non-diffusable (i.e. 
tethered to an insoluble substrate) EGF can ensure appropriate numbers of 
GF-receptor complexes during the necessary period of time for signaling in 
comparison to soluble factors. To explore that, star poly(ethylene oxide) (PEO) 
tethers (40-80 nm when fully extended) were utilized as tethering units. Two 
strategies were used for the immobilization of the GF (Scheme 2.3): i) in the 
‘’surface-first’’ approach (Scheme 2.3a), PEO star was first attached to the 
surface in order to subsequently immobilize EGF and ii) in the ‘’solution-first’’ 
approach (Scheme 2.3b), the conjugation between PEO star and GF was 
performed in solution and the complex was then immobilized.  
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Scheme 2.3 – EGF immobilization strategies. a) ‘’Surface-first method and b) ‘’solution-first 
method’’. Reprinted by permission from Macmillan Publishers Ltd: Nature Medicine. Kuhl 
and Griffith-Cima. [50] Copyright © 1996. 

Briefly, via the ‘’surface-first’’ methodology, an amino-terminated silane-based 
SAM was built on glass, then star PEO hydroxyl termini were activated with tresyl 
chloride in order to render them reactive to conjugate with primary amine 
groups. Afterwards, native murine EGF could be covalently immobilized in a 
single conformation through the terminal amine, which is its only primary amine. 
In parallel, when the authors omitted the tresyl chloride activation step, EGF 
could only by physisorbed onto the background as a control. In the ‘’solution-
first’’ method, conjugation of tresylated star PEO and EGF was performed in the 
presence of ethylenediamine (EDA) in order to attach the GF to the star PEO and 
to attach the GF loaded star PEO through remaining amine groups to the glass 
slides. In this case, aldehyde-terminated SAMs where formed on glass for the 
formation of an imine bond with the GF carrier construct. For both strategies, 
DNA synthesis was stimulated in primary rat hepatocytes in a similar manner as 
using a comparable concentration of soluble EGF. Additionally, no biological 
response was found by EGF that was non-specifically absorbed on the surfaces 
which the authors related to a protein conformation unsuited for complexation 
with EGFR. The bioactivity of the tethered GF was also assessed by analyzing 
morphological changes and it was observed to inhibit cell spreading as 
efficiently as GF delivered in solution in a similar concentration after 3 days of cell 
culture. 
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Following a similar approach EGF was presented to MSCs while tethered on thin 
films (100 nm) of poly(methyl methacrylate)-graft-poly(ethylene oxide) 
(PMMA-g-PEO). Such films exhibited an excellent ability to promote cell 
spreading and survival for this cell type in comparison to soluble EGF, even in the 
presence of FasL, a potent death factor for human MSCs, [51] while controlling cell 
migration. [52] In another example, scaffolds of PMMA-g-PEO were used to tether 
EGF to achieve an enhanced osteogenic colony formation of connective tissue 
progenitors (CTPs) when compared to soluble EGF. [53]  
Sako and co-workers used N-(6-maleimidocarpoyloxy)sulfo-succinimide 
(sulfo-EMCS) to cross-link the terminal and only primary amine of murine EGF to 
thiol-modified glass surfaces while preventing lateral diffusion and internalization 
of EGF receptors. [54] Briefly, amine-terminated SAMs on glass were reacted with 
succinimidyl 6-[3’-(2-pyridyldithio)-propionamido]hexanoate (LC-SPDP) to further 
reduce it with dithiothreitol (DTT) to yield a thiol-terminated layer. EGF could then 
be coupled by the reaction with sulfo-EMCS. Up to 1 EGF molecule/nm2 was 
found with uniform density. However, the density could be tuned by changing 
the concentration of maleimide-modified EGF dramatically affecting cellular 
response. To assess the biological activity of the layers, the authors cultured A431 
cells (epidermoid carcinoma) on the EGF-modified coverslips. After 
immunofluorescently staining phosphotyrosine, the fluorescence intensity was 
found much higher in cells cultured on the EGF substrates in comparison to 
unstimulated cells. This indicates that the EGF remained active for successful 
interaction with EGFR and it induced dimerization and autophosphorylation of 
the tyrosine residues of the receptor. Additionally, single-molecule observation of 
the dissociation events of Grb2, an adaptor protein that binds to the 
phosphorylated EGF receptor, was analyzed for living A431 cells that were 
stimulated with tethered EGF resulting in a dissociation rate of 0.37 s-1 and a 
dissociation constant of Kd = 100 nM, demonstrating that the turnover time scale 
in living cells falls in the range of seconds.  
In another example, Cavalcanti-Adam and co-workers recently used NHS-
functionalized SAMs on gold for the covalent random immobilization of BMP-2 via 
the primary amine groups of the protein structure leading to surface 
concentrations of around 70-80 ng/cm2. [55] Since there are a number of lysine 
residues present on the exterior of BMP-2, attachment may occur simultaneously 
through several residues, potentially creating heterogeneity in the population of 
immobilized proteins. Nevertheless, the BMP-2 remained active upon 
immobilization while inducing cellular responses on C2C12 myoblasts, such as 
phosphorylation of Smad and induction of Smad-dependent transcription of 
BMP-2 target genes, while osteogenic differentiation was reported.  
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A sophisticated recent example is presented by the group of Zandstra. [56] The 
authors investigated three approaches for the presentation of leukemia inhibitory 
factor (LIF) from poly(octadecene-alt-maleic anhydride) (POMA) (Figure 
2.10). [56a]  

 

Figure 2.10 – LIF immobilization strategies. a) covalent attachment of the factor to POMA. 
b) covalent binding to flexible PEG7 spacer arm tethered to POMA and c) non-covalent 
binding to ECM coating deposited on top of hydrolyzed POMA. Reprinted by permission 
from Macmillan Publishers Ltd: Nature Methods. Zandstra et al. [56a] Copyright © 2008. 

Two of the approaches are based on the covalent attachment of the factor 
either directly to POMA (Figure 2.11a) or to POMA functionalized with a flexible 
PEG7 spacer (POMA-PEG7) (Figure 2.11b) while the third approach takes 
advantage of the non-covalent interaction of LIF to POMA pre-coated with ECM 
components (POMA-Matrix) (Figure 2.11c). To prepare the immobilization 
platforms, POMA was first bond to amino-functionalized glass substrates and the 
factor was then immobilized either via direct reaction with the anhydride groups 
of freshly annealed polymer or by water-soluble carbodiimide chemistry (WSC) to 
the free carboxylic acid groups of the PEG spacer in the presence of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and sulfo-NHS. For the 
non-covalent approach, all the anhydride groups were deliberately hydrolyzed 
and the polymer was coated either with native collagen type I and fibronectin or 
gelatin and LIF was then let to physisorb. 
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125I-radiolabeled factor was used to quantify the amount immobilized in each 
case leading to different amounts: while saturation was reached for LIF 
covalently immobilized on POMA-PEG7 with a maximum surface density of 
around 90 ng/cm2, incubation with a solution of the same concentration did not 
saturate POMA with covalently immobilized LIF. This observation is attributed to 
the fact that POMA-PEG7 reduces binding since: i) it presents a higher 
hydrophilic interface for pre-concentrating the protein and ii) it has a lower 
density of binding sites. LIF physisorbed to ECM protein coatings led to a similar 
density as for LIF that was covalently immobilized on POMA. Nevertheless, 
comparable surface densities could be achieved by using solutions of different 
concentrations for incubation. Additionally, a maximized retention was found for 
LIF covalently attached to POMA whereas accessibility to LIF was maximized for 
LIF on POMA-PEG7 and POMA-matrix in comparison to POMA. When mouse 
embryonic stem cells (mESCs) were seeded on immobilized LIF platforms, a dose-
dependent activation of STAT3 signaling was found for covalently immobilized LIF 
as well as of phosphorylated MAPK in an equal manner as diffusible LIF. 
Additionally, immobilized LIF supported mESC pluripotency for at least 2 weeks in 
the absence of added diffusible LIF.  
Using a similar chemical strategy, Milica Radisic and co-workers presented an 
approach to decorate collagen scaffolds with VEGF and angiopoietin-1 
(Ang1). [57] The authors followed a step immobilization in which collagen scaffolds 
were first incubated with EDC, sulfo-NHS and subsequently VEGF was coupled or 
a bulk immobilization in which VEGF was pre-mixed with EDC/sulfo-NHS in order to 
incubate the scaffolds. Moreover, different reaction media were used to perform 
the reaction (i.e. PBS, water or 2-(N-morpholino)ethanesulfonic acid (MES)). The 
authors found that PBS resulted in the reaction buffer in which higher GF amounts 
were immobilized as well as higher proliferation rates of different endothelial cell 
lines were observed. Additionally, step immobilization was more effective than 
bulk immobilization in the immobilization of active forms of the GF. Nevertheless, 
in any case, immobilized VEGF or Ang1 resulted in an enhanced cell proliferation 
and lactate metabolism when compared to soluble GFs in a similar 
concentration. The authors corroborated recently their results and extended the 
application of the functionalized scaffold to an in vitro ventricular free wall 
defect in rat hearts. [58] 
Similarly, Shin and co-workers reported recently the functionalization of 
poly(L-lactide-co-ε-caprolactone) (PLCL) with tethered VEGF [59] or the 
co-immobilization of an RGD-containing peptide and FGF-2 for their synergistic 
activity. [60] In both cases, polydopamine was deposited on the surface of PLCL 
by simply dipping it in a solution of the compound. [61] VEGF could then be 
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tethered by the reaction of its primary amine or thiol groups via imine formation 
or Michael addition reaction. In both cases, immobilized GF enhanced adhesion 
and spreading of HUVECs while improving migration, suggesting the cells 
maintain their biological activity on these platforms. 
Another common technique to render material surfaces reactive for the binding 
of GFs is the use of plasma polymerization. For example, Sheardown and 
co-workers showed a case in which PDMS was functionalized with amine groups 
with plasma polymerization of allylamine. [62] EGF could be then coupled to the 
reactive primary amine groups on the surface by the homo-bifunctional 
N-hydroxysuccinimide ester of PEG-butanoic acid resulting in the immobilization 
from 40 to 90 ng/cm2 of EGF while remaining active to significantly promote 
epithelial cell coverage when compared to unfunctionalized negative controls.  
West and co-authors have frequently reported the use of 
acryloyl-PEG-N-hydroxysuccinimide to couple GFs to PEGDA. [63] For example, 
TGF-β1 was tethered following this approach and it was reported to enhance the 
matrix production by vascular smooth muscle cells in comparison to the same 
amount of soluble GF. [63a] This strategy was also used to create gradients of 
FGF-2 by photopolymerization as seen before to observe that cells align and 
migrate in the direction of increasing tethered FGF-2, [63b] as well as to tether 
VEGF that increased endothelial cell tubulogenesis on the surface of the non-
degradable hydrogel 4-fold compared to the negative control while being 
further increased in the presence of a bound RGDS peptide sequence. [63c] In a 
more recent example, the authors showed the simultaneous immobilization of 
PDGF-BB and FGF-2 to promote angiogenesis in vitro with co-cultures of 
endothelial cells and mouse pericyte precursor 10T1/2 cells. [63d]  
Another strategy based on WSC was presented for the immobilization of nerve 
growth factor (NGF) on gelatin-tricalcium phosphate membranes by the group 
of Su. [64] The membranes with tethered GF showed a sustained release of 
bioactive NGF for up to two months. 

2.3.2 Covalent attachment through carboxylic acids 

The group of Ito presented a strategy to immobilize EGF with photoreactive 
polyallylamine coated on a polystyrene substrate. [65] In short, pollyallylamine was 
functionalized with N-[4-(azidobenzoyl)oxy]succinimide, yielding a photoreactive 
polymer (AzPhPAAm). Mouse EGF was then conjugated with the modified 
polymer by means of WSC using the carboxylate groups of the protein structure 
(Figure 2.11a) resulting in 1.4 molecules of GF per molecule of AzPhPAAmEGF as 
determined by elemental analysis. 
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Figure 2.11 – a) Synthetic scheme of photo reactive polyallylamine conjugated to EGF and 
b) substrate preparation and GF patterning strategy on a polystyrene substrate. 

Subsequently, the authors coated a polystyrene substrate with AzPhPAAm and 
upon UV irradiation this AzPhPAAm was grafted onto the polystyrene plate via 
the reaction of the highly reactive photogenerated nitrenes with neighboring 
hydrocarbons. Subsequently, AzPhPAAmEGF was deposited and a photomask 
was used to selectively crosslink the EGF-containing material to the surface into 
patterns relying on the same reactive nitrenes. Although the strategy is subject to 
randomly orienting the EGF to the photoprecursor and prone to denaturation of 
the EGF, fluorescence immunostaining demonstrated that a substantial part of 
the EGF retained its native conformation. When Chinese hamster ovary cells 
overexpressing EGF receptors (CHO-ER cells) were cultured on the patterned 
substrate, cell adhesion was similar as without immobilized EGF. However, the 
intensity of immunofluorescently labeled phosphorylated tyrosine was visible only 
in cells adhered on EGF-immobilized areas. Patterned EGF induced also cell 
proliferation in contrast to platforms in the absence of GF. This represented one 
of the first examples in which EGF was immobilized on the surface of a polymeric 
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matrix with an impact on the study of EGF signaling transduction and to the 
manipulation of cells using artificial substrates. 
Another GF immobilization strategy requiring UV light or a pulsed infrared laser to 
enable immobilization was presented by the group of Molly Shoichet. [66] Their 
approach was based on the example presented in Figure 2.2. However, in this 
case, VEGF165 was randomly modified with 4-(4-N-maleimidophenyl) butyric 
acid hydrazide in the presence of EDC and coupled to agarose-thiol via a 
Michael addition reaction. Fluorescence visualization served the authors to 
quantify around 900 ng · mL-1 of VEGF immobilized within the hydrogel while only 
80 ng · mL-1 was physically adsorbed. VEGFR2+ bran-derived endothelial (bEnd3) 
cells were used to assess the bioactivity of covalently bound GF in comparison to 
soluble VEGF in a similar concentration. In both cases, similar proliferation profiles 
were found indicating that covalent VEGF remains active upon immobilization. 
More interestingly, gradients of immobilized VEGF could be created within the 
hydrogel to analyze the guiding capacity of the GF to tubule-like formation 
mimicking an in vivo VEGF gradient regulated by interstitial flow. Gradients where 
created taking advantage of the photolabile coumarin-protected agarose-
sulfide groups. Therefore, controlling the scanning number and scanning regions 
of a confocal laser, gradients were observed upon immobilization of 
fluorescently labeled VEGF. Three gradients were created with variations of 
2.48,1.65 and 1.00 ng · mL-1 · μm-1 and after 3 days of culture cells were observed 
to have penetrated to a depth of more than 200 μm and to form tubule-like 
structures for gradients of 1.65 and 1.00 ng · mL-1 · μm-1. However, cells cultured on 
the steeper gradient (i.e. 2.48 ng · mL-1 · μm-1) showed no evidence of tubular 
formation in the gel. The authors attributed this affect to saturation of VEGFR2 
receptors limiting the cells to sense the gradient. In fact, the authors argued that 
as important as the gradient steepness is the starting concentration of the GF 
enhancing or limiting tubule extension. VEGF was also successfully attached to 
resorbable PLLA and PCL surfaces through WSC as presented by Albertsson et 
al. [67] 

2.4 Physical entrapment 

Traditionally, polymeric matrixes and scaffolds have been used to deliver GFs 
that were entrapped inside. In this manner, release is controlled by: i) diffusion, 
ii) swelling, iii) erosion or by iv) external stimuli (Figure 2.12). [4]  
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Figure 2.12 – Mechanisms of drug release for drugs entrapped in a polymeric matrix or 
scaffold.  

Either way, control over release rate, orientation and effective dose is limited. 
These and new findings about the mechanisms that control GF delivery in 
organisms and successful efforts to reproduce those from a synthetic point of 
view, have reduced the interest for the delivery of physically entrapped GFs. 
However, still several interesting examples are found to date.  
For example Mooney and co-workers designed a system in which VEGF delivery 
is based on the compressive stimulation of an alginate hydrogel. [68] Without 
mechanical stimulation, the release rate appeared to be constant (due to other 
mechanisms presented in Figure 2.12) and the cumulative release was increasing 
linearly with time. When mechanical stimuli were applied, the release rate 
increased five times compared to the control and depending on mechanical 
input the cumulative release could be up to the double compared to the one for 
the control without mechanical stimuli. Alginate hydrogels both loaded and 
unloaded with VEGF were implanted in vivo into the dorsal region of mice. While 
no vascularization was observed without VEGF both with or without mechanical 
stimuli, the neighboring tissue of the implants showed enhanced vascularization 
for hydrogels loaded with VEGF. Nevertheless, mechanically stimulated hydrogels 
showed a significant increase in vascularization compared to non-stimulated 
gels.  
The group of Picart is actively involved in the presentation of diffusive BMP-2 from 
different material supports coated with polyelectrolyte matrixes. [69] Their strategy 
consists of the layer-by-layer (LbL) deposition of poly(L-lysine) (PLL) and 
hyaluronic acid (HA). After covalently cross-linking the films using carbodiimide 
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chemistry, these films were soaked in acidic solutions of BMP-2 to load the films 
with GF (Figure 2.13a). [69b] 

 

Figure 2.13 – a) Stiffness control and functionalization of polyelectrolyte LbL-deposited films 
with BMP-2. 1) the film is formed by alternating the deposition of PLL and HA. 2) EDC 
concentration and WSC reaction time can be used to tune the stiffness of the films. 
3) incubation with BMP-2 is used to trap the GF within the film matrix. b) Differences 
between the delivery of soluble or matrix-bound BMP-2. While crosstalk between BMP and 
adhesion receptors is allowed when BMP-2 is retained by the matrix thus creating a high 
local concentration of BMP receptors complexed to the GF in the vicinities of adhesion 
receptors, when BMP-2 is presented in solution, receptor diffusion to interact with soluble 
factor decreases this cross-talk. Adapted from Picart et al. [69b] Copyright © 2011 Wiley-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 

After GF loading for 1h under optimized conditions, the local concentration of 
BMP-2 could be increased up to 500-fold in comparison to the concentration of 
the loading solution and it was dependent both on the deposition conditions 
and the film thickness. The thickness of the polyelectrolyte layers was also shown 
to have an effect on the diffusion of the GF. While 12 bilayers allowed diffusion, 
BMP-2 entrapped within 24 bilayer matrices showed a limited capability to 
diffuse. Release was demonstrated to follow an initial ‘’burst’’ during the first 5h 
while reaching a steady state which prolonged further release for several days. 
Additionally the authors suggested a non-covalent interaction between BMP-2 
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and HA gels that could be used to tune the release properties. Finally, they 
tested this material for the culture of C2C12 myoblast cells. When C2C12 were 
seeded on films without BMP-2 normal differentiation into myotubes was 
observed. However, when cells were seeded on loaded films a higher activity of 
alkaline phosphatase (ALP) was observed as an indication of osteogenic 
differentiation while troponin T expression (a marker of myogenic differentiation) 
decreased in a dose-dependent manner. [69a] Interestingly, those films could be 
used for three consecutive culture sequences while BMP-2 remained bioactive, 
which confirms the protective role of the polyelectrolyte films. These initial 
findings spurred the interest of the group to apply these layers for example, as a 
coating of macroporous tricalcium phosphate (TCP)/hydroxyapatite (HAP) 
ceramic scaffolds. [69c] This resulted in significant amounts of BMP-2 loaded within 
the materials with controlled release properties compared to bare scaffolds and 
enhanced osteogenic differentiation remaining bioactive for long periods of 
time.  
As mentioned before, the stiffness of the films can be modulated by tuning the 
cross-linking via WSC (Figure 2.13a). Using this property, the authors showed that 
large cell adhesion, spreading and mobility differences were found between the 
presentation of bound and soluble BMP-2 depending on the material 
stiffness. [69b] For example, no difference in cell spreading and adhesion was 
observed for cells cultured on stiff films both with bound BMP-2 or BMP-2 
delivered in a soluble format. In contrast, when cells were seeded on soft films a 
significant increase in cell number, area and spreading velocity was observed in 
the case BMP-2 was loaded in the polyelectrolyte matrix, whereas no difference 
was found between BMP-2 delivered in solution or in the absence of BMP-2. As 
depicted in Figure 2.13b, the authors hypothesized that there must be a 
cooperation between BMP receptors and adhesion receptors when BMP 
receptors interact with highly localized BMP-2, that might affect cell shape and 
cytoskeletal dynamics in cases in which cell adhesion is initially poor (i.e. non-
functionalized soft films). In contrast, when BMP-2 is presented in solution, BMP 
receptors diffuse for the complexation with soluble BMP-2 reducing the cross-talk 
with adhesion receptors. 
BMP-2 was also delivered within a nanostructure made of high-purity 
carbon-fiber web (TCFW) in an approach presented by Saito et al. [70] TCFWs with 
a diameter of 250 or 1000 nm were obtained by electrospinning polymer 
solutions showing good mechanical properties to function as implants. The 
scaffolds could entrap BMP-2 resulting in induction of ectopic new bone 
formation in vivo and they could repair large bone defects orthotopically.  
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Another interesting way to present GFs is by entrapping them in cubic inclusion 
bodies such as polyhedra. Inclusion bodies are proteinous crystals found for 
example in Bombyx mori cytoplasmatic polyhedrosis virus (BmCPV). [71] Hiraki et 
al. have presented the co-expression of the FGF-2 encoding a sequence fused 
to the one for the virion outer capsid protein VP3 of BmCPV gene together with 
BmCPV polyhedron yielding around 10 μm large polyhedra containing FGF-2. The 
advantage of these protein crystals is that while they are stable and insoluble at 
physiological pH, release is triggered at high pH. That was demonstrated by 
observing FGF-2 released in cell culture medium containing 5% FBS while no 
release was observed in PBS. Mouse chondrogenic ATDC5 cells and mouse 
NIH3T3 fibroblast were cultured in the presence of FGF-2 polyhedra resulting in a 
higher proliferation when compared with normal polyhedra which was proven to 
be regulated by the FGF receptors. The FGF-2 polyhedra were also shown to 
inhibit chondrogenic differentiation of ATDC5 as expected resulting in 
micron-sized bioactive substances. 
Recently, Park et al. presented an example of a potential multiple GF delivery 
system. [72] Their approach consisted of constructing a matrix of PLGA 
microspheres coated with nanospheres of the same material via electrostatic 
interactions. Using preloaded nanospheres with dexamethasone (DEX), 
negatively charged GFs (i.e. BMP-7, IGF/FGF-2 and TGF-β3) were complexed with 
positively charged heparin, which allowed to coat the nanospheres. By 
embedding human mesenchymal stem cells (hMSCs) onto the 
nanosphere-coated microspheres containing the various GFs, osteogenic, 
adipogenic and chondrogenic differentiation were observed. After four weeks of 
culturing hMSCs embedded onto the nanospheres, the expression levels of GAG, 
ALP and Oil red-O were evaluated for the determination of their differentiation. 
These results demonstrated the specificity of each coated GF towards each kind 
of differentiation compared to a control in which hMSCs were cultured on bare 
nanospheres or nanospheres loaded with the complementary GFs. In addition, 
results obtained via reverse transcription polymerase chain reaction (RT-PCR) and 
Western blot of different genes related with the different differentiation pathways 
as well as histology and immunohistochemistry were in agreement. Finally, the 
transplantation of the scaffolds in vivo into mice showed that the factors 
remained in the scaffold matrix for up to 3 weeks, thereby enabling prolonged 
stimulation of the differentiation of the embedded hMSCs. 

2.5 Conclusions and outlook 

To date, the variety and number of methodologies to present GFs from different 
materials have shown an exponential growth. Most of the strategies presented in 
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this discussion demonstrated enhanced protein stability upon immobilizing the 
GFs. Enhanced in vitro and in vivo performances were observed in the case of 
immobilized GFs when compared to traditional regenerative medicine 
treatments relying on the use of soluble GFs. In addition, a common feature 
found in all presented strategies is the creation of high local concentrations of 
GFs which favor i) the formation of complexes with specific cell receptors in order 
to initiate a cascade of reactions, regulating the signal transduction to 
coordinate cell processes as: tissue formation, maintenance or regeneration [73] 
and ii) multivalent complexes and hampered internalization, thus resulting in 
special mitogenic effects. [74] However, even though benefits have been found in 
systems with immobilized GF over soluble doses in terms of regenerative 
properties, still a need for controlling the spatiotemporal GF presence in the 
targeted site is required in many cases.  
This control is endogenously found in living organisms by mechanisms occurring 
by elements in the ECM. [75] That explains why every time, a larger number of 
examples to deliver GF are based on interactions found in that 
microenvironment. [2a, 2c, 76] In those bioinspired systems, issues as interaction 
affinity, GF stability, orientation or release rates are known to be optimal in 
advance. Nevertheless, the demand of GF might vary from case to case and 
individual to individual which is why research interest is directed to the 
development of stimuli-responsive materials in order to customize those needs. [77] 
Further progress in this field can only take place if different disciplines join forces 
both to elucidate living biological systems and reproduce them from a synthetic 
perspective while incorporating attributed features for an improved 
performance in an on demand basis. 
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Chapter 3 

Controlling the Orientation of Self-assembled 
Proteins at Surfaces 

 
 
This chapter describes the decoration of fluorescent proteins with supramolecular 
motifs and their study to probe the orientation of these proteins upon 
immobilization on planar surfaces. TagRFPs (a red fluorescent protein) were 
produced with different numbers of hexahistidine (His6) tags for their binding to 
Ni(II)-complexed nitrilotriacetic acid (NTA) monolayers. TFP (a cyan fluorescent 
protein) was modified with a trivalent adamantyl-modified peptide for its 
interaction with β-cyclodextrin (βCD) monolayers. 
Surface plasmon resonance spectroscopy, fluorescence microscopy and 
anisotropy measurements, and infrared reflection-absorption spectroscopy were 
used to characterize the stability, reversibility, density and orientation of the 
proteins at the surface. Stability and orientation can be correlated with the 
number and position of the His6-tags at the protein structure. An increased 
number of His6-tags led to complexes of higher stability, His6-tags positioned at 
the same side of the protein structure resulted in densely-packed protein layers 
with a preferred face-on orientation whereas positioning of the tags at opposite 
sides led to a more loose protein packing with a preferred side-on orientation. In 
addition, nanoimprint lithography (NIL) was utilized to create bifunctional 
patterns to study sequential co-immobilization of fluorescent proteins carrying 
orthogonal supramolecular elements. Crucial for successful co-immobilization 
was the order in which the proteins were immobilized regarding their binding 
affinity.  
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3.1 Introduction 

Proteins immobilized on solid substrates play an increasingly important role in a 
variety of biomedical and biotechnological applications, biomaterials and cell 
biology research. Specific properties of surface-based diagnostic assays and cell 
culture supports are often determined by the site-selective attachment of 
proteins to solid supports. Controlling the site-specific immobilization and thus 
orientation of proteins is particularly important because, as opposed to non-
specific adsorption, it generates homogeneous surface coverage and, in 
particular, accessibility to the protein’s active site. Consequently, different types 
of bio-orthogonal reactions, either non-covalent or covalent, have been 
developed to site-specifically attach proteins to surfaces.  
Few reports exist that prove the fabrication of arrays displaying proteins uniformly 
oriented on the surface. Saavedra’s group reported the determination of the 
distribution of orientations of cytochrome c attached site-selectively to glass 
substrates. [1] Tampé and coworkers attached 20 S proteasome (Thermoplasma 
acidophilum) to substrates functionalized with chelated metal complexes using 
the His6-tag attached to α- or β-subunits of the proteasome. Placing His6-tags on 
the α-subunits resulted in a face-on orientation of the barrel-shaped enzyme 
while His6-tags attached to the β-subunits resulted in enzymes attached side-on 
to the substrate. [2] Proteolytic activity was determined for both orientations of the 
proteasome on the surface and found to be twice as high for the side-on 
compared to the end-on configuration. Moreover, details on the mechanism of 
proteolysis by the 20 S proteasome were revealed this way. The above examples 
clearly show that precise control over protein orientation and geometry is crucial 
for the construction of uniform functional protein arrays. However, to date, no 
systematic study on the influence of full control over the geometry has been 
carried out. The aim of this study is to construct such arrays in which the effect of 
different degrees of control over the geometry of proteins on their function will 
be studied. The change in geometry of protein immobilization to the surface will 
be studied with respect to the exact positioning such as localization, orientation 
and number of binding sites. Precise localization of proteins is an essential 
prerequisite for creating reproducible arrays of single proteins for multiplexed 
single-molecule spectroscopy experiments. 
In this chapter, a collection of mutants of red fluorescent protein (TagRFP) [3] and 
teal fluorescent protein (TFP) [4] is produced with either a number of hexahistine-
tags or with a trivalent adamantyl-modified peptide. The model fluorescent 
proteins were used for studying their binding to either a Ni(II)·NTA or a βCD 
surface. To obtain a detailed insight in the influence of supramolecular elements 
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on the protein’s orientation and packing densities upon surface immobilization 
various analytical surface techniques have been employed. These results are 
described in the first section of this chapter. In the subsequent section work is 
described that was devoted to assemble proteins carrying two orthogonal 
supramolecular elements on bifunctional surfaces.  

3.2 Results and discussion 

3.2.1 Assembly of His6-tagged TagRFP variants on Ni(II)·NTA 
monolayers 

3.2.1.1 TagRFP mutants 

Fluorescent proteins were used in this study as they provide an intrinsic probe for 
the orientation of the proteins upon immobilization, as their fluorescence 
characteristics are highly sensitive to the orientation of the chromophore with 
respect to the surface. Five different variants of a monomeric red fluorescent 
protein generated from the wild-type RFP from sea anemone Entacmaea 
quadricolor, [3] TagRFP, were recombinantly produced differing in their number 
and position of His6-tags (Figure 3.1).  

Figure 3.1 – Schematic representation of the five TagRFP proteins with different numbers 
and positions of His6-tags used in this study.  

To introduce one of the His-tags the chemoselective reaction between a Cys-
residue and a maleimide-modified His6 peptide was employed. To this end, site-
directed mutagenesis of TagRFP was used to introduce a single Cys residue at 
position 128, which is located in a flexible loop on top of the β-barrel opposite of 
the N- and C-terminus. In addition, to ensure the conjugation reaction of the 
maleimide-modified peptide proceeds site-selectively, the two other accessible 
Cys residues on the surface of the β-barrel (positions 114 and 222) were changed 
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to Ser residues, yielding 10TagRFP. Mutating TagRFP only at positions 114 and 222 
from Cys to Ser yielded 14TagRFP. Of both mutants 10TagRFP and 14TagRFP, a 
variant with a single His-tag at the N-terminus (NHis6-10TagRFP and NHis6-14TagRFP 
(1H)) as well as one with two His-tags at N- and C-terminus (NHis6-CHis6-10TagRFP 
and NHis6-CHis6-14TagRFP (2H)) were made. The maleimide-modified His6-peptide 
was conjugated to NHis6-10TagRFP and NHis6-CHis6-10TagRFP to yield after 
purification NHis6-S128CHis6-10TagRFP (1+1H) and NHis6-CHis6-S128CHis6-10TagRFP (2+1H), 
respectively. The His6-tag-free variant TagRFP (0H) was produced employing 
Enterokinase to cleave off the N-terminal His-tag from wild-type TagRFP (Figure 
3.1). The resulting proteins were characterized using SDS gel electrophoresis and 
mass spectrometry. All variants were found to have unchanged photophysical 
properties when compared to wild-type TagRFP verifying their structural integrity 
(Table 3.1 in the Appendix). 

3.2.1.2 SPR studies 

His-tagged TagRFP proteins were immobilized on Ni(II)·NTA SAMs on gold as 
shown in Scheme 3.1 following a protocol adapted from literature. [5] 

 
 Scheme 3.1 – Gold substrate functionalization and protein immobilization process by 
assembling 11-mercaptoundecanoic acid (MUA) on gold, followed by NHS/EDC 
activation, subsequent immobilization of N,N-bis(carboxymethyl)-L-lysine (NTA-NH2), 
complexation with Ni2+ ions and self-assembly of His-tagged proteins.  
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SPR studies were performed to evaluate the interaction of each TagRFP with the 
Ni(II)·NTA surface. To this end, SPR titrations were carried out by flowing solutions 
with different concentrations of each TagRFP over Ni(II)·NTA monolayers, while 
recording the changes in intensity at a fixed angle. In all SPR experiments, 0.01% 
Tween-20 was added to the buffer to suppress any flow-induced physisorption of 
the proteins to the Ni(II)·NTA surfaces. No significant binding was observed in the 
case of using 0H, without His-tag, at a concentration in the highest concentration 
range used for the experiments with His-tag-functionalized proteins. Clear binding 
events in the SPR signal were observed for all four His-tagged TagRFP constructs 
as shown in Figure 3.2. These results indicate that the assembly of TagRFP occurs 
via the specific interaction between the His6-tag and the Ni(II)·NTA surfaces as 
envisioned. 

 
Figure 3.2 – SPR titration data (markers) and corresponding Langmuir fits (lines) of TagRFP 
with different number of His6-tags (concentrations ranging from 0 to 22 μM) to Ni(II)·NTA 
monolayers. 

As expected, the higher the number of His-tags attached to the protein the lower 
the concentration of protein at which binding could still be observed. Notably, 
the apparent affinities of 2H and 1+1H are identical, and the differences in 
affinities between 1 and 2 His6-tags and between 2 and 3 His6-tags are the same. 
When comparing the SPR titration curves of 1H (Figure 3.2, red curve) and 2H 
(Figure 3.2, blue curve), a similar maximum change in SPR signal was observed, 
indicative of similar amounts of protein adsorbing onto the surface. In strong 
contrast, when TagRFPs 1+1H and 2+1H were assembled, a lower maximum 
adsorption of proteins to the surface was observed when compared to 1H and 
2H. Taken together, when the proteins have His-tags attached to both sides of 
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the β-barrel the maximum amount of adsorbed protein is on average 30% lower 
than when compared to proteins with one or two His-tags attached to only one 
side of the β-barrel. These observations may indicate that there are two ways for 
the proteins to cover the surface depending on the spatial arrangement of their 
His-tags. Presumably, variants with His-tag(s) on one side might be oriented with 
the axis of the β-barrel normal to the surface, i.e. face-on or upright, while 
variants with His-tags on either side might be oriented with the axis of the β-barrel 
parallel to the surface, i.e. side-on. 
The SPR data were first fitted to a 1:1 Langmuir-type model assuming that the His-
tags of the TagRFPs interact with the Ni(II)·NTA surface as one entity. As shown in 
Figure 3.2a, the SPR data were satisfactorily fitted to yield an overall binding 
constant of KLM = 2.7 x 106 M-1 for 1H. In the case of 2H a KLM of 3.8 x 107 M-1 was 
found while for 1+1H 4.7 x 107 M-1 and for 2+1H 2.7 x 108 M-1 was found. These 
increasing values are in agreement with the increasing number of His6-tags of the 
TagRFPs and are indicative of an increase in the thermodynamic stability of the 
surface complexes. In a quantitative manner, each additional His6-tag appears 
to lead to an affinity increase of a factor 10, regardless the point of attachment 
of the His6-tag. 
As a next step a model was constructed to predict and determine the 
thermodynamic stability parameters of the protein complex in relation with SPR 
experimental data according to a multivalency model as previously reported in 
literature. [6] When considering the His6-tag-(Ni(II)·NTA)3 interaction as a single 
binding motif, binding of consecutive His6-tags of a protein will be then controlled 
by the effective concentration (Ceff) of Ni(II)·NTA at the surface. As an example 
the equilibrium (1) and mass balance (2) for a double His6-tagged TagRFP (2H) 
protein are given: 
 
2H + Ni(II)·NTA            2H·Ni(II)·NTA + Ni(II)·NTA              2H·(Ni(II)·NTA)2                    (1) 
 
θNi(II)·NTAtot/θtot = θNi(II)·NTAfree/θtot + θ2H·Ni(II)NTA/θtot + θ2H·(Ni(II)NTA)2/θtot                          (2) 
 
And the corresponding binding constant expressions are: 
 

K1= 
θ2H·Ni(II)·NTA

θtot
�

[2H]·
θNi(II)·NTA

θtot
�

= 2Ki,His6                                                                                              (3) 

 

K2= 
θ2H·(Ni(II)·NTA)2

θtot
�

θ2H·Ni(II)·NTA
θtot
� ·

θNi(II)·NTA
θtot
�

= 1
2

C
eff

Ki,His6                                                                           (4) 

K1 K2 
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Substituting the equilibrium constant equations (3 and 4) into the mass balance 
(equation 2) (not shown) yields a set of numerically solvable equations with 
θNi(II)·NTA/θtot as the variable. θ corresponds to the absolute surface coverage of 
either a certain surface species or the total surface coverage and it is expressed 
in mol/surface area units, while species in solution are expressed as 
concentration in mol/L units. Since the experiment was carried out under 
continuous flow conditions, [2H] is assumed to be [2H]tot. Ceff was approximated 
to 10/Ki,His6 since each additional His6-tag leads to an affinity increase of a factor 
10 (Figure 3.2, see above) indicating that the multivalency factor Ki,His6 x Ceff = 10. 
The equations were solved in a spreadsheet approach, [6a] in which initially K1 and 
the maximum SPR intensity change (ΔImax) were iteratively optimized to fit the 
theoretical with the experimentally obtained SPR data. The experimental data 
(Figure 3.2) indicate that TagRFP binding is determined by the valency of binding 
at low TagRFP concentrations, while at high concentrations TagRFP binding is 
limited by steric effects, as indicated by the different maximum coverages which 
hint at different orientations. When assuming a face-on orientation for 1H and 2H 
and a side-on orientation for 1+1H and 2+1H, as was postulated above, the 
percentage of Ni(II)·NTA units at the surface that are covered as a result of such 
binding orientations were estimated to be 2.8% (face-on) and 1.5% (side-on) per 
protein using the TagRFP crystallographic data and assuming an NTA coverage 
comparable to that of thiols on gold (4.5 molecules/nm2). [7] Using these values, 
the ΔImax values obtained from the Langmuir fits were divided by these fractions 
to obtain the values for ΔImax that would correspond to a complete usage of all 
NTA units and which are assumed to hold in the lower concentration ranges in 
which the steric effects are still negligible. As a result, Ki,His6 values were found 
(Table 3.1) of ca. 104 M-1 for all TagRFP mutants in agreement with literature 
data. [8] From these values and using equation (6), a corrected overall stability 
constant could be deduced for each TagRFP mutant. [6b] 
 

Kcorr = Ki,His6
n· Ceff

n-1                                                                                                       (6) 
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Table 3.1 – Thermodynamic parameters determined by fitting the experimental data to 
theoretical models (see text for details). KLM is the apparent overall binding constant for 
each mutant from the Langmuir fit. Ki,His6 is the intrinsic binding constant for a single His6-tag 
to the Ni(II)·NTA monolayer, while K is the real overall stability of the multivalent complex, 
found by fitting the data to a model accounting for the effect of the effective 
concentration (Ceff) and using only the data points in which steric effects can be ignored, 
while ΔImax was corrected with the correction % values presented in the table resulting in 
ΔImax values corrected for steric effects. 

These results confirm the increasing stability when increasing the number of His6-
tags attached to the TagRFPs. Moreover, the Kcorr values represent a more 
realistic picture in comparison to the values found from the Langmuir fitting, since 
the latter overestimates the multivalent binding affinities by two to three orders of 
magnitude. 

3.2.1.3 Fluorescence anisotropy experiments 

To corroborate the observations made using SPR on the amount and orientation 
of adsorbed TagRFP proteins on the surface, fluorescence anisotropy 
experiments were performed. [9] The steady state anisotropies, rss, were measured 
of monolayers of immobilized proteins in a closed cell filled with buffer. For a cell 
filled with a solution of rhodamine an rss value close to zero was found indicative 
of freely diffusing molecules as expected. Similarly, free protein in an 
unfunctionalized cell showed an rss value of 0.36 in agreement with literature for 
a mutant of the green fluorescent protein (GFP). [10] These reference 
measurements show that the configuration used for the determination for rss 

values is viable. In agreement with the SPR results, two statistically different 
regimes were found in the observed fluorescence anisotropy results for 
immobilized TagRFP: 1H and 2H have higher rss values than 1+1H and 2+1H (Figure 
3.3).  
 

TagRFP KLM (M-1)
Corr. % Corr. ΔImax

(a.u.)
Ki,His6 (M-1) Ceff (M) Kcorr (M-1)

1H 2.7·106 0.93 32387 1.8·104 N/A 1.8·104

2H 3.8·107 0.47 63511 3.5·103 2.9·10-3 3.5·104

1+1H 4.7·107 0.25 75480 2.1·104 4.8·10-4 2.1·105

2+1H 2.7·108 0.17 123900 2.4·103 4.1·10-3 2.4·105
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Figure 3.3 – a) Fluorescence steady-state anisotropy values (rss) at 585 nm (TagRFP emission 
maximum) or 605 nm (rhodamine emission maximum) for individual measurements both in 
solution or in a protein monolayer on Ni(II)·NTA SAMs as indicated. b) Average values for 
each case.  

Higher anisotropies of 1H and 2H (0.49 and 0.51, resp.) could be related to a 
restricted freedom of movement of the protein fluorophore (i.e. rotation and 
bending) while the comparatively lower rss values for 1+1H and 2+1H (0.40 and 
0.36, resp.) could be due to less restriction of movement. A stronger restriction of 
movement in the case of 1H and 2H could be the result of a tighter packing of 
proteins while more loosely packed 1+1H and 2+1H are configured at the 
surface. This interpretation would be in agreement with the SPR data assuming 
that a face-on orientation leads to tighter packing than a side-on orientation. 
However, it should be mentioned that there is another effect influencing the 
steady state anisotropy, which could lead to an underestimation of the observed 
differences in anisotropy values. Energy transfer between neighboring 
chromophores should lead to lower rss values than for isolated chromophores. 
However, this effect should lead to a lower rss value in the case of 1H and 2H 
when compared with 1+1H and 2+1H, and is the opposite to the observed case. 

3.2.1.4 Infrared spectroscopy experiments 

To analyze the orientation of the immobilized proteins, polarization modulation 
infrared reflection-absorption spectroscopy (PM-IRRAS) was used. Spectra for 
monolayers of 1H and 2+1H bound to Ni(II)·NTA as well as for a bare Ni(II)·NTA 
monolayer are shown in Figure 3.4.  
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Figure 3.4 – PM-IRRAS spectra of 1H and 2+1H bound to Ni(II)·NTA surfaces. Colored bands 
correspond to regions associated to specific protein secondary structure elements, within 
the amide I region, used to elucidate protein orientation. Intensities are giving as dichroic 
ratios. 

When comparing the intensity of the IR signal at 1660 cm-1 (amide I band) with 
the IR signal at 1740 cm-1 (COOH band) [11] a ratio of about 1 was found for the 
Ni(II)·NTA surface while ratios of 4.5 and 2.3 were found in the case of immobilized 
1H and 2+1H on Ni(II)·NTA surfaces, respectively. This observation indicates that in 
the case of 1H more protein is present at the surface when compared to 2+1H. 
The amide I band between 1600 and 1700 cm-1 can be assigned to C=O stretch 
vibrations and its shape is correlated with the secondary structure of proteins.[14] 
For example, the band at 1654 cm-1 can be assigned to α-helices while the band 
at 1633 cm-1 can be assigned to the main band of β-sheets. [12] When comparing 
the ratios between the α-helix and the main β-sheet bands, values of 1.3 and 1.1 
were found for 1H and 2+1H, respectively. Since 1H and 2+1H are structurally 
identical, this remarkable observation indicates a difference in orientation. From 
the TagRFP crystallographic data it can be seen that the only substantial α-
helical structural element is oriented along the axis of the β-barrel. Therefore, the 
α-helix C=O stretch vibration, which is nearly parallel to the axis of the α-helix, 
should be observable in PM-IRRAS for a high angle of incidence of the polarized 
light on a metal surface only in the case the protein is oriented face-on. The IR 
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spectrum of 1H indicates that the β-barrel and thus, the α-helix are oriented 
normal to the surface, while the IR spectrum of 2+1H indicates that the β-barrel is 
oriented parallel to the surface. Taken together, the results from PM-IRRAS are in 
agreement with the results from both SPR and fluorescence anisotropy 
measurements indicating a tightly packed layer of face-on oriented TagRFPs in 
the case of 1H and 2H and a less tightly packed layer of side-on oriented 
TagRFPs in the case of 1+1H and 2+1H. 

3.2.1.5 Fluorescence microscopy experiments 

To visualize the stability and reversibility of the binding of TagRFPs to Ni(II)·NTA 
surfaces as a function of the number and spatial arrangement of His-tags, 
fluorescence micrographs were recorded of line patterns of TagRFP fabricated 
employing nanoimprint lithography (NIL) (Scheme 3.1). 

 

Scheme 3.1 – Nanoimprint lithography (NIL) was used to generate patterns on poly(methyl 
methacrylate) (PMMA)-coated glass substrates. Upon NIL and removal of the residual 
PMMA layer, the exposed glass areas were first functionalized with N-[3-
(trimethoxysilyl)propyl]ethylenediamine (TPEDA) followed by the reaction with p-phenylene 
diisothiocyanate (DITC). Afterwards, N,N-bis(carboxymethyl)-L-lysine hydrate (NTA-NH2) was 
coupled to the surface. Then remaining PMMA was stripped and the exposed areas of 
bare glass were functionalized with 2-[methoxy(polyethyleneoxy)propyl]trimethoxysilane 
(PEG-silane) to prevent non-specific protein interactions. Finally, the platforms were 
complexed with Ni(II) ions in order to immobilize His-tagged TagRFPs. 

After incubating the Ni(II)·NTA patterns with TagRFPs the patterns were washed 
overnight with phosphate buffered saline (PBS) containing 5% of Tween-20, 
whereafter the fluorescence images showed a high contrast between the 
functionalized areas and the ones passivated with PEG-silane (Figure 3.5). No 
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apparent fluorescence intensity differences were found between the four 
proteins. However, upon washing for another 36 hours the fluorescent patterns of 
1H could not be observed anymore, while patterns of 1+1H and 2H showed 
reduced intensities by ca. 73% and 37%, respectively. In contrast, the intensity of 
patterns of 2+1H was unchanged. These observations are in agreement with the 
observed trend in binding strengths as found using SPR. 

 
Figure 3.5 – Fluorescence microscopy images corresponding to substrates patterned via NIL 
with Ni(II)·NTA and PEG-silane regions after incubation with a-d) 1H, e-h) 2H, i-l) 1+1H and m-
p) 2+1H and the subsequent washing with PBS containing 5% of Tween-20, overnight, after 
two days and after washing during 24 h with either saturated imidazole or EDTA solutions in 
PBS as indicated in the figure. Insets provide the intensity profiles. Images were recorded at 
2000 ms. 

To investigate the reversibility of TagRFP binding, patterns of 2H, 1+1H and 2+1H 
were washed with either imidazole or ethylenediaminetetraacetic acid (EDTA). 
While washing with monovalent imidazole, which can bind to Ni(II)·NTA, did not 
change the fluorescence intensity of the patterns significantly, washing with 
EDTA, which can complex Ni2+, showed a decrease in fluorescence intensity in 
the case of 1+1H and 2H up to 80% and in the case of 2+1H of 50%. The 
observations can be attributed to the enhanced stability of the multivalent 
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interaction of the multiple His6-tags on the TagRFPs. The SPR, fluorescence 
anisotropy, IR and microscopy experiments show that stability and orientation 
can be attributed to the number and position of the His6-tags at the protein 
structure. Namely, while an increased number of His6-tags will lead to complexes 
of higher stability, His6-tags positioned at the same side of the protein structure 
will result in densely-packed protein layers with a preferred face-on orientation 
whereas when the tags were introduced at opposite sides, less dense protein 
packing was found with a preferred side-on orientation. 

3.2.2 Orthogonal assembly of proteins 

After having demonstrated the orientationally controlled immobilization of 
TagRFPs, in this section orthogonal assembly of two proteins on specific regions of 
one substrate will be shown. To this end, a single-cysteine-containing mutant of a 
monomeric variant of Clavularia cyan fluorescent protein was recombinantly 
expressed and purified (G174CTFP). A peptide was synthesized containing glutamic 
acid residues functionalized with adamantyl moieties (GadERadEDadEK) for the 
supramolecular host-guest interaction with β-cyclodextrin (βCD) surfaces. The 
peptide was N-capped with maleimido caproic acid for the subsequent 
conjugation to the Cys residue of TFP to yield a trivalent adamantyl protein guest 
(Ad3-TFP) (Figure 3.6a). 
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Figure 3.6 – a) Structure of TFP covalently coupled to a trivalent peptide construct carrying 
three adamantyl moieties for interaction with βCD platforms. b) Schematic representation 
of the procedure to functionalize glass substrates both with Ni(II)·NTA and βCD lines, which 
were produced employing NIL.  

βCD SAMs were prepared on gold substrates, as described in literature, [13] and 
used in SPR experiments to determine the binding strength of Ad3-TFP with the 
βCD surface. To this end, solutions containing different concentrations of Ad3-TFP 
were flown over a βCD surface while monitoring the change of resonance angle 
upon binding. The βCD surfaces had been previously blocked by flowing 0.1 mM 
of a mono-adamantyl hexaethylene glycol linker (HEG-Ad) to prevent non-
specific protein interactions. [14] Increasing concentrations of Ad3-TFP resulted in 
increasing equilibrium angle shifts reaching surface saturation as shown in Figure 
3.7. 
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Figure 3.7 – Equilibrium values (squares) of the SPR titration experiment of Ad3–TFP to a βCD 
SAM after saturating the surface with the monovalent HEG-Ad and corresponding fit (solid 
line) using a multivalent binding model. 

The experimental data could be fitted using a multivalent binding model as 
reported previously. [6b] The competitive equilibrium for the formation of the 
surface complex of HEG-Ad was taken into account for the calculation of the 
theoretical maximum SPR angle shift for each concentration. Ceff, accounting for 
the immobilization of a second and third additional adamantane groups once 
the first was immobilized, was set at 0.1 M. [6b] Using a binding constant of 2.6·104 
M-1 for Ad-HEG [14] a value of Ki,TFP = 1.8·103 M-1 was determined and an overall 
stability constant for the trivalent surface complex of K = 5.4·107 M-1. Both 
constants are lower than for small trivalent guest molecules for which an 
apparent overall constant in the order of 1010 M-1 was reported. [15] This 
phenomenon can presumably be attributed to the fact that the guest moiety of 
Ad3-TFP is attached to a large water-soluble protein affecting the binding to the 
surface. [16]  
In order to study the specificity of the immobilization of Ad3-TFP to βCD surfaces 
on glass, patterns of βCD were created employing NIL as shown in Scheme 3.1 
by replacing NTA-NH2 by βCD-heptaamine. Adjacent lines of PEG-silane to 
prevent non-specific protein interactions and βCD were incubated overnight 
with Ad3-TFP and a control TFP, which was functionalized with an adamantane 
free peptide (GEREDEK), using PBS containing 5% Tween-20 and 5 mM of HEG-Ad. 
This incubation buffer was found the best after several series of optimization 
experiments for reducing non-specific interactions at βCD SAMs. Fluorescence 
microscopy was used to visualize the fabricated patterns (Figure 3.8). 
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Figure 3.8 – Fluorescence images corresponding to substrates patterned via NIL with βCD 
and PEG-silane regions after incubation with a) 1 µM TFP functionalized with GEREDEK, b) 
Ad3-TFP and subsequent washing overnight with incubation buffer. c and d) correspond to 
the consecutive washing of the samples with a solution containing 10 mM βCD in 
incubation buffer for a) and b) respectively. Insets provide the intensity profiles. Images 
were recorded at 2000 ms. 

Upon protein incubation and overnight washing, a 2.7-fold increase in 
fluorescence intensity was found for Ad3-TFP in comparison to the control. After 
overnight washing the samples with a high concentration of βCD the 
fluorescence intensity was highly reduced for the control TFP when compared to 
the fluorescence intensity of Ad3-TFP. This results shows that for Ad3-TFP, the largest 
contribution on the protein immobilization was of supramolecular multivalent 
nature. The enhanced stability of the multivalent complex (reported before from 
the SPR results) caused that, under competition conditions with βCD host 
molecules in solution, the surface trivalent complex can still remain while 
removing the weakly bound protein either non-specifically or forming complexes 
with lower valences as reported before in literature. [14]  
As a next step, the orthogonal assembly of (His6)x-TagRFP and Ad3-TFP, was 
attempted. To this end, bifunctional surfaces were prepared according to Figure 
3.6b. Briefly, NIL was used to create t-butyl ester protected NTA patterns following 
Scheme 3.1. After stripping the remaining PMMA, βCD was attached to these 
areas following Scheme 3.6b. Finally, NTA was deprotected by incubating the 
samples in trifluoroacetic acid (TFA) overnight to yield the bifunctional line 
patterns of NTA/βCD. After complexing Ni(II) to NTA and HEG-Ad to βCD protein 
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solutions were applied to the surfaces. From a series of incubation conditions and 
sequences only a few yielded successful orthogonal protein assembly. Figure 3.9 
shows the microscopy images corresponding to the successful cases. As shown 
before (Figure 3.8), when incubating patterns of adamantane-functionalized TFP 
in the presence of βCD in the incubation buffer, the specificity of the interaction 
with the βCD lanes was enhanced.  

 

Figure 3.9 – Fluorescence images corresponding to substrates patterned via NIL with 
Ni(II)NTA and βCD regions after incubation with a) 2+1H, b,d) Ad3-TFP and e) 1H 
accompanied by their respective intensity profile plots c) for a and b) and f) for d and e) 
respectively. While in the upper line the sequence of incubations was 2+1H and Ad3-TFP in 
the line below the bifunctional sample was first incubated with Ad3-TFP followed by 
incubation with 1H. Images were recorded at: a and e) 1000 ms and b and d) at 3000 ms. 

After incubating the bifunctional platforms sequentially with one protein at a 
time and systematically exploring all possible combinations only two cases were 
consistently successful in the co-localization of the proteins to their respective 
complementary functionality on the surface. On the one hand only when 2+1H 
was first immobilized on lines of Ni(II)·NTA (Figure 3.9a) followed by the 
subsequent immobilization of Ad3-TFP on the complementary thin lines of CD, 
clear images were recorded with both TFP and TagRFP present. On the other 
hand, when Ad3-TFP was first immobilized on CD, only 1H could be immobilized 
on the Ni(II)·NTA region. Considering the overall stability constants of 5.1 X 104 and 
2.4 X 106 M-1 as estimated for 1H and 2+1H, respectively, while 5.4 X107 M-1 was 
found for TFP-Ad3, these observations can presumably be attributed to the 
individual thermodynamic stability of each of the guest proteins. Namely, when 
the protein having the strongest affinity is assembled first, a protein with lower 
affinity to the surface was preferentially immobilized on its complementary 
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surface bound functionality. When this order was reversed or the platforms where 
stepwise incubated with protein of similar stability mixed cases were found.  

3.3 Conclusions 

TagRFP mutants presenting different numbers and distribution of His6-tags were 
successfully generated to study the influence of the site-specific modifications on 
the stability and orientation of surface complexes on Ni(II)·NTA. First, the binding 
constant was found to increase for (His6)x-tagRFP with the number of His6-tags. 
Moreover, differences in surface coverage were found specially for 1+1H and 2H 
that have roughly the same stability, indicating two orientation regimes 
dictacted by the position of the His6-tags within the protein structure: face-on 
and side-on respectively, which was also observed for 1H and 2+1H. The latter, 
being supported by surface plasmon resonance, fluorescence anisotropy 
measurements and infrared reflection-absorption spectroscopy data, resulted in 
a practically unique finding. In agreement with their stability, surface complexes 
could be reversibly disassembled when washing with a NTA competitor for the 
Ni(II) complexation such as EDTA but not when imidazole was used to compete 
against histidine due to the enhanced stability of the intrinsic multivalent stability 
of bound His6-tags. 
Second, a mutant of TFP was modified to present a trivalent adamantyl linker 
(TFP-Ad3). The mutant was successfully immobilized via its specific interaction with 
a βCD SAM when compared to TFP modified with the control peptide sequence 
mic-GEREDEK. Moreover, the specificity of the interaction was improved when 
adding a competitive host such as βCD in the incubation buffer. 
Finally, sequential protein co-functionalization of bifunctional substrates 
fabricated by NIL was successful though with a strong influence on the stability of 
the first interaction for the specific binding of the second. 
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3.5 Experimental section 

Materials 
Fmoc-L-glutamic acid α-tBu-ester, Fmoc-protected amino acids and       
N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate 
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(HBTU) were purchased from MultiSynTech (Witten, Germany) and Novabiochem 
(Darmstadt, Germany), 1-hydroxy benzotriazole (HOBt) and maleimide caproic 
acid-hexa(histidine) (mic-His6) were purchased from JPT Peptide Technologies, 
Germany and all solvents were of p.a. quality and purchased from Biosolve 
(Valkenswaard, The Netherlands). All other starting components were purchased 
from Acros (Geel, Belgium) and Sigma Aldrich (Zwijndrecht, The Netherlands). All 
compounds were used as received unless stated otherwise. Deuterated solvents 
used for NMR spectroscopy were purchased from Cambridge Isotope 
Laboratories and the water used was of MilliQ quality (Millipore, R = 18.2 MΩcm).  
 

Synthesis of NTA(OtBu)3-NH2 
NTA(tBu)3-NH2 was synthesized according to a protocol adapted from 
literature. [17] H-Lys(Z)-OtBu·HCl (4.0 g, 10.7 mmol) was dissolved in 100 mL of dry 
dimethylformamide (DMF). Subsequently, tBu-bromoacetate (6.36 mL, 
43.1 mmol) and diisopropyl ethyl amine (DIPEA) (9.2 mL, 52.8 mmol) were added 
sequentially. After purging the flask with N2, the solution was stirred overnight at 
55 °C under inert N2 atmosphere. The volatiles were removed in vacuo at 60 °C 
and the partially solidified reaction mixture was resuspended in 60 mL of 
cyclohexane:ethylacetate (3:1) and filtered over a sintered glass funnel. The 
precipitate was washed with the same solvent mixture (3 x 40 mL), concentrated 
under reduced pressure and purified by silica gel chromatography with 
cyclohexane:ethylacetate (3:1) as the mobile phase to quantitatively yield 5.95 g 
(10.5 mmol) Lys(Z)-NTA(OtBu)3 (Rf = 0.50). Then, Lys(Z)-NTA(OtBu)3 (6.0 g, 
10.5 mmol) was dissolved in methanol (300 mL) and the solution was purged with 
three vacuum-nitrogen cycles. Subsequently, 10% Pd/C (0.120 g) was added 
under N2. The solution was mixed vigorously and stirred for 6 h under H2 
atmosphere at room temperature. After the H2 gas had been allowed to slowly 
leak from the reaction mixture while being replaced by nitrogen, the Pd/C 
catalyst was removed by filtration over celite and the solvent was removed from 
the filtrate under reduce pressure to yield (OtBu)3NTA-NH2 (3.68 g, 8.5 mmol, 81%). 
1H NMR (300 MHz, CDCl3, 20 °C, TMS) δ: 3.47 (dd, 4H, ((CH3)3COCOCH2))2N-), 3.31 
(t, 1H, ((CH3)3COCOCH2))2NCH), 2.72 (t, 2H, NH2CH2CH2CH2CH2CHN-), 2.28 (bs, 
2H, NH2CH2CH2CH2CH2CHN-), 1.65 (m, 2H, NH2CH2CH2CH2CH2CHN-), 1.50 (m, 4H, 
NH2CH2CH2CH2CH2CHN-), 1.45 (s, 9H, (CH3)3COCOCH-), 1.44 (s, 18H, 
((CH3)3COCOCH2)2N-); MS (ESI): m/z = 432.3 [M+H]+, (calc. 431.0).  
 

Synthesis of HEG-Ad 
Adamantyl hexa(ethylene glycol), HEG-Ad, was synthesized according to a 
protocol adapted from literature. [14] To a solution of hexa(ethylene glycol) 
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(12.5 mL, 50.9 mmol), 1-bromo adamantane (1.1 g, 5.1 mmol) and Et3N (2.0 mL, 
14.3 mmol) were added. The solution was stirred at 120 °C overnight. After 
cooling the reaction mixture to room temperature dichloromethane (50 mL) was 
added. The solution was washed with 2 M HCl (4 x 50 mL) and once with brine (50 
mL). The organic layer was dried over MgSO4 and the solvent was evaporated 
under reduced pressure to give HEG-Ad as a brown, transparent oil (0.87 g, 2.1 
mmol, 40%). MS (ESI): m/z = 417.4 [M+H]+, (calc. 416.6 g/mol). 
 

Synthesis of adE 
6-aminohexyl-1-adamantane carboxamide 
1,6-Hexanediamine (5.81 g, 50.0 mmol) was dissolved in 180 mL CH2Cl2 and, 
subsequently, Et3N (0.77 mL, 5.55 mmol) was added. The reaction mixture was 
cooled to 0 °C and a solution of adamantane carboxylic acid chloride (1.0 g, 
5.04 mmol) in 20 mL CH2Cl2 was added dropwise during the course of 1 h. The 
reaction mixture was stirred for 30 min at 0 °C, left to slowly warm to room 
temperature (RT) and quenched with 150 mL of a saturated aqueous NaHCO3 
solution. The resulting aqueous phase was, then, washed 3 times with (50 mL) 
CH2Cl2 and the combined organic phases were washed three times with water 
and once with brine. The solution was dried over MgSO4, concentrated in vacuo 
and the product, 6-aminohexyl-1-adamantane carboxamide (0.9 g, 3.22 mmol, 
64%), was analyzed with NMR spectroscopy.  
1H-NMR (300 MHz, CDCl3): δ (ppm) 3.1 (t, 2H), 2.7 (t, 2H), 2.0-1.7 (m, 15H), 1.4-1.2 
(m, 8H).  
 
Synthesis of Fmoc-glutamic acid adamantane hexane amide-carboxylic acid 
α-tBu-ester 
To a solution of Fmoc-L-glutamic acid α-tBu-ester (1.56 g, 3.66 mmol) in 30 mL 
DMF, N,N’-diisopropylcarbodiimide (DIC) (1.54 g, 12.2 mmol) and HOBt (1.65 g, 
12.2 mmol) were added under Ar atmosphere. The reaction mixture was stirred 
for 30 min at RT for the activation of the carboxylic acid to take place. 
6-aminohexyl-1-adamantane carboxamide (0.85 g, 3.05 mmol) was dissolved in 
10 mL DMF and added to the reaction mixture, which was stirred at RT for 2 h. The 
progress of the reaction was followed by NMR (measured by the intensity of the 
free amine peak) and stopped after approximately 2 h, at which time all the free 
amine had been consumed. The solvent was removed in vacuo and the resulting 
residue was dissolved in 150 mL EtOAc:Hexane 1:1 and washed 3 times with sat. 
NH4Cl (30 mL) in order to remove DMF, any prevailing traces of DMF were, then, 
removed in vacuo. The crude product was, subsequently, dissolved in CH2Cl2 
and washed 3 times with sat. NaHCO3 (50 mL), twice with water (50 mL) and 



Chapter 3 

63 

once with brine. The organic phase was dried over MgSO4 and concentrated in 
vacuo. The crude product was purified by column chromatography (SiO2, 
chloroform:MeOH, 95:5) and resulted in 1.7 g (2.50 mmol) of pure product 
corresponding to 82% yield.  
1H-NMR (300MHz, CDCl3): δ (ppm) 7.8-7.3 (m, 8H), 5.6 (d, 2H), 5.5 (m, 1H), 4.4 (t, 
1H), 4.4 (t, 1H), 4.2 (m, 2H), 3.1 (t, 4H), 2.0-1.7 (m, 15H), 1.43 (s, 9H), 1.4-1.2 (m, 8H). 
MS (ESI-TOF): m/z; 686.4 g/mol [M+H]+ and 708.4 g/mol [M+Na]+ (calc. 685.89 
g/mol). 
 
Synthesis of Fmoc-glutamic acid adamantanehexaneamide-carboxylic acid, 
(Fmoc-adE) 
1.65 g (2.40 mmol) Fmoc-glutamic acid adamantanehexaneamide-carboxylic 
acid α-tBu ester was dissolved in 30 mL CH2Cl2, to which 30 mL TFA were added. 
The solution was stirred for 4 h at RT and subsequently, the reaction mixture was 
concentrated in vacuo. The resulting solution was washed 3 times with water, 
once with brine and dried over MgSO4. All residual CH2Cl2 was removed in vacuo 
and the obtained yellowish solid (1.3 g, 2.04 mmol, 85%) was analyzed by NMR 
spectroscopy and MS spectrometry and stored at -20 °C until further use. 
1H-NMR (300MHz, CDCl3): δ (ppm) 7.8-7.3 (m, 8H), 5.6 (d, 2H), 5.5 (m, 1H), 4.4 (t, 
1H), 4.4 (t, 1H), 4.2 (m, 2H), 3.1 (t, 4H), 2.0-1.7 (m, 15H), 1.4-1.2 (m, 8H).  
 MS (ESI-ToF): m/z; 630.3 [M+H]+ and 652.2 [M+Na]+ (calc. 629.8). 

Automated solid phase peptide synthesis 
Peptides of the following sequences, end-capped with maleimido caproic acid 
(mic), were synthesized using standard Fmoc-chemistry in solid phase peptide 
synthesis (SPPS) [18]: the triply adamantane substituted mic-GadERadEDadEK and its 
reference peptide mic-GEREDEK. Rink Amide MBHA resin was used as solid phase 
and all amino acids carried Fmoc-protected α-amino groups. Each amino acid 
was dissolved in N-methyl-2-pyrrolidone (NMP, 0.3 M), stabilized with 0.3 M HOBt 
and all reactions were carried out at RT. Extensive washing steps with NMP were 
carried out after each reaction in order to prevented cross-contaminations 
between steps. 
In short, syntheses were carried out from C- to N-terminus as follows:  
A solution containing an Fmoc-protected amino acid was added to the reaction 
vessel containing the amine-terminated Rink amide resin. Coupling of the free 
carboxylic acid group of the Fmoc-protected amino acid to the free amine of 
the resin was done using HBTU and DIPEA as coupling reagents and reaction time 
was set to 90 min. This resulted in the Rink amide resin terminated with the newly 
coupled amino acid displaying its Fmoc-protected amines on the resin. In order 
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to increase yields, all couplings with natural amino acids were done twice 
(double couplings); all others once (single couplings). After coupling, Fmoc 
cleavage was carried out using first 40% piperidine, then 20% piperidine in NMP. 
After Fmoc-cleavage the next amino acid was added and the cycle was 
repeated for each amino acid until the sequence had been completed. The 
resin was washed with NMP, CH2Cl2 and MeOH each three times and dried for at 
least 4 h in vacuo. Subsequently, the peptide was cleaved from the resin as well 
as deprotected in a mixture of trifluoroacetic acid (TFA), triisopropylsilane (TIS) 
and water (TFA:TIS:H2O, 95:2.5:2.5) overnight. The resin was rinsed three times 
more with pure TFA and the combined fractions were concentrated in vacuo. 
From this mixture the peptide was precipitated three times using cold diethyl 
ether and a centrifugation step (8000xg, 2 min) and the combined precipitated 
fractions were re-dissolved in water (mixed with acetonitrile containing ~1% TFA 
for the adamantane substituted peptide) and lyophilized. Peptides (re-dissolved 
in acetonitrile/water mixtures) were purified using reverse-phase HPLC (using 
varying mixtures of water and acetonitrile, both containing 0.1% TFA) as liquid 
phase, subsequently lyophilized and analyzed by mass spectrometry. 
 MS (ESI): mic-GadERadEDadEK m/z 1836 g/mol [M+H]+ (calc. 1835 g/mol).  
 MS (ESI): mic-GEREDEK m/z 1056 g/mol [M+H]+ (calc. 1054 g/mol). 
Automated peptide synthesis was carried out using a Syro1 (MultiSynTech) and 
peptides were purified on a Waters HPLC system with photoarray detector using 
a preparative reverse phase C18 column (Xterra, Waters). 
 

Cloning of TagRFP and TFP for high-level expression  
NHis6-14TagRFP 
The following primers were used for PCR amplification of TagRFP using pTagRFP-C 
(Evrogen JSC) as DNA template: 
5’-cgcggatccaatgagcgagctgattaaggagaacatgca-3’ containing a unique 
BamHI restriction site (underlined) and 5’ cgcgaattccttgtgccccagtttgctag-3’ 
containing a unique EcoRI restriction site (underlined). The PCR product was 
purified and digested with BamHI and EcoRI restriction enzymes (NEB) and 
ligated into pRSETB plasmid (Invitrogen) digested with the same restriction 
enzymes. pRSETB contains an N-terminal hexahistidine-tag (NHis6-tag) for nickel-
affinity purification and an Enterokinase recognition site (DDDDK) to allow for the 
subsequent cleavage of the His6-tag. The resulting plasmid, pRSETB-TagRFP, was 
first transformed into E. coli (XL10 gold, Stratagene) using standard procedures in 
the presence of ampicillin (100 mg/L). pRSETB-TagRFP plasmid was transformed 
into E. coli BL21 pLysS using standard procedures in the presence of ampicillin 
(100 mg/L) and chloramphenicol (34 mg/L). Single colony transformants were 
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selected and the pre-culture was grown overnight at 37 °C. This pre-culture was 
used to inoculate 2 L of LB medium containing ampicillin (100 mg/L) and 
chloramphenicol (34 mg/L) at 37 °C with shaking until an O.D.600 = 0.6 was 
reached. The culture was cooled to 16 °C before protein expression was induced 
with IPTG to a final concentration of 1 mM and incubated overnight at 16 °C. 
Cells were harvested by centrifugation at 4000xg at 4 °C for 20 min. The resulting 
cell pellet was resuspended for 20 min in BugBuster reagent with benzonase 
nuclease (Novagen) according to the supplier’s instruction. The lysate was 
cleared by centrifugation at 16000xg for 30 min at 4 °C. Ni-NTA agarose beads 
(QIAGEN) were added to the protein supernatant at a 10:1 v/v ratio, 
respectively, and incubated at 4 °C for at least an hour with slow but continuous 
mixing. The agarose beads were filtered and washed with wash buffer (20 mM 
Tris buffer, 300 mM NaCl, 20 mM imidazole, pH 8.0) and eluted with elution buffer 
(20 mM Tris buffer, 300 mM NaCl, 1 M imidazole, pH 8.0). The purified 
NHis6-14TagRFP fractions (~30 µM) were subsequently desalted using PD10 columns 
(GE Healthcare) into 0.1xPBS (0.8 mM phosphate buffer (PB), 14.4 mM NaCl, 0.27 
mM KCl, pH 7.4), aliquoted, snap-frozen in liquid nitrogen and stored at -80 °C. 
Proteins were characterized using SDS- and native PAGE, UV-Vis, steady state- 
and time-resolved fluorescence spectroscopy and MALDI-TOF mass 
spectrometry. 
 
NHis6-CHis6-14TagRFP 
For the insertion of a second, C-terminal His6-tag (CHis6-tag), the TagRFP gene 
was amplified using 5’-cgcggatccaatgagcgagctgattaaggagaacatgca-3’ 
(BamHI restriction site is underlined) and 
5’-gcggaattcttagtggtggtggtggtggtgcttgtgccccagtttgcta-3’ (EcoRI restriction 
site is underlined) as forward and reverse primers, respectively, and pRSETB-
TagRFP as DNA template. After PCR purification, the gene product and pRSETB-
TagRFP were digested sequentially, firstly with EcoRI, then BamHI according to 
the manufacturer’s instructions. DNA ligations were performed using T4-ligase 
(NEB) at 16 °C overnight and the resulting pRSETB-TagRFP-His6 plasmid was 
transformed into E. coli XL10 gold competent cells according to standard 
procedures.  
pRSETB-TagRFP-His6 plasmid was transformed into E. coli BL21 pLysS in the 
presence of ampicillin (100 mg/L) and chloramphenicol (34 mg/L). Single colony 
transformants were selected and the pre-culture was grown overnight at 37 °C. 
The pre-culture was used to inoculate 2 L cultures of E. coli BL21 pLysS cells, which 
were grown at 37 °C to O.D.600 = 0.6 before protein expression was induced upon 
addition of isopropyl-β-D-thiogalactopyranoside (IPTG) to a final concentration 
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of 1 mM (left overnight, 16 °C). The cells were harvested by centrifugation 
(4000xg, 20 min) and lysed using BugBuster (as described above). Protein 
purification and characterisation of the N- and C-terminal (doubly) His6-tagged 
TagRFP (NHis6-CHis6-14TagRFP) was carried out as described for NHis6-14TagRFP.  
 
NHis6-10TagRFP, NHis6-CHis6-10TagRFP, NHis6-14TagRFP and NHis6-CHis6-14TagRFP 
mutants 
By site-directed mutagenesis (QuikChange Multi kit, Stratagene Technologies), 
selected mutations were introduced into pRSETB-TagRFP (both, singly and doubly 
His6-tagged TagRFP) using the following primers:  
S128C forward 5'-ggtgaacttcccatgcaacggccctgtga-3' 

reverse 5'-tcacagggccgttgcatgggaagttcacc-3' 
C222S  forward 5'-ggctgtggccagatactccgacctccc-3'  

reverse 5'-gggaggtcggagtatctggccacagcc-3' 
C114S forward 5'-gcctccaggacggctccctcatctacaac-3'  
 reverse 5'-gttgtagatgagggagccgtcctggaggc-3' 
Mutations S128C, C222S and C114S yielded mutants ‘10TagRFP’ containing one 
accessible cysteine residue. Mutations C222S and C114S yielded mutants 
‘14TagRFP’ containing no accessible cysteine residues. All mutant variants were 
expressed and purified under the same conditions as for the wild-type protein, to 
yield NHis6-10TagRFP, NHis6-CHis6-10TagRFP, NHis6-14TagRFP and NHis6-CHis6-14TagRFP 
mutants. Characterisation by SDS- and native PAGE, UV-Vis, steady state and 
time-resolved fluorescence spectroscopy and MALDI-ToF mass spectrometry 
were carried out and the mutants showed no discernible differences in their 
(photophysical) properties to the wild type variants NHis6-TagRFP, NHis6-CHis6-
TagRFP, thus indicating that their overall structure upon site-directed mutagenesis 
is retained. 
 
TagRFP without His6-tags 
Removal of the His6-tag from the wild-type TagRFPwas accomplished by 
Enterokinase digestion using Enterokinase (Invitrogen) and its corresponding 
Enterokinase removal kit (EKaway, Invitrogen) according to the manufacturers 
instruction. In short, Enterokinase digestion of NHis6-14TagRFP was carried out 
overnight at 37 °C using protein stock solution with varying amounts of enzyme 
where undigested protein served as negative control. Cleavage was nearly 
complete using 4 units of Enterokinase per 20 µg of NHis6-14TagRFP. After digestion 
Enterokinase was removed by letting it bind to the resin with the removal kit’s 
Enterokinase-binding resin, which was, in turn, removed by centrifugation 
(5000xg, 2 min). Subsequently, residual, undigested protein was removed using 
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NiNTA-affinity chromatography resulting in a flow-through fraction of pure, His6-
tag-free 14TagRFP.  
 
TFP  
For Teal Fluorescent Protein (TFP), the following primers were used for PCR 
amplification using pET15b-TFP (kindly provided by W.F. Rurup, University of 
Twente, The Netherlands) as DNA template: 
5’-ctccacggatccatggtgagcaagggcgag-3’ containing a unique BamHI 
restriction site (underlined) and 5’-ctccacgaattccttgtacagctcgtccatgc-3’ 
containing a unique EcoRI restriction site (underlined). The PCR product was 
cloned into pRSETB as described above resulting in pRSETB-TFP, lacking a His6-tag 
due to a frameshift just before the inserted gene. Site-directed mutagenesis was 
carried out to yield pRSETB-TFP (G174C) using the above protocol and the 
following primers: forward 5'-tgctggagggctgcggccaccac-3' and reverse 
5'-gtggtggccgcagccctccagca-3'.  
Purification of TFP and G174CTFP was carried out using an Äkta FPLC system with a 
5 mL ResourceQ anion exchange chromatography column (GE Healthcare) 
according to the manufacturer’s instructions using sterile filtered wash buffer 
(40 mM PB, pH 8.0) and elution buffer (40 mM PB, 1 M NaCl pH 8.0). Both proteins 
were characterized using the same techniques as mentioned above. 

NHis6-CHis6-S128CHis6-10TagRFP, NHis6-S128CHis6-10TagRFP and G174CAd3-TFP 
NHis6-10TagRFP NHis6-CHis610TagRFP and G174CTFP, which possess a single accessible 
cysteine, were conjugated with thiol-reactive maleimide-functionalized peptides. 
Maleimide-(His)6 was used to give NHis6-CHis6-S128CHis6-10TagRFP and NHis6-S128CHis6-
10TagRFP. Maleimide-GEREDEK was used to give reference TFP, while maleimide-
GadERadEDadEK was used to give G174CAd3-TFP, where adE is an adamantyl ester of 
glutamic acid, E, see above. 
As negative and positive control were used NHis6-14TagRFP and NHis6-14TagRFP-
CHis6, resp., to react with maleimide-(His)6. TFP was mixed with maleimido-Atto488 
dye to serve as negative controls. Conjugations were carried out by first reducing 
the cysteines using 10 mM phospate buffer (PB), 0.1 mM dithiothreitol (DTT) (pH 
8.0) for 30 min and removing the DTT again (zebaspin, Thermo Scientific) and by 
then incubating a 10:1 mixture of maleimide:protein (~20 µM) in 10 mM PB (pH 
8.0) in the dark for 24 h at RT. The reactions were subsequently quenched upon 
addition of a 10-fold molar excess of DTT with respect to the maleimide for 30 min 
at RT after which the samples were rebuffered (Zeba spin, Thermo Scientific) into 
0.1xPBS at least three times to remove any residual peptide, dye and DTT. 
Characterisation was performed as described above and conjugation yields 
were typically between 30–50%. 
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Purification of the His6-tagged conjugates were conducted using an Äkta FPLC 
system and a 1 mL HisTrap HP column (GE Healthcare) according to the 
manufacturer’s instructions. Conjugates containing 2 and 3 His6-tags could be 
separated from the native proteins containing 1 and 2 His6-tags, respectively, 
and were isolated and characterized using SDS- and native PAGE and 
MALDI-ToF MS. The overall purity was found to be >80% after purification. 
 

Surface plasmon resonance 
Surface plasmon resonance (SPR) measurements were performed in 
Kretschmann configuration either using a Resonant Technologies RT2005 SPR 
setup as described in literature[18] or in Chapter 4, or using an IBIS Technologies 
imaging SPR (iSPR) system (see below). In both cases glass substrates covered 
with a 50 nm gold layer were used. On the gold β-cyclodextrin (CD) or NiNTA 
were self-assembled into a monolayer via Au-sulfur interactions. In the case of 
the Resonant Technologies set-up, these substrates were attached to a 70 µL 
volume microfluidic cell mounted on a prism which in turn was mounted on a 
double goniometer head, with which the angle of incident of the exciting laser 
on the prism could be controlled. Light from a 2 mW HeNe laser of 633 nm 
wavelength passed through the prism and onto the substrate under a tunable 
angle of incident. The intensity of the reflected light from the substrate was 
measured by a large-area photodiode. The set-up allowed determination of 
changes of resonance angle with an accuracy of 0.002 degrees. The gold 
substrate was optically matched to the prism using index matching oil. SPR 
experiments were performed at a continuous flow of 20 µL/min (all TagRFP 
variants) or 100 µL/min (all TFP variants). Imaging SPR measurements on the iSPR 
(IBIS Technologies), which is also set up in Kretschmann configuration using a laser 
of 800 nm wavelength, were also performed on the above substrates and various 
regions of interest were assigned for which SPR sensograms were each 
determined separately. Here too, the resonance angle is determined by 
continuously scanning through the surface plasmon resonance dip. Phosphate 
buffered saline (PBS) (with 0.01% Tween20 for TagRFPs, with 0.1 mM HEG-Ad for 
TFPs) was used as a running buffer (RB). 
 

Spectroscopy and steady state anisotropy measurements 
Absorption spectra of all fluorescent proteins, their mutants and conjugates were 
recorded using a Perking Elmer LAMBDA850 UV/Vis spectrophotometer. 
Fluorescence spectra and lifetime data of all fluorescent proteins, their mutants 
and conjugates were recorded using a JobinYvon-Horiba Fluoromax4 fluorimeter 
including a TCSPC system for time-dependent measurements with pulsed LEDs for 
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excitation of 561 nm and 462 nm wavelengths. Steady state anisotropies, rss, of 
full monolayers of TagRFP were determined as an average of the anisotropies in 
the wavelength range of the emission peak of the sample. The anisotropy was 
determined from measurements with different polarizer and analyzer settings, 
respectively: intensity with horizontal and horizontal polarizer and analyzer (IHH), 
intensity with horizontal polarizer and vertical analyzer (IHV), with vertical-vertical 
polarizers (IVV) and vertical-horizontal (IVH). The G-factor, G = IHV/IHH, and the 
anisotropy, rss = (IVV-G*IVH)/ (IVV+2*G*IVH), were calculated using the appropriate 
intensity values averaged over the wavelength range used.  
 

NMR spectroscopy and mass spectrometry measurements 
NMR measurements were carried out on either a Varian Unity INOVA 300 MHz or 
a Bruker Avance 600 MHz UltraShield spectrometer and mass spectrometry of 
small molecules and peptides on a Waters micromass LCT mass spectrometer in 
ESI mode, while protein masses were determined using an Applied Biosystems 
Voyager-DE-RP MALDI-ToF mass spectrometer with cinnamic acid as matrix.  
 

Infrared reflection absorption spectroscopy measurements 
Infrared spectra were recorded on monolayers of proteins on gold. The gold was 
covered with a monolayer of thiolated-NTA using a Thermo Fisher PM-IRRAS 
system under an angle of incidence of about 81°.  
 

NiNTA and βCD monolayers on gold  
 
Preparation of monolayers of NiNTA on gold coated substrates  
SPR sensors (1 inch, Ssense) were piranha cleaned (Warning! Piranha solution 
should be handled with caution. It has been reported to detonate 
unexpectedly) for 30 s, rinsed with water, dried in a flow of N2 and subsequently 
immersed in solution of 2 mM mercapto-undecanoic acid (MUA) in 1:1 
EtOH:water and left at least 16 h under ambient conditions to react. To remove 
any excess MUA the samples were rinsed thoroughly with water and dried in a 
flow of N2. The resulting carboxylic acid-terminated monolayers were activated 
using a freshly prepared aqueous solution of 300 mM N-hydroxy succinimide 
(NHS) and 40 mM N-(dimethyl aminopropyl)-N’-ethylcarbodiimide (EDC) for 
30 min under ambient conditions. After the reaction, the samples were rinsed 
with water and dried in a flow of N2 and the activated ester-terminated 
monolayer was immediately reacted with a 1 mM aqueous solution Nα,Nα-
bis(carboxymethyl)-L-lysine hydrate for 2 h under ambient conditions. Samples 
were then washed with water, incubated for 30 min in a 5 g/L aqueous solution 
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of NiCl2·6H2O, washed with water, dried in a flow of N2 and could be stored 
under dry N2 for a maximum of 4 weeks before use. 
 
Preparation of monolayers of βCD on gold coated substrates  
SPR sensors (1 inch, Ssense) were piranha cleaned for 30 s, rinsed with water, 
dried in a stream of N2 and subsequently immersed in solution of 5 µM CD-
hepta(ε-amino di(dodecyl)thioether) in 2:1 chloroform:EtOH and left at least 16 h 
under Ar at 60 °C. Samples could be kept for a maximum of 1 week in the 
reaction mixture under argon atmosphere at 60 °C. Samples were only removed 
from the reaction mixture directly prior to a measurement, washed with 
chloroform, EtOH, water, EtOH, 3 times, every time in this order, dried in a flow of 
N2 and immediately used for measurements. 

Preparation of bifunctional βCD/NTA-, βCD/PEG- and NTA/PEG-
line-patterned glass substrates using NIL 
 
βCD/NTA-line-patterns 
4 inch borofloat (Schott, Borofloat 33) wafers were immersed in a piranha solution 
for 10 min, rinsed with water, dried in a flow of N2 and subsequently spin-coated 
(Speedline, p6700) with a 6% w/v 350 kDa poly(methyl methacrylate) (PMMA) 
solution in toluene for 30 s at 3000 rpm. To remove residual solvent the wafer was 
baked at 120 °C for 10 min. NIL was carried out using a Peltier temperature 
controlled (Julabo FP 50) HP Specac NIL setup at 200 °C and 1 ton for 10 min. As 
imprint master a 4 inch 1H,1H,2H,2H-perfluorodecyltrichlorosilane (PFDTS, 
AB111155, ABCR) coated Si-wafer with 24 1x1 cm large patterns of 10 to 25 µm-
wide ridges separated by 5 µm-wide 0.5 µm deep trenches was used. In detail, 
the patterned imprint master was brought into contact with the spin-coated 
PMMA layer on a borofloat wafer, cushioned with Kunze heat conducting 
cushioning foil (KU-TXE100) on one side and 4 layers of aluminium foil on the other 
side and sealed with aluminium foil. This stack was heated to 200 °C, without 
applying pressure, then the pressure was carefully increased to the equivalent of 
1 ton and these conditions were kept constant for 10 min requiring occasional re-
adjustment of the pressure. Subsequently, the heating was switched off, while 
keeping the pressure constant. Upon reaching 100 °C the pressure was left to 
decrease simultaneously with the temperature. Upon reaching 80 °C the stack 
was removed from the NIL setup, disassembled and residual layer removal was 
carried out using an SPI supplies, Plasmaprep II oxygen-plasma cleaner. The 
progress of residual layer removal was monitored for each of the 1x1 cm patterns 
individually using an Olympus BH2 light microscope in transmission mode with a 
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halogen lamp as light source. Upon completion of removing the residual layer 
(with only 5 µm-wide ridges of PMMA remaining) the substrates were silanized by 
overnight chemical vapor deposition of TPEDA in vacuo. To remove the excess of 
silane, the samples were rinsed thoroughly with ethanol. The resulting amine-
terminated line-pattern was reacted with phenyl diisothiocyanate (DITC). To this 
end, the samples were immersed in a 0.04 M solution of ITC in ethanol for 2 h at 
50 °C under argon. After the reaction, the samples were rinsed with ethanol and 
dried in a flow of N2. The ITC-terminated monolayer was then functionalized with 
NTA(tBu)3-NH2. To this end, the samples were incubated in a 1 mM solution of 
NTA(tBu)3-NH2 in ethanol at 50 °C for 2 h under argon. All remaining PMMA was 
stripped from the borofloat substrates by 30 min sonication in 1 L of aceton, 
rinsing with aceton and drying with N2. Subsequently, the unfunctionalized (5 µm-
wide) lines were silanized by overnight chemical vapor deposition of TPEDA and 
ITC as described above. Subsequently, the ITC-terminated lines were reacted 
with β-cyclodextrin-heptaamine [19] by incubating the samples in a 1 mM solution 
of β-cyclodextrin-heptaamine in water at 50 °C for 2 h under Ar. Samples were 
then washed with water and dried in a flow of N2. To remove the tBu-protecting 
groups the samples were immersed in (TFA) overnight, rinsed with copious 
amounts of water and dried in a flow of N2. The resulting bi-functional NTA/CD 
line-patterns could be stored under N2 for a maximum of 4 weeks prior to use. 
 
βCD/PEG- and NTA/PEG-line-patterns 
In order to fabricate NTA/PEG- or βCD/PEG-line-patterns the same procedure as 
described above was used for functionalization of the first set of lines. In the case 
of NTA/PEG, however, the regular Nα,Nα-bis(carboxymethyl)-L-lysine hydrate 
instead of the tBu-protected NTA was used precluding the deprotection step 
afterwards. For βCD/PEG patterns β-cyclodextrin-heptaamine was reacted with 
the DITC in the first step instead of with NTA-NH2. After stripping of the remaining 
PMMA, the second set of lines (5 µm wide) was functionalized with a solution of 
100 µL PEG-(trimethoxy)silane (AB111226, ABCR) in 60 mL dry toluene by leaving 
the samples to react overnight at room temperature under Ar. After washing the 
samples with toluene they were dried under a flow of N2. The resulting mono-
functional NTA/PEG- and CD/PEG-line-patterns could be stored under N2 for a 
maximum of 4 weeks prior to use. 
 

Protein immobilization on (patterned) substrates 
NTA-layers were incubated with a 1 mM NiCl2·6H2O solution in water for 30 min 
and the samples were rinsed briefly with water. Similarly, CD-layers were 
incubated with a 1 mM adamantane hexa(ethylene glycol) (HEG-Ad) solution in 
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PBS. The solution was removed with a pipette from the surface and the sample 
was rinsed three times with a buffer containing 1 mM HEG-Ad. The concentration 
of HEG-Ad was kept constant in all buffers used in all following incubation steps. 
For the subsequent immobilization of proteins, samples were incubated with the 
appropriate protein solution (concentrations see text) for times ranging from 1 h 
to overnight (see text) using humidity chambers. Protein solutions were then 
removed with a pipette and retained for further use and samples washed on an 
orbital shaker (80 rpm) in the appropriate buffers for 1 to 24 h (see text). Samples 
were then rinsed with the appropriate buffer, subsequently with water and dried 
in a flow of N2. Samples were imaged using an Olympus IX70 inverted 
fluorescence microscope, see below. 
 

Fluorescence Microscopy 
Fluorescence microscopy images were recorded using an Olympus inverted 
microscope IX71 equipped with a mercury burner U-RFL-T lamp as light source 
and a digital Olympus DR70 colour camera for image acquisition. Olympus filter 
cubes with appropriate band-pass or long-pass filters and dichroic mirrors 
(Semrock) were used. TFP exhibits an excitation peak at 460 nm and an emission 
peak at 490 nm. TagRFP exhibits an excitation peak 555 nm and an emission 
peak at 585 nm. Fluorescence micrographs were acquired using a 20x Fluorplan 
objective from Olympus and exposure times of 0.2-10 s. 
 

3.6 Appendix 

Table 3.1 – Optical properties and mass analysis data for TagRFP and TFP with mutants. 
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Chapter 4 

A Supramolecular Approach to Growth 
Factor Immobilization Using His6-tagged VHH 

Single-domain Antibodies  
 
 
In this chapter, a supramolecular strategy is presented for the assembly of growth 
factors employing His6-tagged single-domain antibodies (VHH). A combination of 
orthogonal supramolecular interactions of β-cyclodextrin (βCD) host-guest and 
N-nitrilotriacetic acid (NTA)-histidine interactions was employed to generate 
reversibly bound and homogeneous layers of growth factors. A single-domain 
antibody VHH fragment was identified to bind to the human bone 
morphogenetic protein 6 (hBMP-6) growth factor and could be recombinantly 
expressed in E-coli. The VHH fragment was equipped with a C-terminal 
hexahistidine tether to facilitate the assembly on βCD surfaces using a 
heterofunctional linker that contains an adamantyl group to bind to the βCD 
receptors and an NTA moiety to interact with the His tag. After exploring the 
thermodynamic and kinetic stability of the VHH assemblies on βCD surfaces using 
a variety of experimental techniques including microcontact printing (µCP), 
surface plasmon resonance (SPR), microscale thermophoresis (MST) and 
theoretical models for determining the thermodynamic behavior of the system, 
hBMP-6 was assembled onto the VHH-functionalized surfaces. After analyzing the 
structural integrity of the immobilized hBMP-6 using immunostaining, the 
biological acitivity of hBMP-6 was demonstrated in cell differentiation 
experiments. Early osteogenic differentiation was analyzed in terms of alkaline 
phosphatase (ALP) activity of KS483 mouse progenitor cells and the results 
indicated that the reversibly immobilized growth factors were functionally 
delivered to the cells. 
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4.1 Introduction 

Many current efforts to develop therapies for regenerating a variety of tissues in 
the body rely on growth factor delivery. Such growth factors are of interest to 
apply as therapeutic tools owing to their profound effect on cell behavior 
including stimulation of proliferation, migration and differentiation. [1] Crucial to 
the success of the therapy is the mode of growth factor delivery. Strategies 
relying on bolus drug delivery or systemic administration are of limited use 
because the inherent instability of many growth factors requires very high levels 
of protein for a measurable effect and the potential exists for uncontrolled 
activities at distant sites. [2] In alternative strategies growth factors are locally 
delivered by diffusion for prolonged times from polymeric systems loaded with 
growth factors by simple mixing, encapsulation or layer-by-layer assembly. [3]  
Since growth factors are bound in the extracellular matrix to proteins and 
glycosaminoglycans under physiological conditions, in an elegant approach to 
mimic such a condition, Griffith-Cima and coworker demonstrated the covalent 
tethering of growth factors to surfaces to be a viable method for prolonged 
growth factor-induced cell responses. [4] However, it remains a key challenge to 
optimally allow cell surface events involved in signal transduction – the binding of 
the growth factor to the cell receptors and possibly aggregation of the receptors 
in the cell membrane - to occur when growth factors are covalently tethered. [5]  
Site-specific immobilization has emerged recently as a practical alternative to 
random immobilization strategies to generate homogeneous protein layers as 
well as increased accessibility to binding sites to engage in protein-protein 
interactions after oriented immobilization of the proteins via a site distant to the 
binding site. [6] Supramolecular methods satisfy important requirements of growth 
factor immobilization, such as the use of mild reagents, buffered conditions, 
bio-orthogonality, specificity, stability, better packing and faster kinetics. [7] 
Furthermore, supramolecular methods also imply reversibility and thus the 
possibility to tune the delivery of the growth factor. Recently, principles of 
supramolecular chemistry have been used for displaying a high density of 
binding epitopes to transforming growth factor β-1 on the surface of nanotube 
gels supporting the survival and promoting chondrogenic differentiation of 
human mesenchymal stem cells. [8] 
We here report the development of a supramolecular assembly scheme to 
enable the oriented immobilization of bioactive growth factors. Human bone 
morphogenetic protein 6 (hBMP-6) was selected to explore this supramolecular 
assembly. hBMP-6 belongs to the transforming growth factor-beta (TGF-β) 
superfamily and is known to play significant roles in cartilage and bone 
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morphogenesis and repair and is already used as a therapeutic protein for 
inducing bone growth. [9] To orient hBMP-6 cytokines onto surfaces, we sought to 
use single-domain fragments derived from camelid antibodies (VHH1 or 
Nanobodies®). While employing VHH constructs as a mode for growth factor 
delivery has not been reported, such VHH constructs have gained popularity for 
various therapeutic applications [10] due to their unique characteristics such as 
their small size (>20 kDa) and stability to heat [11] and changes in pH. [12] In 
addition VHH constructs can be recombinantly produced and equipped with a 
hexahistidine (His6)-tag. This supramolecular His6-motif can be used for assembly 
onto our molecular printboard, [13] which is based on the host-guest interaction 
between a supramolecular receptor monolayer of β-cyclodextrins (βCD) and 
adamantane-functionalized guest molecules. Due to its specificity, high 
immobilization efficiency and reversibility, the molecular printboard has proven 
to be a valuable tool for fabricating protein biochips following different 
supramolecular strategies [13-14] for applications such as immunodiagnostics [15] 
and biocatalysis. [16] 
To realize suitable functional assembly and delivery of growth factors, host-guest 
chemistry was adapted to control the binding properties of the VHH constructs to 
β-cyclodextrin monolayers by orthogonal linker molecules as demonstrated 
before. [13] This method also offered control over the orientation of the VHH 
constructs to the surface by designing linkers that can bind to the protein 
specifically. Nonspecific protein adsorption was inhibited by using a monovalent 
adamantyl-oligo(ethylene glycol) as a masking molecule during the site-specific 
protein adsorption. [14c] After identification of VHH binders to hBMP-6, the site-
specific immobilization of VHH was first investigated using surface plasmon 
resonance (SPR) spectroscopy. The supramolecular VHH-based system was 
subsequently used for the assembly of hBMP-6 using immunostaining and SPR 
studies. As a demonstration of the development of a bioactive growth factor 
delivery from the supramolecular surfaces, the early osteogenic differentiation of 
KS483 mouse progenitor cells was analyzed by the alkaline phosphatase (ALP) 
activity. 

                                                           
1 Even though widely used when referring to single-domain antibodies, VHH stands for the 
variable domain of the heavy chain of a heavy-chain antibody. 
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4.2 Results and discussion 

4.2.1 Selection and production of VHH binder to hBMP-6 

VHH clones that bind to hBMP-6 were selected following a phage display 
approach. [10b, 17] Upon immunization of a llama with hBMP-6, the RNA encoding 
the VHH genetic sequence was isolated from blood lymphocytes of the animal 
and used after reversed-transcription for the construction of a phage library. 
Affinity selection (biopanning) was carried out on hBMP-6 coated plates, which 
were incubated with the phage VHH immune library. After the second round, the 
relative binding strength of selected phage VHH clones were assessed against 
each other using an enzyme-linked immunosorbent assay (ELISA) and resulted in 
the discovery of clone H1 (Figure 4.1a). Subsequently, VHH clone H1 was used for 
the production of VHH in E. Coli hosts. After purifying the VHH H1 proteins using 
affinity chromatography, a single band was detected as shown in Figure 4.1b by 
sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The band 
of a molecular weight of ca. 16 kD is in agreement with values of related VHH 
binders found in literature. [10d] 

 
Figure 4.1 – Table a) Selection of VHH clone binding hBMP-6 via an ELISA (absorbance 
values at 490 nm). b) SDS-PAGE of the purified VHH shows the expected molecular 
weight. [10d] 

The interaction of the purified VHH construct with hBMP-6 was further analyzed 
using microscale thermophoresis (MST) [18] and ELISA measurements. To determine 
the affinity between VHH and hBMP-6 with MST, a titration series of hBMP-6 over a 
range of 0.04 to 700 nM was performed while fluorescently labeled VHH was kept 
constant at 20 nM throughout the series. On binding of hBMP-6, a change in 
thermophoretic signal was observed as shown in Figure 4.2a. Subsequent fitting 
of the data to a 1:1 binding model yielded a dissociation constant Kd of 
7.4 (± 0.4) x 10-8 M and therefore Ka = 1/Kd = 1.4 x 107 M-1. These values are 
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comparable to the ones found in literature for VHH interactions with different 
binding partners. [10b, 11, 19] The obtained affinity was compared with affinity 
studies carried out in an ELISA assay. For this experiment, hBMP-6 was 
non-specifically immobilized to the surface of a microtiter plate. To the hBMP-6 
coated plates a series of VHH solutions in the range of 0-3 µM was added and 
assayed by ELISA (Figure 4.2b). Results revealed a Ka of 1.9 x 106 M-1, which is one 
order of magnitude lower than the affinity measured by MST, which is a known 
effect of randomly oriented proteins. [7a] 

 

Figure 4.2 – VHH binding to hBMP-6 analyzed a) in solution by MST and b) on microtiter 
plates by ELISA. In both cases a titration experiment was performed and the results were 
fitted to a 1:1 binding model to determine either a) the dissociation constant or b) the 
binding constant. 

4.2.2 Immobilization of His6-VHH onto βCD surfaces 

With these VHH constructs with high affinity towards hBMP-6 in hand, we sought 
to employ the C-terminal His6-tag on the VHH for the assembly onto βCD surfaces 
through specific interaction with NTA linkers. For the specific attachment of VHH 
at the βCD surfaces through host-guest interactions, the step-wise assembly 
process previously developed in our group was adopted using the nitrilotri(acetic 
acid) (NTA)-Ni(II)-His6-tag interaction and orthogonal linkers (Scheme 4.1). 
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Scheme 4.1 – Chemical structures of the building blocks and scheme for a) the step-wise 
assembly process  or b) the one-pot assembly  of His6-VHH·hBMP-6 on βCD surfaces. 

Three consecutive assembly steps were followed, i.e. in the first assembly step, an 
ethylene glycol based mono-adamantyl linker (HEG-Ad) for minimizing the non-
specific protein adsorption and a solution of NTA-monoadamantyl linker (NTA-
Ad) and His6-VHH was used in the presence of Ni(II) during the second assembly 
step. Onto these VHH surfaces, in the third assembly step hBMP-6 was 
immobilized (Scheme 4.1, route a). Alternatively, after assembling HEG-Ad a one-
pot assembly step with all components was performed (Scheme 4.1, route b). 
The assembly was performed at a physiological pH of 7.4, which ensures 
complexation of Ni(II) ions to the majority of the NTA moieties, [13a] while two 
metal coordination sites are accessible for complexation with two histidines of 
the VHH construct. While six histidines are present on the VHH, a range of species 
of different valency in adamantyl moieties (VHH·(Ni(II)·NTA-Ad)x (x=1-3) can form. 
However, only higher valency complexes are more likely to bind to the βCD host 
surface with different affinities determined by the effective concentration (Ceff) 
(see Appendix 4.6.1).  
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Monolayers of βCD on gold were prepared as described in literature [20] and 
placed in an SPR flow cell. After the baseline became stable while flowing PBS 
buffer, a solution of HEG-Ad (0.1 mM in PBS) was flown for 10 min until a stable 
signal was observed. Successively, a solution of 0.5 µM VHH·Ni(II)·NTA-Ad (in a 
ratio of 1:5:5) in the presence of 0.1 mM HEG-Ad was injected and flown 
continuously (0.1 mL min-1). The observed increase of the SPR signal reached 
thermodynamic equilibrium after 10 min (Figure 4.3a). 

 

Figure 4.3 – a) SPR data of a titration series of His6-VHH·Ni(II)·NTA-Ad (1:5:5) to βCD plates in 
the presence of 0.1 mM HEG-Ad. Symbols indicate switching of the buffer to: 0.1 mM HEG-
Ad (    ), increasing concentrations of His6-VHH·Ni(II)·NTA-Ad (1:5:5)+ 0.1 mM HEG-Ad  
(                   ), 10 mM βCD/EDTA in PBS (     ) and PBS (      ). b) Experimental change of SPR 
resonant angle (ΔΘ at thermodynamic equilibrium; black markers) versus VHH 
concentrations fitted to the theoretical model. The contribution of the assembly of the 
different molecules to the signal is given. c) Speciation model corresponding to the 
possible valences for the His6-VHH·Ni(II)·NTA-Ad complex at the surface. 

This observation indicates that the various VHH·Ni(II)·NTA-Ad species have 
replaced monovalent HEG-Ad. To demonstrate the reversibility of the assembly 
of His6-VHH, a solution containing 10 mM of competing ligand EDTA and 10 mM 
of βCD in PBS were added to the flow cell while monitoring the SPR response. 
Although a sudden initial increase of the SPR intensity was observed due to the 
large change in refractive index when using a concentrated solution of βCD, the 
baseline was totally restored upon rinsing the system with PBS for 5 min. This result 
indicates the complete disassembly of the molecules from the βCD surface.  
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To assess the thermodynamic stability of the VHH constructs at the βCD surface, 
a titration series of VHH·Ni(II)·NTA-Ad in the range of 0.5-20 µM was performed 
while recording the change in the SPR resonant angle. Between each titration 
step a disassembly cycle was performed to restore the βCD surface as described 
above. Upon addition of HEG-Ad, which represents the first step of the assembly 
of each titration step, a constant increase in SPR intensity was observed (Figure 
4.3a). The second step of the assembly was marked by a gradual increase in the 
change of the SPR resonant angle saturating above 20 µM of VHH (Figure 4.3a 
and b). The SPR data were satisfactorily fitted to a thermodynamic model that 
accounts for all species possibly bound to the βCD surface (see Appendix 4.6.2 
for details). The model shows that at low concentrations of VHH (< 1 µM), the 
major contribution to the (still low) SPR signal originates from the assembly of 
monovalent HEG-Ad, while above 2 μM of VHH, when the coverage becomes 
appreciable, the major contribution to the rise in SPR signal originates from 
trivalent VHH·(Ni(II)·NTA-Ad)3 species (70%) as expected, indicating that the 
trivalent complex is the main species contributing to the coverage at the whole 
range of concentrations until surface saturation (Figure 4.3b and c). Using the 
intrinsic binding constants Ki,HEG-Ad = 2.6 x 104 M-1 and Ki,NTA-Ad = 1.2 x 104 M-1 as 
found in literature, [14c] an association constant K1 of 6.3 x 104 M-1, which 
represents the first interaction of Ni(II)·NTA-Ad to the His6-tag, and a value for Ceff 
of 0.02 M were found. From these values, the second (K2) and third (K3) 
association constants of the consecutive bonding of His2 units to Ni(II)·NTA-Ad 
were calculated to be 1.5 x 104 M-1 and 1.95 x 103 M-1 respectively using the 
statistical factors as derived in Appendix 4.6.1. These values are in agreement 
with values found in literature, [13a, 21] while the value for Ceff in this case was 
smaller as compared to values used in literature (0.1 M) for optimizing the binding 
constant of maltose binding proteins (MBP) to βCD surfaces. [13a] This discrepancy 
was attributed to the difference in size and shape of VHH in comparison to MBP. 
While VHH (Mw = 16 kD, prolate spheroid, 4.4 x 2.8 nm) [10f] occupies less than 
three βCD cavities, MBP (Mw = 41 kDa, cubic, 3 x 4 x 6.5 nm) [13a] exceeds three 
βCD cavities. Even though both proteins have a single His6-tag, the larger protein 
size of MBP can sterically reduce the probing volume for the (intramolecular) 
binding of the second and third adamantyl moieties in the case of MBP and at 
the same time shield the βCD cavities available within this probing volume from 
interactions of neigboring His-tagged proteins, while VHH, being a smaller 
protein, allows other protein units to interact with neighboring hosts at the 
molecular printboard while simultaneously causing a larger probing volume. As a 
consequence, this difference in size rationalizes the observed lower value of Ceff 
in the case of VHH. The overall binding constant for the trivalent complex on the 
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βCD surface ([VHH] = 2 µM and [Ni(II)·NTA-Ad] = 10 µM) was calculated to be: 
K = ~106 M-1  in agreement with literature [22] and for the divalent complex K = 
~105 M-1. In both cases, the multivalent interactions lead to highly stable 
assemblies bound to the surface while still reversible. 
To visualize the VHH assemblies using fluorescence microscopy, His6-VHH was 
fluorescently labeled with a Cy3-dye and used for patterning employing the well-
established microcontact printing (µCP) method with a polydimethylsiloxane 
(PDMS) stamp. [23] Such stamps were inked for 2 min with a mixture of 1 µM Cy3-
labeled VHH:Ni(II):NTA-Ad (in ratio of 1:5:5) in PBS buffer. After inking, the stamp 
was blown dry and put into conformal contact with a βCD-functionalized glass 
surface for 5 min. After removing the stamp, the slides were directly imaged. As a 
reference, the same experiment was performed in which the PDMS stamp was 
inked with a 1 µM solution of VHH without Ni(II):NTA-Ad added. In both cases, 
uniform dot patterns of 50 µm diameter and spaced by 10 µm were clearly visible 
with an excellent contrast with the background as imaged using fluorescence 
microscopy (Figure 4.4). After extensive rinsing for 30 min with PBS, the patterns 
disappeared in the case of the reference experiment, which lacked the 
supramolecular NTA-Ad linker, whereas clear patterns remained visible in the 
case when NTA-Ad was co-printed. These results indicate that the interactions 
between VHH and the surface are governed by specific NTA-Ni(II)-His6-tag 
interactions as envisioned. Subsequently, after washing a slide having patterns of 
Cy3-His-VHH/Ni(II)/NTA-Ad with a solution containing 10 mM of both βCD and 
EDTA the patterns disappeared, which is characteristic of reversible 
supramolecular interactions between the protein and the surface. The 
observations made by fluorescence microscopy suggest that homogeneous 
layers of oriented proteins are fabricated as a result of specific and reversible 
supramolecular interactions, in agreement with the SPR studies. 
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Figure 4.4 – Fluorescence microscopy images of Cy3-His6-VHH patterned by µCP on a βCD 
surface in the absence (top) or presence (bottom) of Ni(II)·NTA-Ad, a,c) directly after 
printing, b,d) after rinsing with PBS for 30 min) and e) after rinsing with a 10 mM solution of 
both βCD and EDTA. Insets show fluorescence intensity profiles of the patterns. Exposure 
time: 500 ms. 

To acquire more information about the disassembly of the VHH proteins from the 
βCD surface using in vitro conditions, a series of substrates patterned with Cy3-
His-VHH·Ni(II)·NTA-Ad were immersed in cell culture medium and at specific time 
points examined using fluorescence microscopy (Figure 4.5a). When plotting the 
decay of the fluorescence intensity versus time (Figure 4.5b) after 7 days around 
80% of the fluorescence of the Cy3-labeled VHH disappeared from the βCD 
surfaces. When the data were fitted with first-order kinetics a dissociation rate 
constant of kd = ~10-6 s-1 was found, which compares favorably to examples in 
literature of immobilizing His6-tagged proteins on covalently modified NTA-
surfaces. [24] The ability to extend the release of VHH beyond days provides an 
interesting opportunity to apply our supramolecular surfaces for the delivery of 
growth factors to cells. 
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Figure 4.5 – Fluorescence microscopy images (a-d) of Cy3-His6-VHH patterned by µCP on 
βCD glass slides recorded a) immediately after printing, and after immersion for b) 24 h, c) 
48 h and d) 168 h in cell culture medium. e) Release of Cy3-VHH is plotted relative to the 
initial fluorescence intensity versus time. Inset shows the linear fitting of the corresponding 
logarithmic values. Exposure time: 200 ms. 

4.2.3 Functional assembly and delivery of hBMP-6 using 
supramolecular interactions  

To investigate whether hBMP-6 can be assembled onto βCD slides employing the 
interaction with VHH, SPR studies were performed following the one-pot assembly 
scheme. After recording a baseline by continuously flowing a solution of 0.1 mM 
HEG-Ad, the flow was switched to a solution of hBMP-6 in the presence of 
different concentrations of His6-VHH (and Ni(II)·NTA-Ad) while monitoring the SPR 
intensity (Figure 4.6c). When a 50 nM solution of hBMP-6 was used in the presence 
of a 2 µM solution of His6-VHH, an increase in the SPR resonant angle was 
observed when compared to the case when His6-VHH·Ni(II)·NTA-Ad was flown 
without hBMP-6. A similar observation was made when using a 210 nM solution of 
hBMP-6 in the presence of a 5 µM solution of His6-VHH. When a solution of only 
hBMP-6 was flown directly after the first assembly step no increase in the SPR 
intensity was observed indicating that no non-specific interactions occurred 
between hBMP-6 and the background surface. These SPR studies indicate that 
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hBMP-6 can be assembled onto βCD slides from solution via specific interactions 
with VHH. 
As a next step an immunoassay was carried out to investigate whether hBMP-6 is 
structurally intact after immobilizing onto βCD surfaces following a step-by-step 
assembly. To this end, patterns of dots of VHH were fabricated on glass slides as 
described above and subsequently incubated with a solution containing hBMP-6 
(700 nM) for 1 h. After sequential coupling for 1 h of a primary antibody specific 
to hBMP-6 (mouse-anti-hBMP-6-Ab) and a FITC-labeled secondary Ab (goat-anti-
mouse-Ab-FITC) specific to the primary Ab, the slides were imaged using 
fluorescence microscopy (Figure 4.6b). The recorded images show clearly that 
the fluorescently labeled antibody was selectively immobilized on the printed 
VHH patterns. When the βCD surfaces were additionally blocked with BSA prior to 
incubating the slides with hBMP-6 and antibodies the background was further 
reduced. When the immunoassay was carried out on the VHH patterns in the 
absence of hBMP-6 no fluorescent patterns were observed (Figure 4.6a). These 
results indicate that after supramolecularly immobilizing VHH, VHH was able to 
specifically bind hBMP-6 in agreement with MST and ELISA studies, while in 
addition hBMP-6 retained its folded structure in the immobilized state.  
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Figure 4.6 – Fluorescence microscopy images after immunostaining βCD slides patterned 
with VHH·Ni(II)·NTA-Ad (dots of 100 µm in diameter and spaced by 20 µm) a) without and 
b) including incubation of hBMP-6. Insets shows a scheme representing each assembly. 
Exposure time: 5000 ms. c) Collection of SPR sensograms of flowing VHH·Ni(II)·NTA-Ad 
and/or hBMP-6 as indicated in the legend over a βCD slide. The solutions were pre-mixed 
for at least 30 min before injection (arrow) in the presence of 0.1 mM of HEG-Ad. 

To explore the bioactivity of immobilized hBMP-6 following either the step-by-step 
or the one-pot assembly as described above, KS483 mouse progenitor cells were 
cultured on hBMP-6 functionalized surfaces for 7 days. Evaluation of the 
fluorescence in a Live/Dead assay showed negligible cytotoxicity (Figure 4.7c). 
From a series of hBMP-6 functionalized surfaces and references, the alkaline 
phosphatase (ALP) production was measured after 7 days and normalized to the 
cell number and expressed as relative induction in comparison to glass substrates 
(Figure 4.7a and b). When hBMP-6 was assembled on the surface through VHH in 
a step-by-step assembly process, the ALP activity was 6-fold higher in comparison 
to the case when VHH functionalized surfaces were used that lack hBMP-6 
(Figure 4.7a). In addition, ALP levels were enhanced at most by 2-fold when 
hBMP-6 was non-specifically immobilized from solution on surfaces that lack 
VHH·Ni(II)·NTA-Ad or βCD. No induction of ALP level was observed for VHH 
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functionalized surfaces. These results confirm that upon specific binding of 
hBMP-6 to VHH only, the cells are responsive to hBMP-6 in terms of early 
osteogenic differentiation, which is marked by ALP typically after 7 days. 
Moreover, when immobilized hBMP-6 was deliberately denatured by exposure to 
95 °C temperature for 2 h, the ALP activity was significantly decreased indicating 
that hBMP-6 lost most of its functional structure and that hBMP-6 is responsible for 
producing ALP. Following an ELISA experiment to determine the amount of 
hBMP-6 dissociating from hBMP-6 surfaces, which were prepared following the 
step-by-step procedure, the released amount of hBMP-6 was determined to be 
142.4 ng (± 17.3) of hBMP-6 after 7 days of cell culture. These results explains the 
higher ALP activity observed for this type of hBMP-6 surfaces when compared 
with reference experiments in which 100 ng of hBMP-6 was added to the cell 
culture medium, irrespective of whether substrates were functionalized with VHH. 
However, when cells were seeded on hBMP-6 surfaces that were prepared 
following the one-pot assembly procedure using a solution of 100 ng of hBMP-6 
and 0.5 µM VHH·Ni(II)·NTA-Ad, a 6-fold relative induction of the ALP production 
was observed with respect to the case when hBMP-6 was left out of the assembly 
solution to give VHH-only surfaces (Figure 4.7b). Taken together, the results show 
that irrespective of the assembly procedure followed, sufficient amounts of 
hBMP-6 can be functionally assembled through VHH on the molecular printboard 
and successively delivered to the cells.  
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Figure 4.7 – ALP activity normalized by the total DNA content of KS483 cells after 7 days of 
culture, expressed as relative induction with respect to a) a glass control following a step-
by-step or to b) a VHH-only surface following a one-pot assembly procedure of hBMP-6. 
shBMP-6 indicates that the growth factor was supplemented in the cellular medium in a 
soluble factor while bhBMP-6 was presented bound to a platform and dbhBMP-6 was 
denatured at high temperature upon immobilization. # p < 0.05 compared to 
VHH·Ni(II)·NTA-Ad, ## p<0.01 compared to VHH·Ni(II)·NTA-Ad and ** p< 0.01 compared to 
all cases. c) Live-dead assay showing KS483 cells seeded on supramolecular surfaces 
presenting hBMP-6.  

4.3 Conclusions 

Following a phage display approach, a VHH clone binding to hBMP-6 was 
identified. The identified clone was used to produce the VHH binder in E. coli. The 
interaction of the purified VHH construct with hBMP-6 was analyzed using MST 
and ELISA measurements, yielding a Ka in the range of 106 - 107 M-1. Using the C-
terminal His6-tag of the VHH, the assembly of VHH has been achieved on βCD 
surfaces adopting the nitrilotri(acetic acid) (NTA)-Ni(II)-His6-tag interaction and 
orthogonal linkers. Thermodynamic analysis of the SPR titration data showed that 
the majority of the VHH binds in a trivalent fashion to the surface with an overall 
Ka of ~106 M-1. Homogeneous patterns of VHH assemblies were successfully 
fabricated using microcontact printing and visualized using fluorescence 
microscopy. The reversibility of the binding of the assemblies was confirmed by 
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SPR and fluorescence microscopy experiments, while under in vitro conditions a 
dissociation rate of ~10-6 s-1 of the VHH from the surface was found. Based on SPR 
and immunoassay studies, the surface assembly of hBMP-6 was shown to 
proceed via specific interactions with VHH while retaining its folded structure. The 
results from seeding KS483-4C3 mouse progenitor cells on hBMP-6 functionalized 
surfaces confirm not only that hBMP-6 is bound specifically to VHH but also that 
upon specific binding of hBMP-6 to VHH only, the cells are responsive to hBMP-6 
in terms of early osteogenic differentiation expressed by ALP production. In 
addition, the combined results show that irrespective of the assembly procedure 
followed, either a step-by-step or a one-pot procedure of all surface 
components, both procedures lead to the functional assembly and delivery of 
sufficient amounts of hBMP-6 on the supramolecular platform. 
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4.5 Experimental section 

Materials 
Commercial grade reagents were purchased from Sigma-Aldrich and were used 
without further purification unless otherwise stated and solvents were dried over 
molecular sieves. Recombinant human BMP-6 (hBMP-6) was purchased from R&D 
Systems as a carrier-free, 0.2 µm filtered solution (0.04 mg/mL) in acetonitrile and 
TFA and further diluted to the desired working concentration in PBS buffer. High-
purity water (Millipore, R = 18.2 MΩcm) was used. 
1H-NMR spectra were recorded on a Varian Unity INOVA (300 MHz) 
spectrometer. Spectra are reported in ppm downfield from TMS as an internal 
standard. Analytical TLC was performed using Merck prepared plates (silica gel 
60 F-254 on aluminum). Merck silica gel (40-63 µm) was used for flash column 
chromatography. Electrospray Ionization (positive mode) high resolution mass 
spectra were recorded on a WATERS LCT mass spectrometer. 
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Synthesis  
Hexa(ethylene glycol) mono(adamantyl ether) (HEG-Ad):  
HEG-Ad was synthetized according to a protocol adapted from literature. [14c] To 
a solution of hexa(ethylene glycol) (12.5 mL, 50.9 mmol) 1-bromoadamantane 
(1.1 g, 5.1 mmol) and triethylamine (Et3N) (2.0 mL, 14.3 mmol) were added. The 
solution was stirred at 120 °C overnight. After cooling to room temperature, 
dichloromethane (50 mL) was added. The solution was washed with 2 M 
hydrochloric acid (4 x 50 mL) and once with brine (50 mL). The organic layer was 
dried over MgSO4 and the solvent was evaporated under reduced pressure to 
give HEG-Ad as a yellow-brown oil (0.87 g, 2.1 mmol, 40%). MS (ESI): m/z = 417.4 
[M+H]+, (calc. 416.6 for C22H40O7). 
 
Mono(adamantyl) L-lysine-nitrilotri(acetic acid) (NTA-Ad). 
NTA-Ad was synthetized according to a protocol adapted from literature. [14c, 25] 
H-Lys(Z)-OtBu HCl (4.0 g, 10.7 mmol) was dissolved in 100 mL dry DMF. 
Subsequently, t-butyl bromoacetate (6.36 mL, 43.1 mmol) and N,N-
diisopropylethylamine (DIPEA) (9.2 mL, 52.8 mmol) were sequentially added. After 
purging the flask with N2, the solution was stirred overnight at 55 °C under inert N2 
atmosphere. DMF was removed in vacuo at 60 °C and the partially solidified 
reaction mixture was resuspended in 60 mL of cyclohexane and ethylacetate (in 
a ratio of 3:1) and filtered over a sintered glass funnel. The precipitate was 
washed (3 x 40 mL) with the same solvent mixture, concentrated under reduced 
pressure and purified by silica gel chromatography with cyclohexane and 
ethylacetate (in a ratio of 3:1) as the mobile phase to quantitatively yield 6.0 g 
(10.5 mmol) Lys(Z)-NTA(OtBu)3 (Rf = 0.50). Then, Lys(Z)-NTA(OtBu)3 (6 g, 10.5 mmol) 
was dissolved in methanol (300 mL) and the solution was purged with vacuum-N2 
cycles. Subsequently, 10% Pd/C (0.120 g) was added under N2. The solution was 
mixed vigorously and stirred for 6 h under hydrogen atmosphere at room 
temperature. After releasing H2 while being replaced by N2, the Pd/C catalyst 
was removed by filtration over celite and the solvents were removed from the 
filtrate under reduce pressure to give L-Lys-NTA(OtBu)3 (3.68 g, 8.5 mmol; 81%). MS 
(ESI): m/z = 432.3 g/mol [M+H]+, (calc. 431 g/mol for C22H42N2O6). Subsequently, L-
Lys-NTA(OtBu)3 (1.95 g, 4.5 mmol) was dissolved in dichloromethane (100 mL). To 
this solution DIPEA (1 mL) and adamantyl acid chloride (0.8 g, 4.05 mmol) were 
added. After stirring this solution at room temperature for 2 h, the solution was 
washed with 1 N NaOH (4 x 75 mL), 1 N HCl (4 x 75 mL) and brine (75 mL). The 
organic phase was then dried over MgSO4 and evaporated to dryness to give 
Lys-NTA(OtBu)3-Ad (2.07 g, 3.5 mmol, 77%). MS (ESI): m/z = 593.8 g/mol [M+H]+, 
(calc. 592.8 g/mol for C33H56N2O7). Finally, Lys-NTA(OtBu)3-Ad (2.1 g, 3.5 mmol) 
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and triisopropylsilane (4.2 mL, 20.5 mmol) were dissolved in trifluoroacetic acid 
(60 mL). After stirring this solution at room temperature for 4 h, diisopropylether 
(60 mL) was added to give a white precipitate. The precipitate was collected by 
filtration over a sintered glass funnel and thoroughly rinsed with diethylether to 
give NTA-Ad as a white powder (1.3 g, 3.1 mmol, 88%). 1H NMR (300 MHz, 
DMSO-d6, 20 °C, TMS) δ: 12.42 (bs, 3H, COOH), 7.24 (t, 1H, NHCO), 3.60 (m, 4H, 
CH2COO), 3.32 (t, 1H, NCH), 3.01 (m, 2H, NHCH2), 1.95 (m, 3H, AdCH), 1.65-1.75 
(m, 14H, AdCH2 + AdCH2 + CH2CH), 1.26-1.38 (m, 4H, CH2CH2CH2CH2); MS (ESI): 
m/z = 426.6 [M+H]+, (calc. 425.0 for C21H32N2O7). 
 

Llama immunization and VHH phage library construction 
A VHH phage display library was generated from the immunization of 2 llamas. 
Llamas were immunized with hBMP-6. hBMP-6 was mixed with the adjuvant 
Stimune (CEDI Diagnostics, Lelystad, The Netherlands) and injected 
intramuscularly at days 0, 14, 28 and 35. The VHH phage display library was 
generated as previously described. [10b, 17] After immunization, total RNA was 
extracted from peripheral blood lymphocytes, converted into complementary 
DNA and cloned in a phage-display plasmid.  
 

Selection of VHH targeting growth factors 
Phage display was used to select phages binding to hBMP-6 using an immunized 
llama VHH phage display library. The phages were selected via the panning 
method by coating, overnight at 4 °C, a MaxiSorp plate (Nunc, Thermo Scientific) 
with decreasing concentrations of hBMP-6 (5 µg, 2 µg and 0.2 µg) in phosphate 
buffered saline (PBS, Gibco). Phage VHH immune library (approximately 1010 
colony forming units (cfu)), was incubated for 2 h at room temperature to the 
wells blocked with 4% Marvel (dried skimmed milk, Premier International Foods) in 
PBS. After thorough washing, the phage VHH clones binding to the coating were 
eluted by incubating 100 mM Et3N for 15 min at room temperature and 
immediately neutralized by the addition of 1M Tris-HCl pH 7.5. DNA information of 
the selected phages was rescued by infection of Escherichia coli (E. coli) TG1 
strain and subsequent selection on agar plates for ampicillin resistance. To obtain 
recombinant bacteriophages expressing the VHH as fusion proteins with the 
bacteriophage gene III product, transformed TG1 E. coli were grown to 
logarithmic phase and then infected with helper phage VCSM13 (Stratagene, La 
Jolla, CA, USA). The phage particles were produced overnight in medium 
containing ampicillin and kanamycin. The phages were precipitated with 
polyethylene glycol (PEG) and used in the second panning round of selection on 
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wells coated with hBMP-6 as described above. Selected phages from single 
colonies from the second round of selection were sequenced (Macrogen). 
 

VHH plasmids, production and purification 
E. coli strain TG1 and/ or DH5α was used for the maintenance of the plasmids, 
infection by the phages and expression of proteins. DNA information of the 
individually selected and isolated VHH were sub-cloned into a plasmid 
containing C-terminal Myc and His tags. E. coli TG1 and/ or DH5α was grown in 
Luria Broth (LB) or Yeast extract and tryptone (YT) medium containing 2% (w/v) 
glucose and antibiotic, ampicillin 100 µg/ml. VHH were produced from E. Coli 
TG1 by isopropyl β-D-1-thiogalactopyranoside (IPTG) lac promoter induction at 
37 °C for 4 hours under non static conditions. VHH proteins were produced in E. 
coli TG1 and purified from the periplasmic fraction via the C-terminal his-tag by 
cobalt affinity chromatography (TALON His-Tag Purification Resin, ClonTech). 
Release from the column was induced by 200 µM imidazole solution in PBS and 
eluents were dialyzed against PBS for two days at 4 °C to remove imidazole. 
Purified VHH were analyzed by means of SDS polyacrylamide gel electrophoresis 
(SDS-PAGE). The final VHH concentration was determined from the UV absorption 
at 280 nm (NanoDrop 1000 Spectrophotometer, Thermo Scientific) and the 
theoretical molar extinction coefficient. 
His6-VHH H1 was labeled with a fluorescent dye using the Amersham Cy3 mono-
reactive dye pack (GE Healthcare Europe GmbH, Germany) according to the 
manufacturers protocol and purified via dialysis against PBS overnight to a ratio 
of 4 dyes/protein. 
 

Phage and VHH ELISA for binder selection 
Either the supernatant (as a source of phages) or the periplasmatic fractions 
resulting from the VHH productions were directly incubated (1h at room 
temperature) in ELISA plates coated with hBMP-6. Bound VHH were detected 
upon 1h incubation at room temperature with a rabbit anti-VHH (α-K212, self-
produced) (1/5000) and a 1h incubation at room temperature with a secondary 
donkey anti-rabbit antibody coupled to a peroxidase (DARPO) (1/10000) second 
antibody. H2O2 and ortho-phenylenediamine (OPD) were used at a ratio 1/1000 
as substrates for the peroxidase reaction. Plates were measured with a Bio-Rad 
model 550 plate reader. Absorbance of OPD was measured at 490 nm after the 
reaction was stopped by adding 1M H2SO4. 
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hBMP-6 ELISA 
Cell culture medium was collected after 7 days and the amount of hBMP-6 was 
quantified by an ELISA assay according to the manufacturer’s instructions (Duo 
Set ELISA development kit, R&D systems).  
 

Preparation of βCD surfaces 
On gold substrates [20]: Gold substrates for SPR (BK7 glass/2-4 nm Ti/50 nm Au) 
were obtained from Ssens B.V. (Hengelo, The Netherlands). The substrates were 
cleaned by immersion in piranha solution (3:1 concentrated H2SO4/ 30% H2O2) for 
10 sec (Warning! Piranha solution should be handled with caution. It has been 
reported to detonate unexpectedly) and rinsed thoroughly with water. 
Subsequently, the gold plates were placed in absolute EtOH for 10 min in order to 
remove the oxide layer. Afterwards, the substrates were immersed in a 0.1 mM 
βCD heptamine solution in EtOH/CHCl3 (1:2 v/v) overnight at 60 °C. Finally, the 
substrates were rinsed in three series of CHCl3, EtOH and water and immediately 
used for SPR or otherwise stored in the βCD heptamine solution for up to three 
days. 
 
On glass substrates [26]: Microscope glass slides were cleaned and activated by 
immersion in piranha solution for 25 min and rinsed thoroughly with water. After 
drying under a flow of dry N2, the substrates were immediately placed at the 
bottom of a desiccator with a vial containing 100 µL of 
(trimethoxysily)propyl]ethylenediamine (TPEDA) and the desiccator was then 
evacuated with a diaphragm vacuum pump for 10 minutes and left overnight. 
Subsequently, the substrates were thoroughly rinsed with ethanol and 
dichloromethane and dried under a flow of dry N2. Subsequently, the substrates 
were immersed in a solution of 10 mM 1,4-phenylene diisothiocyanate in dry 
toluene for 2 h at 60 °C. Samples were rinsed with toluene and dried under a flow 
of dry N2. Finally, samples were immersed in an aqueous solution of 0.1 mM βCD-
heptamine and allowed to react for 2 h at 60 °C. After rinsing with water, the 
βCD-functionalized surfaces were immediately used or stored in a N2 atmosphere 
up to a week. 

 

PDMS preparation and µCP experiments 
Silicon wafer-based masters with etched structures were prepared by UV 
photolithography. The master’s surface was fluorinated using 1H,1H,2H,2H-
perfluorododecyltrichlorosilane (PFDTS). Poly(dimethylsiloxane) (PDMS) (Dow 
Corning) stamps were fabricated by curing the degassed mixture (10:1 
elastomer, curing agent) of the components of SYLGARD® 184 silicone elastomer 
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kit on the surface of the master at 60 °C overnight. PDMS stamps were first 
oxidized in an oxygen-plasma reactor (Plasma-Prep II plasma etcher, SPI supplies, 
USA) at an oxygen pressure of 1.0 bar, a vacuum pressure of 160 mbar and a 
current of 40 mA for 20 sec. The stamps were then stored in water. Prior to use, 
the stamps were dried with a flow of dry N2 and then incubated with 100 µL of a 
1 µM solution of Cy3-His6-VHH:Ni(II):NTA-Ad (1:5:5) for 2 min. After removing the 
excess of the inking solution, the dried stamps were brought into conformal 
contact with the βCD functionalized surfaces for 5 min. Afterwards the substrates 
were visualized with fluorescence microscopy or washed as described in the 
main text. 
For all experiments in this chapter, NiCl2 was used as Ni(II) source and Cy3-His6-
VHH:Ni(II):NTA-Ad were pre-incubated together for 30 min to maximize 
complexation and in addition, ratio of 1:5:5 was used, which offers two extra Ni(II) 
ions and NTA-Ad than the three required to saturate the His6-tag. 
The quantification of protein bound to the substrates at different time points was 
performed via the fluorescence intensity quantification of protein arrays by using 
the particle counting routine of the free software ImageJ. 
For the immobilization of the N-(lissamine-rhodamine B)-labeled divalent 
adamantyl guest, the same concentrations and printing times were used. 
For the immobilization of hBMP-6, His6-VHH(H1):Ni(II):NTA-Ad (1:5:5) was printed as 
described above. Subsequently, the background was blocked with a 0.1 mM 
BSA solution in PBS buffer via a 1 h incubation at room temperature. The 
substrates were then rinsed 3 times with PBS buffer including 1 mM Tween-20 
during 10 min on the orbital shaker and finally rinsed with PBS buffer. The 
substrates were incubated with a solution of 700 nM hBMP-6 in PBS buffer  
containing 1% BSA for 1h at room temperature and rinsed as previously 
described. 
 

hBMP-6 immunostaining 
Following protein immobilization via µCP in the desired patterns, substrates were 
incubated with PBS containing 1% BSA for 1 h and washed again three times as 
described above to block the background against non-specific protein 
interactions. The hBMP-6 protein patterns were then incubated with 100 µL of a 
solution of 5 µg/mL of monoclonal anti-BMP-6 antibody produced in mouse 
(mouse IgG2B isotype, clone 74219.11) in PBS buffer including 1% BSA. After 1 h, 
the substrates were washed three times 10 min with PBS buffer including 1 mM 
Tween-20, rinsed with water and dried with a flow of dry N2. Finally, 100 µL of a 
solution (20 µg/mL) of anti-mouse IgG (whole molecule, subclasses G1, Gg2a, 
G2b, and G3)-FITC produced in goat in PBS buffer including 1% BSA was used to 
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incubate the samples for 1 h. The substrates were then washed again three times 
10 min with PBS buffer including 1 mM Tween 20, rinsed with water and dried with 
a flow of dry N2 and used for fluorescence microscopy imaging. 
 

Fluorescence Microscopy 
Fluorescence microscopy images were recorded using an Olympus inverted 
microscope IX71 equipped with a mercury burner U-RFL-T as light source and a 
digital Olympus DR70 camera for image acquisition using the following Olympus 
filter cubes: 510 nm ≤ λex ≤ 550 nm for red emission (λem ≥ 580 nm) and 460 nm ≤ 
λex ≤ 490 nm for green emission (λem ≥ 520 nm). All fluorescence microscopy 
images were acquired in air. 
 

SPR 
SPR experiments were performed using an RT2005 surface plasmon spectrometer 
(Resonant Technologies GmbH, Germany) in Kretschmann configuration using a 
mechanically modulated HeNe-laser (λ = 632.8 nm). Refractive index matching 
oil (Cargille; series B; nD25 °C = 1.7000 ± 0.0002) between glass substrate and prism 
(Schott, LaSFN9) was used and a teflon flow cell (100 µL) of 0.9 cm in diameter 
was mounted on top of the gold layer on the surface of the glass substrate. The 
prism, sample and flow cell were mounted on a double goniometer with an 
electronic control unit to precisely set the angle position, the light was detected 
using a photodiode. A syringe pump (Aladdin WPI ltd, US) was used to flow the 
different solutions into the cell via Tygon R3607 tubes (0.76 mm diameter) at a 
flow rate of 0.1 mL/min. All measurements were performed by tracking the SPR 
resonance angle while using a temperature controller, which was set to 21 °C.  
 

MST 
Microscale Thermophoresis (MST) measurements were performed using a 
Monolith NT115 (NanoTemper Technologies GmbH, Germany). A solution of 60 
µM of VHH was labeled with a fluorescent dye (NT-647, NT-532 or NT-488) using 
Monolith NT™ Protein Labeling Kit (amine reactive) with the subsequent removal 
of excess dye within 45 min. The non-labeled titrant (hBMP-6) was diluted with PBS 
buffer in a dilution series with the highest concentration of 700 nM. 10 µL of the 
different dilutions were mixed with 10 µL of the fluorescent molecule. Mixed 
samples were loaded into glass capillaries and the MST analysis was performed. 
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Cell culture 
Prior to cell seeding, the substrates were sterilized with 70% ethanol and 
subsequently washed twice with PBS to remove any excess of ethanol. The 
mouse pre-osteoblast cell line KS483-4C3 was used as a model for osteogenic 
differentiation. Cells were plated at a density of 5000 cells/cm2 and cultured in 
Minimal Essential Medium (MEM) alpha supplemented with 10% fetal bovine 
serum (FBS) and 100 U penicillin/streptomycin (Gibco) and 1% (v/v) Penicillin-
Streptomycin solution (with 10,000 units penicillin and 10 mg streptomycin/mL, 
Sigma-Aldrich). Live/Dead assay (LIVE/DEAD® Viability/Cytotoxicity Kit, for 
mammalian cells, Molecular Probes®) was performed according to the protocol 
from the provider. 

 
ALP quantification 
For osteogenic differentiation, 0.2 mM ascorbic acid was added to the medium 
together with 100 ng/mL hBMP-6 delivered in a soluble form or a comparable 
concentration delivered via the substrate. After seven days of culturing KS483-
4C3 cells,  the cells were lysed in 200 µL lysis buffer (0.1 M K2HPO4 + 0.1 M KH2PO4 + 
0.1% Triton X100, pH 7.8). ALP was detected and quantified using the CDP-star® 
Chemiluminescent Substrate (Sigma Aldrich). ALP production was corrected for 
DNA content, which was measured using the CyQuant Cell Proliferation assay 
(Invitrogen). Experiments were repeated at least three times. Error bars represent 
standard errors, and statistical analysis was performed using the one-way analysis 
of variance test (ANOVA) to evaluate the statistical differences and a Tukey’s 
Post Hoc test (# p < 0.05 compared to VHH·Ni(II)·NTA-Ad, ## p < 0.01 compared 
to VHH·Ni(II)·NTA-Ad and ** p < 0.01 compared to all cases ∗p < 0.05 or ∗∗p < 
0.005). 
 

4.6 Appendix 

4.6.1 Thermodynamic model for fitting SPR titration data  

The orthogonal interactions of NTA-Ad with both the βCD surface, in a 
monovalent fashion, as well as with His6-tagged VHH in the presence of Ni(II), in a 
multivalent fashion, leads to the coexistence of multiple species with different 
valencies. In addition, the use of HEG-Ad to suppress unspecific protein 
adsorption yields competitive binding to βCD. Scheme 4.2 represents all possible 
equilibria between all species in our system. 



Supramolecular Immobilization of hBMP-6 via VHH Single-domain Antibodies 

98 

 

Scheme 4.2 - Equilibria for all species participating in the immobilization of His6-VHH at a 
βCD surface (above), for the binding of Ni(II)·NTA-Ad to a βCD surface (middle) and for the 
competitive binding of HEG-Ad to βCD (below). Complexation steps given in bold of 
Ni(II)·NTA-Ad to His6-VHH take place in solution. K1 is the equilibrium constant for the 
interaction between a His2 unit of the His6-VHH to Ni(II)·NTA, Ki,NTA and Ki,HEG are the intrinsic 
binding constants for the interaction between βCD and NTA-Ad or HEG-Ad respectively. 
For subsequent bindings to the βCD surface the binding will be affected by the effective 
concentration parameter (Ceff). 

To fit our SPR data the following assumptions were made for the current system 
under study using prior knowledge of Ludden et al. [13a]  

i) At the working pH of 7.4 all NTA-Ad is complexed to Ni(II). [13a]  
ii) The complexation of His6-VHH to 1-3 Ni(II)·NTA-Ad units occurs 

exclusively in solution, which determines the valence of the complex 
(solution steps are given in bold in Scheme 4.2). 

iii) Statistical factors relate the binding constants K2 and K3 with K1 
following the binding scheme of NTA-Ad with histidines in the 
presence of Ni(II) taking into account that the initial binding of 
Ni((II)·NTA-Ad to His6-tag is 5 times as likely than to a His2 unit 
(Scheme 4.3a). Therefore, 

 
  K1 =  5Ki,His2·Ni(II)                 (1) 

 
From five possible cases in which VHH is bound to a single Ni(II)·NTA-
Ad, two of them offer three His2 units free for interacting and three of 
them only two. Moreover, the dissociation of His2 from 
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VHH·(Ni(II)·NTA-Ad)2 is twice as likely when compared to the 
dissociation of His from VHH·(Ni(II)·NTA-Ad (Scheme 4.3b). Therefore,  

 

K2 = 
�3∙25 + 2∙35�

2
Ki,His2·Ni(II) =  6

25
K1           (2) 

 
From two VHH·Ni(II)·NTA-Ad cases offering three His2 free for 
interacting with a second Ni(II)·NTA-Ad unit, only two of the His2 
allow binding to a third His2 unit (Scheme 4.4b), whereas from three 
VHH·Ni(II)·NTA-Ad cases offering two His2 free for interacting with a 
second Ni(II)·NTA-Ad unit, only in one case, both of the His2 units 
allow binding to a third His2 unit, whereas in the other two cases, 
binding to a third His2 unit is not possible (Scheme 4.4b). In addition, 
upon binding VHH to three His2, the dissociation is three times as 
likely when compared to case of the dissociation of His2 from 
VHH·Ni(II)·NTA-Ad. Therefore, 

 

K3 =  
 25∙23+1

5
3

Ki,His2·Ni(II) = 7
225

K1                                                        (3) 

 

 

Scheme 4. 3 - Equilibria for the complexation of pairs of neighboring histidines from the His6-
VHH to Ni(II)·NTA-Ad in solution (a) and origin of the statistical factors associated to 
subsequent bindings (b). Dots represent Ni(II)·NTA-Ad units for the first (solid gray) and 
second (faint gray) bindings. Capital letters in the dots indicate positions of equal statistics. 
Green check marks and red crosses indicate whether a third His2 unit is available or not, 
resp., for the binding of an additional Ni(II)·NTA-Ad unit. 
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With these assumptions in mind, the following mass balances were constructed: 
 
[VHH]tot = [VHH]free + [VHH·Ni(II)·NTA-Ad] + 
[VHH·Ni(II)·NTA-Ad·βCD] + [VHH·(Ni(II)·NTA-Ad)2] + 
[VHH·(Ni(II)·NTA-Ad)2·βCD] + [VHH·(Ni(II)·NTA-Ad)2·(βCD)2] + 
[VHH·(Ni(II)·NTA-Ad)3] + [VHH·(Ni(II)·NTA-Ad)3·βCD] + 
[VHH·(Ni(II)·NTA-Ad)3·(βCD)2] + [VHH·(Ni(II)·NTA-Ad)3·(βCD)3]         (4) 
 
[Ni(II)·NTA-Ad]tot = [Ni(II)·NTA-Ad]free + [Ni(II)·NTA-Ad·βCD]+ 
[VHH·Ni(II)·NTA-Ad·βCD] + 2([VHH·(Ni(II)·NTA-Ad)2] + [VHH·(Ni(II)·NTA-Ad)2·βCD] + 
[VHH·(Ni(II)·NTA-Ad)2·(βCD)2]) + 3([VHH·(Ni(II)·NTA-Ad)3] + [VHH·(Ni(II)·NTA-
Ad)3·βCD] + [VHH·(Ni(II)·NTA-Ad)3·(βCD)2] + [VHH·(Ni(II)·NTA-Ad)3·(βCD)3])           (5) 
 
[HEG-Ad]tot = [HEG-Ad]free + [HEG-Ad·βCD]           (6) 
 
[βCD]tot = [βCD]free + [VHH·Ni(II)·NTA-Ad·βCD] + 
[VHH·(Ni(II)·NTA-Ad)2·βCD] + [VHH·(Ni(II)·NTA-Ad)3·βCD] + 
2([VHH·(Ni(II)·NTA-Ad)2·(βCD)2] + [VHH·(Ni(II)·NTA-Ad)3·(βCD)2]) + 
3[VHH·(Ni(II)·NTA-Ad)3·(βCD)3] +[Ni(II)·NTA-Ad·βCD]+ 
[HEG-Ad·βCD]                       (7) 
 
The binding constant for the complexation of the first His2 unit of the VHH to the 
Ni(II)·NTA-Ad can be described as: 
 

K1 = �VHH∙Ni(II)∙NTA-Ad�
[VHH]∙[Ni(II)∙NTA-Ad]

= 5Ki,His2·Ni(II)               (8) 

 
Relating the binding of subsequent histidine pairs according to the statistical 
factors presented in Scheme 4.3, the binding constants for divalent and trivalent 
NTA-Ad species with the surface are: 

 

 K = 
�VHH∙�Ni(II)∙NTA-Ad�2∙βCD�

�VHH∙�Ni(II)∙NTA-Ad�2�∙[βCD]
= 2Ki,NTA                          (9) 

 

 K =
�VHH∙�Ni(II)∙NTA-Ad�3∙βCD�

�VHH∙�Ni(II)∙NTA-Ad�3�∙[βCD]
= 3Ki,NTA                                                                              (10) 
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Subsequent bindings are regulated by the effective concentration (Ceff), which 
incorporates characteristics such as the linker length and lattice parameter in the 
probing volume, giving the following binding constants:  
 

K =
�VHH∙�Ni(II)∙NTA-Ad�2∙(βCD)2�

�VHH∙�Ni(II)∙NTA-Ad�2∙βCD�∙[βCD]
= 1

2
CeffKi,NTA                                                                  (11) 

 

K =
�VHH∙�Ni(II)∙NTA-Ad�3∙(βCD)2�

�VHH∙�Ni(II)∙NTA-Ad�3∙βCD�∙[βCD]
= CeffKi,NTA                                                                 (12) 

 

 K =
�VHH∙�Ni(II)∙NTA-Ad�3∙(βCD)3�

�VHH∙�Ni(II)∙NTA-Ad�3∙(βCD)2�∙[βCD]
= 1

3
C

eff
Ki,NTA                            (13) 

 
Substituting the equilibrium constant equations (8-13) into the mass balances 
(equations 4-7) (not shown) yields a set of numerically solvable equations with 
[VHH], [βCD], [Ni(II)·NTA-Ad] and [HEG-Ad] as variables. These equations, were 
solved by using a Simplex algorithm in a spreadsheet approach. [27] By fixing the 
values of the intrinsic binding constants for the monovalent interactions with the 
βCD surface, which are reported in literature for our system components, [14c] 
while K1 and Ceff were iteratively optimized to fit the theoretical SPR resonant 
angle change Δθmax with the experimentally observed SPR data, assuming a 
contribution of all surface binding units (i.e. VHH·(Ni(II)·NTA-Ad)x (x=1-3) and HEG-
Ad) to the SPR signal. Finally, the overall stability constant for VHH·(Ni(II)·NTA-
Ad)3·(βCD)3 was calculated using: 
 

K =(Ki,NTA)3K1K2K3Ceff
2∙�Ni(II)∙NTA-Ad�

3
           (14) 

 
Where, Ki,NTA = 1.2·104 M-1, [14c] K1 = 6.3·104 M-1 (K2 = 1.50·104 M-1 and   
K3 = 1.95·103 M-1), Ceff = 0.02 M and [Ni(II)·NTA-Ad] = 10 µM  

4.6.2 Thermodynamic model for fitting ELISA titration data  

In a similar manner as described above, a simplified model to describe the 
interaction between non-immobilized VHH and hBMP-6 was used assuming a 1:1 
interaction between the two components. The signal was related directly to the 
complex formation without accounting for possible interferences from the 
multiple steps of the ELISA procedure. Scheme 4.4 represents the equilibrium 
between all species, their binding constant, the simplified mass balances and the 
theoretical relationship between the absorbance at 490 nm and the total 
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concentration of VHH which was assumed to be exponential. In this case, 
optimized KVHH and A490,max in a least-squares routine for the best fitting. 
 
 

 
 

KVHH= �VHH∙hBMP-6�
[VHH]∙[hBMP-6]

             (15) 

 
[VHH]tot = [VHH] + [VHH·hBMP-6] = [VHH]·(1+KVHH[hBMP-6])                   (16) 
 
[hBMP-6]tot = [hBMP-6] + [VHH·hBMP-6] = [hBMP-6]·(1+KVHH[VHH])       (17) 
 

A490=A490,max∙ �1-e�-KVHH[VHH]tot��            (18) 

Scheme 4.4 - Equilibrium of the binding of the VHH to hBMP, simplified mass balances and 
exponential theoretical relationship between the absorbance at 490 nm and the total VHH 
concentration. 
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Chapter 5 

A Fluorogenic Monolayer to Detect the 
Immobilization of Peptides that Combine 

Cartilage Targeting and Regeneration* 

 
 
Strategies to generate platforms combining tissue targeting and regeneration 
properties are in great demand in the regenerative medicine field. Here we 
present the detected immobilization of cysteine-terminated peptides with 
relevant biological properties by using a novel fluorogenic surface. 
First, the peptide CGRGDS was synthesized to function as a cell adhesion signal. 
The selective immobilization of this adhesive peptide was directly detected using 
a fluorogenic surface. Adhered cells were confined to patterns of these peptides 
matching with the fluorogenic areas. These results show that the fluorogenic 
signal can be used to detect the chemo-selective immobilization of non-
fluorescent biomolecules and to correlate the cell response to the patterned 
peptides. Second, the peptides CLPLGNSH and CLRGRYW were synthesized to 
function as peptide binders to transforming growth factor (TGF)-β1 and collagen 
type II (CII) ,respectively, and immobilized as detected by the fluorogenic 
platform. After analyzing the sequence specificity and cross-reactivity of the 
binding of TGF-β1 and CII to the respective peptide regions employing 
immunofluorescence assays, both peptides were co-immobilized in a step-wise 
process as detected by the fluorogenic surface. TGF-β1 and CII could self-sort 
from a mixture in a regio-selective manner resulting in a bifunctional protein 
platform. Surfaces of CLPLGNSH reported excellent bioactivity when pre-loaded 
with TGF-β1 in terms of early chondrogenic processes of human articular 
chondrocytes (HACs). 
 
 
 
 
 

* Part of this chapter has been published in: C. Nicosia, J. Cabanas-Danés, 
P. Jonkheijm, J. Huskens, ChemBioChem 2012, 13, 778. 
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5.1 Introduction 

Designing functional materials that combine both targeting and regenerating 
properties is enormously desired to improve the properties of biomaterials 
commonly used in the regenerative medicine field. In particular, articular 
cartilage regeneration will greatly benefit from such dual material platforms 
because damaged cartilage shows restricted abilities to effectively form new 
tissue maintaining the native structural and mechanical properties. [1] 
Employing peptides with specific targeting and regenerative properties is an 
effective strategy to induce specifically designed biological function. Such 
peptides are often detected employing phage display technology, which allows 
for rapidly screening thousands of peptide sequences to interact with specific 
target proteins (e.g., see in Chapter 4). [2] Taking advantage of this approach, 
Stupp et al. functionalized the periphery of peptide amphiphiles [3] with specific 
peptide sequences having regenerative properties for different clinical 
situations. [4] For example, when such functionalized peptide amphiphiles were 
able to capture transforming growth factors (TGF)-β1, successfully regenerated 
articular cartilage was found in a full thickness chondral defect in a rabbit 
model. [4a] In another report by Hubbel et al. cartilage targeting was elegantly 
demonstrated using polymeric nanoparticles that were functionalized with a 
specific peptide sequence. [5] 
Here, we present a method to prepare a bifunctional peptide platform for 
targeting of collagen type II (CII), which is a major component of the collagen 
fibrillar network of cartilage, [6] and delivery of TGF-β1, which maintains articular 
cartilage cells in its differentiated phenotype [7] while inducing chondrogenic 
differentiation in bone marrow mesenchymal progenitor cells. [8] For this purpose, 
we used a self‐reporting fluorogenic reactive monolayer, recently described by 
Nicosia et al., [9] that allows detecting the immobilization of cysteine-terminated 
peptides by a Michael addition reaction. [10] Using these fluorogenic surfaces 
yields a fast, simple, sensitive and non-destructive detection of the immobilization 
products while direct visualization of the modified area is feasible using 
fluorescence microscopy. Fluorogenic reporting methods overcome the use of 
expensive and time-consuming labeling of compounds. First, the fluorescently 
detected immobilization of non-fluorescently labeled RGD peptide [11] is used for 
identifying the site-specific adhesion of C2C12 cells (mouse myoblast cell line). [9] 
Second, a TGF-β1 binding peptide CLPLGNSH [4a] and a CII binding peptide 
CLRGRYW [5] were co-immobilized as detected by the fluorogenic platform. 
These dual platforms were used to bind TGF-β1 and collagen type II yielding a 
platform with regenerative and targeting properties respectively. Finally, the 
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activity of TGF-β1 tethered on a layer of CLPLGNSH was tested on human 
articular chondrocytes (HACs), reporting an increased glycosaminoglycans 
(GAG) production. 

5.2 Results and discussion 

5.2.1 Immobilization strategy of peptides  

For the fabrication of the fluorogenic platform, glass slides were first modified with 
an azide-terminated self-assembled monolayer (SAM) (Scheme 5.1a). [12] Then, 
alkyne-functionalized fluorogenic coumarin 1 was immobilized via a Huisgen 1,3-
dipolar cycloaddition reaction [13] by performing a 1 h reactive microcontact 
printing (µCP) step employing an oxidized polydimethylsiloxane (PDMS) stamp 
inked with a solution of coumarin 1, Cu(I)(CH3CN)4PF6 and tris[(1-benzyl-1H-1,2,3-
triazol-4-yl)methyl]amine (TBTA). The presence of a methyl‐4‐oxo‐2‐butenoate 
group adjacent to the coumarin allows reaction with thiols and quenches the 
coumarin emission prior to reaction with such thiols. [9, 14] Owing to this quenching, 
upon printing of 1, the fluorescence of the pattern was almost indistinguishable 
from the background. [9] Subsequently, onto this self‐reporting platform the 
covalent immobilization of cysteine-terminated peptides was performed by 
means of the fluorogenic Michael addition to the methyl‐4‐oxo‐2‐butenoate 
moiety of 1 (Scheme 5.1a). 
To establish the method for the immobilization of cysteine-modified peptides on 
the self-reporting surfaces, a collection of peptides was synthesized via solid 
phase peptide synthesis (SPPS). The synthesized peptides carry an N-terminal 
cysteine and have proven biological properties such as integrin binding 
properties (CGRGDS, 3) [11], binding of TGF-β1 (CLPLGNSH, 4) [4a, 15] and binding to 
CII (CLRGRYW, 5). [5] As control for the specificity of the immobilization reaction, a 
peptide was synthesized in which the cysteine was replaced by methionine 
(MGRGDS, 3’). As control for the specific binding of proteins to the immobilized 
peptides, two scrambled peptides were synthesized (CHNLGLPS, 4’ and 
CWRGLRY, 5’). 
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Scheme 5.1 – a) Signaled peptide immobilization strategy consisting of the reactive µCP of 
coumarin 1 on an azide-terminated SAM, followed by the covalent immobilization and 
detection of cysteine-terminated peptides by means of the fluorogenic Michael addition 
reaction to the methyl-4-oxo-2-butenoate moiety. b) Chemical structures of the 
compounds employed in this chapter. 
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5.2.2 Immobilization of CGRGDS for localized cell adhesion  

To investigate the applicability of the fluorogenic platform to detect the peptide 
immobilization, patterned surfaces of 1 (Figure 5.1a) were fabricated and 
incubated with a 10 mM solution of 3 or 3’ in PBS for 1 h following Scheme 5.1a. 
While the sample treated with 3 showed a 10-fold enhancement of the 
fluorescence intensity (Figure 5.1c), [9] the intensity of the sample incubated in a 
solution containing the corresponding methionine derivative (3’) remained 
almost indistinguishable from the background (Figure 5.1d) and unchanged with 
respect to 1. When the fluorogenic platform was incubated with cysteine ethyl 
ester an 8-fold enhancement of the coumarin fluorescence was observed 
relative to 1 (Figure 5.1b). These results indicate that, the peptide immobilization 
proceeds exclusively via the thiol of the cysteine-containing peptides. In 
addition, when assuming full coverage for a small thiol-terminated molecule such 
as in the case of cysteine ethyl ester, a close-packed surface was found in the 
case of the RGD peptide.  

 

Figure 5.1 – Fluorescence microscopy images corresponding to substrates patterned with 
a) coumarin 1 and after incubation with b) 10 mM L-cysteine ethyl ester hydrochloride, c) 
10 mM of 3 and d) 10 mM of 3’ following Scheme 5.1. Insets show fluorescence intensity 
profiles. C2C12 cells were subsequently incubated for 6 h onto the CGRGDS (3)-modified 
substrates either without (e, g) or with (f, h) backfilling with 2 as shown in the insets. Images 
were recorded after staining the C2C12 cells with phalloidin against actin fibers. 

As RGD is known to induce integrin mediated cell adhesion, as a next step, 
C2C12 cells from a mouse myoblast cell line were seeded on RGD-patterned 
surfaces for 6 h. The remaining non-functionalized azide-terminated areas on the 
surface were backfilled via a Huisgen 1,3-dipolar cycloaddition reaction with 
propargylhexa(ethylene glycol) (2) prior to cell seeding. Fluorescence 
micrographs showed actin fibers in the cells, which are co-localized on the blue 
fluorescent coumarin patterns. When samples were not backfilled, cells partially 
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spread to areas that were not functionalized with RGD (Figure 5.1e and g) while 
backfilling with 2 led to a significant increase in spatial selectivity yielding clearly 
localized cells on the RGD patterns (Figure 5.1f and h).  

5.2.3 Detected co-immobilization of CLPLGNSH and 
CLRGRYW and binding of TGF-β1 and collagen type II 

Incubating fluorogenic platforms with a solution of 4 or 4’ in PBS yielded an 8-fold 
enhancement of the coumarin fluorescence while the intensity enhancement 
upon incubation with a solution of 5 or 5’ in PBS:DMSO (1:3) was ca. 6-fold (Figure 
5.2). Differences in surface coverage could be related to differences in solubility 
and peptide structure. After incubation of platforms functionalized with the 
CLPLGNSH (4) peptide in a solution containing TGF-β1 (1 µg/mL) in PBS for 1 h, an 
immunofluorescence assay was performed to visualize the binding of TGF-β1 to 
the immobilized peptide. First a primary antibody was incubated for 1 h followed 
by an incubation of a secondary antibody labeled with for 1 h. After rinsing, the 
substrates were analyzed using fluorescence microscopy showing clearly red 
fluorescent patterns that coincide with the coumarin patterns (Figure 5.2a, b). 
When this assay was performed on substrates functionalized with a scrambled 
peptide sequence (4’) (Figure 5.2d, e) or with an unrelated peptide sequence (5) 
(Figure 5.2f, g) no red fluorescent patterns could be discerned while the blue 
fluorescence was retained. 
Another series of experiments was performed on platforms of peptide CLRGRYW 
(5). After incubating these platforms with bovine collagen type II (BCII) 
(50 µg/mL) an immunofluorescence assay was performed. After sequential 
incubation with primary and secondary antibodies, green fluorescent lines were 
observed using fluorescence microscopy indicative of successful binding of BCII 
to the immobilized peptide 5 (Figure 5.2f, h). Whereas the green fluorescent lines 
were excellently confined onto patterns of 5, minimal binding of BCII was 
detected on patterns of scrambled peptide sequence 5’ (Figure 5.2i, j). In 
addition, binding of BCII was absent on patterns of the TGF-β1 peptide 4 
indicating negligible cross-reactivity among sequences (Figure 5.2c). 
These results show that i) the binding of TGF-β1 and BCII is sequence specific and 
selective, and ii) bound TGF-β1 and BCII retain their structural integrity. 
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Figure 5.2 – Fluorescence images corresponding to substrates patterned with coumarin 1 
after 1h incubation with a) 4, d) 4’, f) 5 and i) 5’ and b, e, g) after 1 h incubation with 
1 µg/mL TGF-β1 and immunofluorescence staining (red) or c, h, j) after 1h incubation with 
collagen type II and immunofluorescence staining (green). Insets provide both intensity 
profiles and images captured using the blue channel when the main picture was recorded 
using either the red or the green channel.  

Having these results in hand, we sought to explore the possibility of detecting the 
immobilization of multiple peptides on the same platform and to study the 
selectivity of their binding properties. To achieve the co-immobilization of 
peptides CLPLGNSH (4) and CLRGRYW (5) the procedure as depicted in Scheme 
5.2 was followed. First, fluorogenic coumarin 1 was immobilized by µCP in 
patterns consisting of 100 µm wide lines separated by 100 µm followed by the 
printing of peptide 4 in a 1 h step. To this end, a PDMS stamp with dots of 100 µm 
in diameter and separated by 100 µm was inked with a 10 mM solution of 4 in PBS 
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for 30 min and placed in conformal contact with the functionalized substrates for 
1 h. Subsequently, the substrates were incubated in a solution containing 10 mM 
of peptide 5 in order to backfill the unreacted regions of fluorogenic 1. Finally, 
the bifunctional peptide surfaces were exposed to a solution containing both 
TGF-β1 (1 µg/mL) and BCII (50 µg/mL) and inspected using fluorescence 
microscopy subsequent to immunofluorescence staining. The results are 
presented in Figure 5.3. Initially, patterns of 1 showed quenched coumarin 
fluorescence in agreement with our previous results (vide supra) and with 
literature. [9] The coumarin fluorescence intensity is then regio-selectively restored 
upon printing the first peptide 4 as signaled by the fluorogenic platform (Figure 
5.3b). In this case, the intensity of 1 was restored only in the printed dots that 
matched with patterned lines of 1 indicating the success of the Michael addition 
reaction. An incubation step with the second peptide 5 led to a recovery of the 
coumarin intensity in the remaining areas resulting in observing a continuous blue 
fluorescent line pattern of coumarin 1 (Figure 5.3c). Upon close inspection, the 
100 µm dots of 4 were still distinguishable in agreement with the larger 
enhancement of the coumarin intensity when compared to immobilizing 5 as 
observed above. Subsequently, the platform co-functionalized with the two 
peptides was incubated with a solution containing both TGF-β1 (1 µg/mL) and 
BCII (50 µg/mL) for 1 h. After rinsing, an immunostaining assay was performed 
against TGF-β1 (red) (Figure 5.3d) yielding a clear match with the patterned 
regions of peptide 4 while the remaining areas were undistinguishable from the 
background. Then, an immunostaining assay was performed against BCII. From 
the recorded fluorescence images, green areas were observed that coincide 
with the remaining areas of the initial blue line pattern (Figure 5.3e,g,h).  

 

Scheme 5.2 – Surface functionalization by a) reactive µCP of 1 on an azide-terminated 
SAM followed by immobilization of 4 by reactive µCP as reported by the fluorogenic 
reaction, and subsequent immobilization of 5 by incubation. The bifunctional platforms 
were then incubated in a solution containing both TGF-β1 and BCII for 1 h and 
immunostained accordingly.  
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Figure 5.3 – a-h) Fluorescence images of a) a pattern of 1, b) the subsequent printing of 4 
and c) after incubation with 5. d) shows the immunostaining of TGF-β1 (red) after the 
platforms were incubated with a mixture containing both TGF-β1 and BCII and e-f) show 
the platforms after immunostaining of BCII (green) using e) the green or f) the red channels. 
g) is the overlay image of both e) and f) and h) is the 3D surface plot corresponding to g). 
Insets show the image taken using the blue channel when the main image was taken using 
either the red or the green channels. 

When overlaying both fluorescence images the TGF-β1 and BCII regions could be 
clearly observed while the intensity of the coumarin pattern was fully restored. 
Therefore, the self-reporting surface resulted in an excellent tool to visualize the 
local step-wise peptide immobilization with the subsequent protein self-sorting of 
a mixture. In addition, this novel finding opens the possibility to combine both 
targeting and regenerative properties in a unique layer. 
In another experiment the approach presented in Scheme 5.2 was followed 
using the same stamp for all the surface functionalization steps (Figure 5.4). In this 
manner, after cross-printing peptide 4 on patterns of coumarin 1, the 
functionalized regions are equal in size and shape as compared to the reactive 
background. Upon incubation with the second peptide (5) a rise in fluorescence 
was observed in the initially dark regions, however two fluorescent regions were 
distinguished from the fluorescent intensity profiles along the lines of coumarin 1 
(Figure 5.4c). This observation can be used to evaluate the specific binding of 
TGF-β1 and BCII to the correct peptide areas. After immunostaining the 
bifunctional platforms for TGF-β1 and BCII, a clear confinement of TGF-β1 was 
observed in regions functionalized with 4, while BCII was bound to regions 
functionalized with 5 (Figure 5.4f).  
 
 



A Fluorogenic Monolayer to Detect the Immobilization of Peptides 

114 

 

Figure 5.4 – Fluorescence images of a) a pattern of 1, b) the subsequent cross-printing of 4 
(arrows indicate printing direction) and c) after incubation with 5. d) and e) show the 
immunostaining of BCII (green) and TGF-β1 (red) respectively after the platforms were 
incubated with a mixture containing both proteins. f) is the overlay image of both d) and e) 
and g) is the 3D surface plot corresponding to f). Inset in f) shows the image recorded using 
the blue channel. 

5.2.4 Regenerative potential of platforms functionalized with 
CLPLGNSH 

To demonstrate the biological activity of bound TGF-β1, a platform was 
fabricated that consisted of a full layer of peptide 4. After printing 1 on an azide-
terminated SAM using a flat featureless PDMS stamp, the fluorogenic surface was 
incubated with either a solution containing 4 or 4’. The increase in the 
fluorescence intensity (Figure 5.5a) indicates that the peptides were successfully 
immobilized. These platforms were then incubated with TGF-β1 (100 ng) and used 
for culturing human articular chondrocytes (HACs) for one week and the cellular 
morphology was analyzed (Figure 5.5b). After this period of time, cells cultured in 
absence of TGF-β1 exhibited an elongated morphology, which resembles a 
fibroblast-like phenotype. [16] In contrast, those cultured in the presence of 
TGF-β1, either bound or supplemented in the culture medium, showed a more 
round to polygonal morphology, which resembles chondrocyte-like phenotypes. 
In addition, the presence of pre-chondrogenic cell condensations was observed 
as an early skeletogenesis event, common in cultures supplemented with 
TGF-β1. [17] These cellular condensations ranged in size and number being 
maximized for cells cultured on platforms of 4 with bound TGF-β1, followed by 
cells seeded on a glass slide with TGF-β1 (100 ng) supplemented in the medium, 
while cells seeded on a platform of 4’ pre-loaded with 100 ng of growth factor 
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showed the fewest and smallest cell condensations of them all. These results not 
only show again that platforms of surface-bound 4 are useful for the binding with 
TGF-β1 but also that the growth factor remains active and is readily accessible 
for interacting with specific cellular receptors. When comparing the case when 
the same amount of TGF-β1 was delivered in solution, the observed stimulation in 
the case of TGF-β1 bound to 4 was enhanced, which could be related to a 
higher local concentration of growth factor at the surface. The enhanced 
stimulation led to larger sizes and higher quantities of cell condensations. These 
observations were in agreement with the observations made on platforms with 
immobilized 4’. In this case reduced sizes and quantities of pre-chondrogenic cell 
condensations were observed when compared to those with bound 4. This 
indicates that the presence of TFG-β1 was important and confirms the specific 
binding between peptide 4 and TGF-β1.  

 
 

Figure 5.5 – a) Fluorescence images corresponding to the functionalization of an azide-
terminated SAM with 1 using a flat PDMS stamp and after incubation with 4 and 4’. b) HACs 
morphology after 7 days on the different functionalized substrates by bright field 
microscopy. sTGF-β1 refers to soluble (s) growth facor while bTGF-β1 indicates bound (b) 
protein. c) Live-dead assay showing HACs seeded on different functionalized substrates. 
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After performing a Live/Dead assay after 7 days of culture (Figure 5.5c), the same 
cell morphologies were observed for the different cases while negligible 
cytotoxicity effects were observed. Despite cells were observed to have similar 
spreading behaviors independently of the surface nature, when no TGF-β1 was 
present, we observed higher numbers of adhered cells on either surfaces 
functionalized with 1 or peptide when compared to the bare N3 SAM, which is in 
agreement with literature. [18] 
From the analysis of the glycosaminoglycan (GAG) levels in HAC lysates after 
7 days (Figure 5.6a), a significantly higher production of GAGs by HACs was 
observed in the case where HACs were seeded on platforms of 4 with bound 
TGF-β1 when compared to the growth factor delivered in solution to cells seeded 
on glass or platforms with peptide only. Interestingly, the presence of growth 
factor in the medium did not result in an enhanced GAG production by cells 
seeded on glass when compared with a negative control lacking TGF-β1. Taking 
into account that the relative induction of the GAG content for the highest value 
is only 1.4, this effect could be attributed to the short duration of the experiment. 
In addition, HACs were stained for GAGs after 7 days with Alcian blue. Whereas 
the staining of cells seeded on platforms functionalized with peptide 4 was of low 
intensity in the absence of TGF-β1, cells cultured on platforms of peptide 4 that 
were incubated with TGF-β1 presented an intense color after staining indicating 
a higher production of GAGs. 

 

Figure 5.6 – a) GAG levels normalized by the total DNA content of HACs after 7 days of 
culture, expressed as relative induction with respect to an azide-terminated SAM. b) Alcian 
blue staining of cells seeded on 4 without b) or with c) TGF-β1 immobilized. Error bars 
represent standard deviation (SD) of the mean of triplicates. * p < 0.05 compared to all 
cases after the ANOVA analysis of the data accompanied by a Tukey post-hoc test.  
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5.3 Conclusions 

In conclusion, a fluorogenic platform was successfully used to detect the 
chemoselective immobilization of different cysteine-terminated peptides with 
relevant properties in terms of cell adhesion, regeneration and targeting. We 
initially detected the immobilization of a cellular adhesive peptide which 
maintained its cell adhesive properties as confirmed by the confinement of cells 
within the patterned regions. 
In addition, after analyzing specificity and cross-reactivity in terms of protein 
binding, biological functionalities could be combined by co-immobilizing two 
different peptide sequences at different parts on a single substrate. The co-
immobilized peptides were able to selectively capture their envisioned protein 
binding partners TGF-β1 and BCII from a mixture. The resulting bifunctional 
platform contains both regeneration and targeting properties and represents a 
novel strategy for the functionalization of existing biomaterials.  
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fruitful discussions. 

5.5 Experimental section 

Materials 
Commercial grade reagents were purchased from Sigma-Aldrich and were used 
without further purification unless stated otherwise and solvents were dried over 
molecular sieves. Recombinant human TGF-β1 was purchased from R&D Systems 
as a 2 µg carrier-free lyophilized powder from a 0.2 µm filtered solution in 
acetonitrile and TFA. TGF-β1 was reconstituted according to the protocol of the 
provider at a concentration of 20 µg/mL and further diluted to the desired 
working concentration in PBS buffer. Collagen type II from bovine nasal septum 
was purchased as a powder and reconstituted as indicated by the provider to a 
stock concentration of 5 mg/mL and further diluted to the desired working 
concentration in PBS buffer. High-purity water (Millipore, R = 18.2 MΩcm) was 
used. Electrospray Ionization (positive mode) high resolution mass spectra were 
recorded on a WATERS LCT mass spectrometer. 
For information on the synthesis and characterization of the compounds 1 and 2 
the reader is referred to the work of Nicosia et al. [9]  
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Automated solid-phase peptide synthesis 
Fmoc-Rink amide MBHA resin (Multisyntech GmbH, 50 mg, substitution 
0.64 mmol/g) was placed in the reaction vessel of the fully-automated peptide 
synthetizer (Syro), and swollen for 30 min in 3 mL N-methyl-2-pyrrolidone (NMP) 
(Biosolve BV). After emptying the vessels the resin was washed with 1 mL 
piperidine (40%v)/NMP for 3 min and with 1 mL piperidine (20%v)/NMP for 12 min. 
The resin was washed with NMP (6 x 1 mL) prior to adding the following solutions 
to the vessel: Fmoc-amino acid (Multisyntech GmbH, 4.5 equivalents with respect 
to the resin) dissolved in a solution of HOBt (Biosolve BV, 0.3 M) in NMP, HBTU 
(Multisyntech, 0.29 M) in NMP and DIPEA (0.58 M) in NMP. The solid phase 
reaction was carried out for 80 min at room temperature and the vessel was 
emptied under reduced pressure. The deprotection and coupling cycles were 
repeated until the synthesis of the Fmoc protected peptide sequence was 
complete. The cleavage of the side chain protecting groups and the release of 
the sequence from the resin was achieved by manually incubating the resin with 
a mixture of 94% trifluoroacetic acid (TFA) (Acros), 2.5% H2O, 2.5% 1,2-
ethanedithiol (EDT) and 1% triisopropylsilane (TIS) overnight. The peptide was 
purified by several cycles of precipitation using cold diethyl ether (Acros), 
redissolved in water and lyophilized overnight. MS (ESI): m/z = 593.2 [M+H]+, 
(calcd. 592.6 for C20H36N10O9S) for CGRGDS. MS (ESI): m/z = 621.3 [M+H]+, (calcd. 
620.7 for C22H40N10O9S) for MGRGDS. MS (ESI): m/z = 839.8 [M+H]+, (calcd. 839.0 
for C35H58N12O10S) for CLPLGNSH. MS (ESI): m/z = 840.2 [M+H]+, (calcd. 839.0 for 
C35H58N12O10S) for CHNLGLPS. MS (ESI): m/z = 952.8 [M+H]+, (calcd. 952.1 for 
C43H65N15O8S) for CLRGRYW. MS (ESI): m/z = 952.4 [M+H]+, (calcd. 952.1 for 
C43H65N15O8S) for CWRGLRY. 
 

Substrate and monolayer preparation 
Microscope glass slides were used for monolayer preparation. [12-13] The substrates 
were oxidized with piranha solution for 30 min (concentrated H2SO4 and 33% 
aqueous H2O2 in a 3:1 ratio; (Warning! Piranha solution should be handled 
carefully: it has been reported to detonate unexpectedly) and rinsed with water 
(MilliQ). After drying them in a flow of N2, the substrates were immediately 
immersed in 0.1 vol.% 11-bromoundecyltrichlorosilane (ABCR) in dry toluene for 45 
min at room temperature. Following monolayer formation, the substrates were 
rinsed with toluene to remove any excess of silanes, with ethanol and 
subsequently dried in a N2 flow. Next, the bromo-functionalized substrates were 
immersed into a saturated solution of sodium azide (NaN3) (Acros) in DMF for 48h 
at 70 °C. The substrates were thoroughly rinsed with MilliQ water and ethanol and 
dried in a N2 flow. 
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PDMS preparation and µCP experiments 
Stamps were prepared by casting a 10:1 (v/v) mixture of poly(dimethylsiloxane) 
and curing agent (Sylgard 184, Dow Corning) against a silicon master. After 
overnight curing at 60 °C, the stamps were oxidized by oxygen plasma for 10 sec 
(power tuned at 50 mA) and subsequently inked by dropping the inking solution 
onto the stamp (1.5 mM 1 (in CH3CN), 0.5 mM Cu(I)(CH3CN)4PF6 and 0.5 mM TBTA 
(CH3CN/EtOH = 2/1) (catalyst mixture). The inking solution was prepared by 
mixing 75 μL of 2 mM solution of 1 in CH3CN and 25 μL of 2 mM of catalyst 
mixture). After inking the stamps for 4 min, the stamps were blown dry in a flow of 
N2 and subsequently brought into conformal contact with the azide-
functionalized substrate for 60 min. Fresh stamps were used for each printing 
following the same inking procedure. After removal of the stamp, the printed 
substrates were rinsed with ethanol, sonicated in acetonitrile for 2 min, rinsed 
again with ethanol, blown dry with N2 and imaged using fluorescence 
microscopy. Printing of 4 was performed by inking PDMS for 30 min with a 10 mM 
solution of 4 in PBS. After removing the excess of the inking solution and drying 
the stamps in a flow of N2, the stamps were brought into conformal contact with 
the substrate for 60 min. 

Interfacial reaction with thiols 
After immobilizing 1, the platform was used for reacting with cysteine-terminated 
peptides from solution. Solutions of 10 mM of L-cysteine ethyl ester hydrochloride 
and peptides 3, 3’, 4 and 4’ were prepared in PBS at pH 7.4 while peptide 5 and 
5’ were prepared in DMSO:PBS (3:1) and used for incubating the patterned 
substrates for 1h. Substrates were then rinsed and briefly sonicated in PBS and in 
MilliQ water. For cell adhesion experiments a backfilling with a hydrophilic 
compound was necessary to improve the selectivity of the cell patterning. 
Therefore, after reaction with 3 some samples were incubated in a water solution 
containing 30 mM propargylhexa(ethylene glycol), [9] 50 mM NaCl, 1 mM CuSO4 
and 40 mM ascorbic acid over night at room temperature. 
 

TGF-β1 and BCII binding and immunofluorescent staining 
Upon functionalization of the surfaces with peptides, the substrates were 
incubated with solutions containing either 1 µg/mL TGF-β1 in PBS, 50 µg/mL BCII in 
PBS or both together for 1 h. The substrates were then rinsed three times for 
10 min with PBS buffer including 1 mM Tween-20 on the orbital shaker and finally 
rinsed with PBS buffer. Afterwards, substrates were incubated with PBS containing 
1% BSA for 1 h and washed again three times as described above to block the 
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background against non-specific protein interactions. Protein patterns were then 
incubated with 200 µL of a solution of 5 µg/mL of monoclonal anti-TGF-β1 
antibody (R&D systems) produced in mouse (mouse IgG2b isotype, clone 141322) 
in PBS buffer including 1% BSA. After 1 h, the substrates were washed three times 
for 10 min with PBS buffer including 1 mM Tween-20, rinsed with water and dried 
with a flow of dry N2. Consecutively, 200 µL of a solution (4 µg/mL) of anti-mouse 
IgG2b labeled with Alexa Fluor® 546 produced in goat (Invitrogen) in PBS buffer 
(including 1% BSA) was used to incubate the samples for 1 h. The substrates were 
then washed again three times 10 min with PBS buffer including 1 mM Tween-20, 
rinsed with water and dried with a flow of dry N2 and used for fluorescence 
microscopy imaging. For staining collagen II, polyclonal anti-collagen II α1 
produced in rabbit (Abnova) was diluted 100 times in PBS buffer (including 1% 
BSA) and 200 µL of this solution where used to incubate each patterned sample 
for 1 h. Samples were washed as described above. Subsequently, a solution of 
20 µL/mL of Alexa Fluor® 488 goat anti-rabbit IgG (H+L) (Life technologies™) in 
PBS (including 1% BSA) was used to incubate the substrates for 1 h and they were 
washed and dried prior to inspection by fluorescence microscopy. 
 

Cell adhesion studies 
All substrates were sterilized prior to cell seeding with 70% ethanol and 
subsequently washed twice with PBS to remove any excess of ethanol. C2C12 
(Mouse myoblast) cells were plated at a density of 50000 cells/cm2 in Dulbecco’s 
modified eagle medium (DMEM) (Sigma-Aldrich), supplemented with 4.5 g/L 
glucose, L-glutamine and NaHCO3; 1% (v/v) penicillin-streptomycin solution (with 
10,000 units penicillin and 10 mg streptomycin/mL, Sigma-Aldrich) and cultured at 
37 °C in a humidified 5% CO2 atmosphere for 6 h. Subsequent to incubation, 
adhered cells were carefully washed twice with sterile PBS to remove loosely 
attached cells. Cells were fixed with a 4% formaldehyde solution in PBS for 10 min 
at room temperature and stained for F-actin with Alexa Fluor® 568 phalloidin 
(Invitrogen) following the protocol from the provider. Afterwards, the substrates 
were washed two times with PBS and water and then dried in a flow of N2. 
 

Cell differentiation studies 
Macroscopically intact articular cartilage from femoral condyles was obtained 
from patients undergoing total knee replacement. Chondrocytes were isolated 
after overnight digestion with Collagenase type II and used at passage two. 
Chondrocytes were plated at a density of 5000 cells/cm2 in Dulbecco’s modified 
eagle medium (DMEM) (Sigma-Aldrich), supplemented with 4.5 g/L glucose, 1% 
(v/v) penicillin-streptomycin solution (with 10,000 units penicillin and 10 mg 
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streptomycin/mL, Sigma-Aldrich), 50 μg/mL L-ascorbic acid-2-phosphate (AsAP), 
100 μg/mL sodium pyruvate, 40 μg/mL proline, 1% of a mixture of 1.0 mg/mL 
recombinant human insulin, 0.55 mg/mL human transferrin (substantially iron-
free), and 0.5 μg/mL sodium selenite (ITS supplement) and 10-7 M 
dexamethasone. 100 ng of TGF-β1 was either supplemented to the medium or 
bound to the surfaces as indicated in the results and discussion section. Cells 
were cultured at 37 °C in a humidified 5% CO2 atmosphere for 7 days. 
Live/Dead assay (LIVE/DEAD® Viability/Cytotoxicity Kit, for mammalian cells, 
Molecular Probes®) was performed according to the protocol from the provider. 
 

GAG quantification and staining 
For the quantification of GAGs in cell lysates, HACs were digested in a 
proteinase K (1 mg/mL) digestion buffer at 56 °C overnight. Briefly, the digestion 
buffer was freshly prepared by mixing 100 mL of Tris/EDTA buffer (6.055 g Tris and 
0.372 g EDTA in 1 L water adjusting pH to 7.6 with HCl) with 18.5 g 
iodoacetamide. After warming this solution to 56 °C for 1 h, 1 mg pepstatin A and 
proteinase K were added to complete the digestion buffer. After digestion, GAG 
levels were quantified using 25 µL of each digested sample and adding 5 µL of 
2.3 NaCl and 150 µL of dimethylmethylene blue (DMMB) solution (95 mL 0.1 M 
HCl, 2.04 g glycine, 2.37 g NaCl and 16 mg DMMB in 1 L water, adjusting pH to 3.0 
using HCl). Immediately after adding the DMMB solution, the absorbance was 
recorded both at 525 and 590 nm and their quotient was used to determine the 
GAG concentration according to a standard curve ranging from 0 to 100 µg/mL 
of GAGs. GAG levels were corrected for the DNA content, which were measured 
using the CyQuant Cell Proliferation assay (Invitrogen). 
For GAG staining, cells were fixed in 10% buffered formalin and stained using 0.5% 
Alcian Blue (Sigma Aldrich) in H2O (pH set to 1 using HCl) for 30 minutes.  
 

Fluorescence microscopy 
Fluorescence microscopy images were recorded using an Olympus inverted 
research microscope IX71 equipped with a mercury burner U-RFL-T as light source 
and a digital Olympus DR70 camera for image acquisition. UV excitation (300 nm 
≤ λex ≤ 400 nm) and blue emission (410 nm ≤ λem ≤ 510 nm) was filtered using a 
Dapi Olympus filter cube. Green excitation (510 nm ≤ λex ≤ 550 nm) and red 
emission (λem ≥ 580) was filtered using a Olympus filter cube. All fluorescence 
microscopy images were acquired in air. 
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Chapter 6 

Spatiotemporal Regulation of hBMP-6 Growth 
Factor by Reversible Covalent Surface 

Tethering 
 
 
Many growth factor delivery systems rely only on material degradation or growth 
factor diffusion through the material matrix to control the spatiotemporal 
availability of the growth factor in the vicinity of specific cell membrane 
receptors. In addition, for many cases the relationship between the tethering 
strategy and the biological activity of the growth factor remains unclear. Here 
we present a tethering strategy that allows the delivery of human bone 
morphogenetic protein 6 (hBMP-6), thereby controlling its spatial and temporal 
availability to induce cell signaling. The delivery is mediated by the hydrolysis of 
the siloxane linker. In addition, we demonstrate that this system benefits from the 
advantages of both the delivery of mobile growth factor and tethered growth 
factor at the same time, in terms of orientational freedom and presentation of 
confined high local concentrations of bioactive signaling proteins for the 
interaction with cells. Finally, we extrapolate these fundamental findings on 
Polyactive™ films with the aim of developing a system with a delivery strategy 
independent from the material bulk mechanical properties. 
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6.1 Introduction 

Growth factors are endogenously present either bound to the extracellular matrix 
(ECM) [1] or as soluble molecules secreted by cells. Bound growth factors, as 
opposed to their soluble analogs, provide control over the local concentration 
and protection from enzymatic degradation. [2] Such bound growth factors are 
inactive to induce signaling and, characteristically, become active upon release 
from the ECM by the proteolytic removal of the signal peptide from the growth 
factor chain. In such a way, active, mature human bone morphogenetic protein 
6 (hBMP-6), a member of the transforming growth factor-β (TGF-β) superfamily, is 
generated, yielding a disulfide-linked homodimeric protein. [3] BMP-6 is known to 
regulate differentiation of various cells implicated in cartilage and bone 
formation during skeletal development and fracture repair. [4] For example, 
BMP-6 plays a role in stimulating chondrocyte differentiation [5] and has been 
involved in the development of embryonic kidney and urinary systems, [6] as well 
as in liver growth and differentiation. [7] In the case of keratinocyte differentiation, 
variable responses to BMP-6 doses have been observed, alternating between 
stimulation and repression of the epidermal cells to control cell proliferation and 
epidermal thickness. [8] BMP-6 also strongly induces alkaline phosphatase activity 
in osteoblasts and myoblasts.  
Throughout the last decades many efforts have been devoted to develop 
methods to immobilize growth factors aiming to mimic the endogenous growth 
factor delivery system and thereby improving the performance of biomaterials in 
tissue engineering and therapeutic applications. [9] For example, hBMP-2 has 
been mixed with biomaterials to be released by diffusion and thereby activating 
cell differentiation. [10] Other approaches have been focusing on linking ECM 
elements, such as heparins, [11] or mimics thereof, [12] to biomaterials in order to 
position growth factors on their surfaces. Alternatively, direct coupling of growth 
factors has also been pursued using non-covalent His-tag technology [13] or 
covalent EDC or imine chemistry. [14] Despite this progress, it remains a challenge 
to develop an immobilization method that allows spatiotemporal regulation of 
growth factor concentration and relate it to cell response.  
In this chapter we investigate the in vitro potential of the hydrolytic removal and 
subsequent signal induction by growth factors that were initially immobilized onto 
biomaterials. We exploit the reversible properties of imine and siloxane bonds as 
a linkage between the surface and the growth factor. Such reversible chemistry 
has been successfully applied for the controlled formation of for example gels, 
polymers and functional surfaces. [15] Among reversible covalent bonds, the imine 
and siloxane bonds are especially attractive as these bonds can be hydrolyzed 
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under physiological conditions. [16] For example, Sreenivasachary et al. have 
shown the release of biologically active molecules that were initially entrapped 
into a hydrogel formed by reversible covalent bonds. [17] Differences in the 
percentage of released molecules as well as the duration of that release were 
observed to be mainly dependent on the percentage of the occluded 
compound in the solvent of the gel. Reinhoudt et al. and Giuseppone et al. have 
used reversible imine bonds to fabricate various mixed surface patterns and 
gradients to control the interfacial composition. [18] Given the great potential of 
adopting reversible covalent chemistry for constructing and functionalizing 
adaptive materials and surfaces, to date this type of chemistry has not been 
explored for the spatiotemporal delivery of growth factors. Herein we 
demonstrate the effect on cell response when adopting a reversibly covalently 
tethered growth factor on a commercially available biomaterial. [19] We 
demonstrate that a confined reservoir of active hBMP-6 is created upon 
hydrolysis and that such high local concentration of GF allows for the efficient 
interaction with specific cell membrane receptors. 

6.2 Results and discussion 

6.2.1 hBMP-6 immobilization on siloxane surfaces 

To establish the method of releasing immobilized hBMP-6 upon hydrolysis, model 
studies on glass slides were performed. To this end, reactive epoxide-terminated 
monolayers were prepared on glass substrates by vacuum deposition of 3-
glycidylpropyltrimethoxysilane (GPTMS). [20] An advancing contact angle value of 
55° ± 2° was recorded while a film thickness of 0.9 nm ± 0.2 nm was estimated 
using ellipsometry, which is indicative of successful monolayer formation and in 
agreement with literature (Table 6.1). [20a]  

 

Table 6.1 – Table summarizing the advancing (θa) and receding (θb) water contact angle 
values, ellipsometric thicknesses and selected XPS data of the two epoxide-terminated 
linkers before and after the immobilization of hBMP-6.  
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Subsequently, hBMP-6 was immobilized on the epoxide-functionalized substrates 
by reactive microcontact printing [21] (µCP) (Figure 6.1) via the nucleophilic ring-
opening reaction by the primary amine groups of the 12 lysine residues localized 
at the outer part of the growth factor. Consequently, the protein was covalently 
tethered to the modified substrates in a random fashion. Depending on the 
features of the PDMS stamp (i.e. either flat or patterned) either a full layer or a 
patterned microarray of tethered growth factors was fabricated. 

 

Figure 6.1 – Schematic overview of the preparation of epoxide-terminated glass substrates 
with two linkers of different length: GPTMS (top) and PGMA (bottom) and subsequent 
immobilization of hBMP-6 (accessible lysine residues are indicated in dark grey) by reactive 
μCP. 

Following protein immobilization an increase in the advancing contact angle 
value was observed. The immobilization of hBMP-6 was further confirmed by the 
appearance of a N1s peak in the XPS spectrum indicating the presence of ca. 
1% N while a 1 nm increase in film thickness was estimated using ellipsometry. 
Inspection of the monolayers using atomic force microscopy (AFM) (Figure 6.2b) 
showed clear patterns of hBMP-6, which were however not completely filled with 
the growth factor. In the AFM phase image, individual and clustered dots of light 
contrast were clearly observed in a background of dark contrast and similar to 
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the intensity of the background of the patterns (Figure 6.9c). The dots occupied 
70% of the total area of the pattern and a height difference of 0.5 nm was 
measured between the protein patterns and the background. These results 
indicate that the growth factor is tethered in a lightly (ca. 70%) packed, single 
layer configuration. As a next step an immunoassay was performed to analyze 
the structural integrity of the immobilized hBMP-6. The recorded fluorescence 
micrograph (Figure 6.2a) shows clearly that the fluorescently labeled secondary 
antibody was selectively immobilized on the hBMP-6, indicating that the 
immobilization occurred under retention of the secondary structure. 

 

Figure 6.2 – a) Fluorescence microscopy image (inset shows the intensity profile) of 
immunostained µCP patterns of hBMP-6 (100 µm diameter dots and 100 µm spacing) on an 
epoxide-terminated surface using a passive background of NH2-PEG. b) Atomic force 
microscopy (AFM) phase image of hBMP-6 micro-patterned (10 µm diameter dots and 5 
µm spacing) on the same surface without using a passive background and c) zoom in of 
the phase image.  

To study the activity of hBMP-6, cell culture experiments were performed using 
murine preosteoblastic KS483 cells as a working model. These mesenchymal 
precursor cells constitute a well-established in vitro model system to study the 
ability of BMP-6 to initiate differentiation into mature mineralizing osteoblasts. [22] 
KS483 cells were seeded for 24h on an epoxide-terminated surface with and 
without tethered hBMP-6 and on a control surface (glass) with and without 
soluble hBMP-6. Cell morphology was observed using fluorescence microscopy 
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after staining the actin cytoskeleton. All surfaces showed similar numbers of 
adhered cells that were similarly spreading (see Figure 6.3).  

 

Figure 6.3 – Effect of the linker nature and the tethered hBMP-6 on cell adhesion and 
spreading observed 24 h after seeding, studied via actin and nucleus staining of KS483 cells 
on a, d) a glass control, b, e) a GPTMS SAM and c, f) a PGMA layer both without hBMP-6 (a, 
b, c) and with hBMP-6 (d, e, f). The growth factor added for the glass control is presented in 
suspension contrary to the one bound to the GPTMS or PGMA layers. The scale bar is 
200 µm. Insets show fluorescence microscopy image of cells after performing a Live-Dead 
assay. d) The cell surface area was quantified and normalized by the cell number after 24 h 
for the different cases. # p < 0.05, ## p < 0.01 when compared to all other platforms and * 
p < 0.05, ** p < 0.01 when comparing cases with or without hBMP-6 for a given platform. 

As cells spread already very fast on glass in the absence of hBMP-6, it was not 
surprising to find that soluble or tethered hBMP-6 did not lead to significant 
changes in spreading kinetics. After 7 days of culture, cells had formed a 
confluent layer and a negligible cytotoxicity of the surfaces was observed (Inset 
in Figure 6.3e).  

6.2.2 Biological activity of hBMP-6 using siloxane surfaces 

hBMP-6 treatment of KS483 cells induces osteoblastic differentiation as 
characterized by alkaline phosphatase activity. If the siloxane bond, which 
connects the hBMP-6 to the surface, is hydrolyzed to release hBMP-6 into the cell 
medium, alkaline phosphatase (ALP) activity would be observed. Therefore two 
complementary assays were performed to verify the activity of hBMP-6. KS483 
cells were cultured for 4 days on a glass substrate with tethered hBMP-6 on the 
left half of the substrate while the other half was passivated using 
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polyethyleneglycol. After immunohistochemically staining for ALP, a clear 
contrast was observed between the two parts of the surface coinciding with the 
contrast observed after immunostaining the same substrate for hBMP-6 (Figure 
6.4). These results indicate that only in the areas where functional growth factors 
are available ALP production is induced. 

 
Figure 6.4 – Study of early osteogenesis in KS483 cells by tethered hBMP-6. a) Fluorescence 
microscopy image of hBMP-6 immobilized on half of the substrate after 
immunofluorescence staining. b) Immunohistochemical staining of ALP as an osteogenic 
early marker, which is produced after 4 days by KS483 cells (insets shows intensity profiles). 
c) ALP activity normalized by the total DNA content of KS483 cells after 7 days of culture, 
expressed as relative induction to a glass control in the presence of either soluble (s), 
bound (b) or denatured bound (db) hBMP-6. d) Dose response of KS483 cells cultured for 7 
days in the presence of increasing concentrations of hBMP-6 in solution and two different 
amounts of bound hBMP-6, i.e. a full layer (100%) of hBMP-6 and a µCP patterned layer of 
hBMP-6 (23% of the coverage in comparison to the full layer). * p < 0.05 and ** p < 0.01. 
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To compare the biological activity of hBMP-6 tethered to the siloxane surface 
with hBMP-6 supplemented in solution, the ALP activity in KS483 cells after 7 days 
of culture was normalized to the DNA content of the total number of cells in 
contact with the substrate and expressed as relative induction values compared 
to a glass control (Figure 6.4c). Interestingly, cells seeded on a layer of tethered 
hBMP-6 produced significantly more ALP when compared to all other cases 
(Figure 6.4c). Controls where tethered growth factors were partly denatured prior 
to cell seeding showed a significant loss of ALP activity indicating that hBMP-6 is 
involved in the observed ALP activity. While cells cultured on a glass substrate in 
the presence of a comparable amount of soluble hBMP-6 showed a 2-fold 
induction in ALP activity in comparison with the negative glass control, cells 
seeded on a layer of tethered hBMP-6 showed a 4-fold induction. Next, cells 
were seeded on a reactive epoxide-terminated surface in the presence of 
soluble hBMP-6. While in this case a lower ALP activity was observed when 
compared to surfaces with tethered hBMP-6, a higher ALP activity was found 
when compared to either glass surfaces in the presence of hBMP-6 or when 
epoxide surfaces were used without addition of hBMP-6. Taken together, these 
results indicate that tethering hBMP-6 is a more effective strategy to achieve ALP 
production than addition of soluble hBMP-6. We tentatively attribute this result to 
the possibility of releasing hBMP-6 upon hydrolysis which will yield locally mobile 
hBMP-6. Hence cells can sense a higher local concentration of active hBMP-6 
facilitating the interaction with the BMP receptors at the cell membrane. [9a]  
In an additional experiment, the concentration effect of tethered and soluble 
hBMP-6 on the ALP activity was studied (Figure 6.4d). A large increase in ALP 
activity was observed when increasing the concentration of soluble hBMP-6 from 
100 ng/mL to 200 ng/mL. Further increasing the concentration of soluble hBMP-6 
to 400 ng/mL however did not lead to a further increase in ALP activity indicating 
that 200 ng/mL is sufficient to saturate the cellular receptors. This value is in the 
same range as found in the case of related BMPs. [10b, 23] Interestingly, the ALP 
activity of cells seeded on surfaces completely covered with tethered hBMP-6 
compares favorably to the case when soluble hBMP-6 at 200 ng/mL or higher 
was used. This indicates that through the tethering strategy a sufficient amount of 
active hBMP-6 is available to achieve the maximum ALP activity. The hBMP-6 
dose can be easily tuned by reducing the surface concentration to 23% by 
immobilizing hBMP-6 using a featured µCP stamp resulting in a decreased ALP 
activity. 
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6.2.3 Release and local confinement of hBMP-6 

To address the key question whether cell signaling occurs through tethered and 
immobile hBMP-6 or released and mobile hBMP-6, several experiments were 
performed, which are described in this section. 
The rate of the hydrolysis of the siloxane bond is expected to decrease when 
using a long brush-type linker. Such a linker is less prone to hydrolysis because the 
accessibility of the water molecules to the hydrolyzable bond is restricted. [24] 
To this end, layers of poly(glycidyl methacrylate) (PGMA) brushes on glass were 
prepared. [24a, 25] Briefly, PGMA brushes were produced through the reaction of 
an atomic transfer radical polymerization (ATRP) initiator (2-bromo-2-
methylpropionyl bromide) with the terminal amine moieties of a (3-
aminopropyl)triethoxysilane (APTES) monolayer. Subsequently, the immobilized 
initiator was immersed in an oxygen-free solution of glycidyl methacrylate as the 
ATRP monomer for 2 h to yield a PGMA layer of 80 nm thickness, which was 
measured using ellipsometry (Figure 6.1a). In order to tether the growth factor, 
the same approach was followed as in the case of the short epoxide GPTMS 
linker (Figure 6.1b). Successful tethering of hBMP-6 onto the PGMA layers was 
confirmed using contact angle, ellipsometry and XPS measurements (Figure 
6.1a). Fluorescence micrographs in Figure 6.4b show µCP patterns of 
immunostained hBMP-6 that were of similar quality as compared to the hBMP-6 
patterns on GPTMS surfaces (Figure 6.2a and 6.5b). However, after quantifying 
the immunofluorescence intensity of the images at an initial time point (t = 0 h), 
the intensity of the microarrays of hBMP-6 immobilized onto the long linker was 
slightly higher when compared to immobilization of hBMP-6 on the short linker. 
This observation is in agreement with ellipsometry measurements showing a 
higher increase in film thickness upon hBMP-6 immobilization onto the long linker. 
We next studied the temporal release of hBMP-6 during 15 days using an enzyme-
linked immunosorbent assay (ELISA) to quantify hBMP-6 present in the culture 
medium (Figure 6.5a) while the remaining tethered hBMP-6 was quantified using 
immunostaining (Figure 6.5b and c). Within the first 24 h a burst release was 
observed in the case of the short (GPTMS) linker reaching already a therapeutic 
level of 100 ng/mL. [23, 26] After this initial period, a linear release in time was 
observed until a plateau was reached after 7 days. In the case of the long 
(PGMA) linker within the first 4 days only a small amount of hBMP-6 was released, 
which could be attributed to hBMP-6 physisorbed on the surface of the polymeric 
brush that was slowly released in the culture medium via diffusion. However, after 
this initial period, an increase in detected hBMP-6 was found. After 5 days the 
released hBMP-6 reached a therapeutic value of 100 ng/mL.  
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Figure 6.5 – Quantification of hBMP-6 released via hydrolysis of the siloxane bond in culture 
medium at 37 ºC and 5% CO2 over a period of 15 days using a) an ELISA assay both without 
(solid lines) and with (dashed lines) 5000 cells/cm2 and b) fluorescence microscopy images 
of immunostained micro-patterned hBMP-6 (100 x 100 µm dots) on a passive background 
on a GPTMS (left) or PGMA layer (right) at different incubation time points. Scale bars 
indicate 200 µm. c) The intensity was quantified with the software ImageJ on all the full dots 
of a microarray of at least three images corresponding to a same time point. d) Effect of 
the local confinement of hBMP-6 on the production of ALP by KS483 relative to a glass 
control. ** p < 0.01. 
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When the ELISA assay was performed when cells were seeded on the surfaces, 
remarkable differences were observed. For hBMP-6 immobilized onto the short 
(GPTMS) linker the formation of a confluent cell layer (reached at day 4) 
reduced the amount of released hBMP-6 protein close to the detection limit. This 
indicates that a locally confined reservoir of hBMP-6 was formed underneath the 
cell layer. However, when cells were seeded on surfaces of hBMP-6 immobilized 
onto the long (PGMA) linker, the detected release profile was found similar to the 
case without cells at early time points. Reduced cell adhesion and spreading is 
observed on PGMA layers (Figure 6.12a and e, vide infra). Only after day 7, upon 
forming a confluent cell layer, lower quantities are detected in the medium in 
the presence of cells. These results indicate that on PGMA a poorer confinement 
of the released hBMP-6 was achieved.  
Quantification of the fluorescence intensity (Figure 6.5c) of the recorded 
micrographs of the immunostained hBMP-6 microarrays (Figure 6.5b) revealed 
the global loss of protein from the surface. These results confirmed our hypothesis 
that the hydrolysis-driven release of hBMP-6 from the long (PGMA) linker is slower 
when compared to the short (GPTMS) linker. Cells seeded on the long linker will 
be exposed to a high local concentration of surface bound, immobile hBMP-6 
while cells seeded on the short linker will be exposed to a high local 
concentration of confined but mobile hBMP-6, as hypothesized in Figure 6.6. 
 
 
 
 
 



Spatiotemporal Regulation of hBMP-6 Using Reversible Covalent Chemistry 

134 

 

Figure 6.6 – hBMP-6 presented a) in soluble form will freely interact with its cognate 
receptors, activate down-stream responses and be partially recycled for further 
interactions with yet non-metabolized growth factor. Tethered hBMP-6 via b) a 
hydrolyzable siloxane bond can be released, thereby creating a high local concentration 
of hBMP-6 in a reservoir underneath the cell layer. Though slightly delayed with respect to 
soluble growth factor, stimulation will be initiated upon receptor interaction with the mobile 
hBMP-6. Finally, tethered hBMP-6 via c) a buried hydrolyzable siloxane linker covered by 
PGMA brushes, can initiate cell signaling upon release of a therapeutic dose. 

In order to verify the importance of the mobility of hBMP-6 for effective 
interaction with the BMP receptors, the ALP activity of KS483 cells was 
determined after 7 days. KS483 cells were seeded either in contact or physically 
separated from the surface using a transwell assay (Figure 6.4d). The ALP activity 
was higher in the case of soluble hBMP-6 as compared to the negative controls 
using glass while no effect on the ALP activity was observed in the presence of 
the transwell system. Small osteoinductive properties of cells seeded on control 
GPTMS surfaces were confirmed. Interestingly, in the case of the transwell assay 
the ALP activity was significantly lower in comparison with the case when cells 
were seeded in direct contact with the surface. In addition, when cells were 
seeded in contact to hBMP-6 tethered to the PGMA surface, a lower ALP activity 
was observed in comparison with hBMP-6 tethered to the GPTMS surface. These 
results demonstrate that cell receptors can also interact with soluble growth 
factor and that an increased ALP activity at an early stage requires hBMP-6 in a 
mobile state and locally confined underneath the cell layer. 
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6.2.4 Spatiotemporal bioactivity of released hBMP-6 

To support the finding that the biological activity of the hBMP-6 is strongly 
dependent on the mobility of hBMP-6 in close proximity to the cells, it is important 
to note that our findings are not specific to KS483 cells. C2C12 cells, an 
acknowledged cellular model to study differentiation into bone cells and which 
also possesses BMP receptors, responded similarly. To further study the 
spatiotemporal biological activity of released hBMP-6, the luciferase activity was 
measured of C2C12 cells stably transfected with a BMP-responsive element (BRE) 
fused to the firefly luciferase reporter gene (BRE-Luc cells) (Figure 6.7a). [27] 

 

Figure 6.7 – a) Luminescence of C2C12 cells transfected with BRE-Luc, measured at 
different time points relative to a background using the same surface without hBMP-6. Inset 
shows the luminescence results at day 7 from an independent experiment. Gene 
expression analysis at days 1, 3 and 7 of b) RUNX2 and c) OCN was determined via the 
2-ΔΔCt method [28] using the expression on day 1 on glass as a reference. * p < 0.05 and 
** p < 0.01. 

To avoid effects related to material stiffness, differences in luciferase expression 
relative to the background using the same surface in the absence of hBMP-6 
were compared (Figure 6.7a). From these results, it was concluded that luciferase 
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activity was delayed to day 2 when cells were seeded on surfaces with tethered 
hBMP-6 using the short (GPTMS) linker in comparison to soluble hBMP-6, whereas 
in the case of the surfaces onto which hBMP-6 was tethered using the long 
(PGMA) linker a significant rise in luciferase activity could be observed only at 
day 7.  
In addition, the mRNA expression levels of the osteoblast-specific runt-related 
transcription factor 2 (RUNX2) and osteocalcin (OCN) genes were analyzed 
(Figure 6.7b and c). [29] Upregulation of RUNX2 was clearly observed already one 
day after cell seeding, particularly in the cases of soluble hBMP-6 and of tethered 
hBMP-6 using the short linker. In contrast, OCN expression occurred only after day 
3 in those cases. The observation that RUNX2 expression precedes OCN 
expression is in agreement with literature and indicates that hBMP-6 is biologically 
active as expected. [29-30] When comparing the gene expression behavior 
resulting from surfaces using the short and long linkers used for tethering hBMP-6 , 
genes were typically expressed earlier on surfaces using the short linker. These 
results confirm that hBMP-6 tethered via the short linker activates the BMP 
pathway earlier in comparison to the long linker but later in comparison to 
soluble hBMP-6. Taken together, these results confirm that interaction with the cell 
receptors is only possible after releasing hBMP-6. The results are in agreement with 
the ELISA studies (Figure 6.5a) showing that in the case of the long linker, a 
substantial therapeutic amount of released hBMP-6 is achieved only after 5 days 
in culture, whereas for the short linker already after 1 day the therapeutic range 
was reached. Therefore, we believe that the biological activity of hBMP-6 growth 
factors is strongly related to their release from the surface.  

6.2.5 hBMP-6 on Polyactive™ films 

To demonstrate that our tethering strategy is applicable to biomaterials 
Polyactive™ (Figure 6.8a) was selected as a representative biomaterial. [19] We 
hypothesize that if we are able to tune the release and biological activity of 
growth factors by functionalizing the surface of the biomaterial, the delivery will 
be independent from the degradation properties of the bulk material. To test the 
hypothesis, polymer films of ca. 100 µm thickness (Figure 6.8b) were used for 
surface activation using O2-plasma (Figure 6.8c) to generate various oxygen-
containing species (e.g. hydroxyl, carboxyl, peroxyl, carbonyl or ether). [31] Two 
routes have been followed that take advantage of reversible chemistry. First, a 
siloxane-bound GPTMS linker was installed using the hydroxyl groups on the 
oxidized polymer surface. However, hBMP-6 can potentially be immobilized via 
the epoxides but also via remaining aldehyde groups on the surface (Figure 6.8c, 
II). Therefore, in a second set of films hBMP-6 was immobilized directly onto the 
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aldehyde groups to yield a reversible imine bond between the growth factor 
and the polymer surface (Figure 6.8c, I). A control surface with irreversibly bound 
growth factor was obtained by reducing the imine bond to generate a stable, 
irreversible, secondary amine linkage under physiological conditions (Figure 6.8c, 
III). Reducing agent NaBH3CN is sufficiently mild in the presence of biomolecules 
as previously reported. [32] 

 

Figure 6.8 – a) Molecular structure of the block-copolymer Polyactive™ (PA), consisting of a 
hydrophilic block of poly(ethylene glycol terephthalate) (PEGT) and a hydrophobic block 
of poly(butylene terephthalate) (PBT). b) 100 µm thick PA films were prepared by casting a 
solution of 3.4 wt% PA in chloroform overnight. c) Schematic procedure of the surface 
functionalization of PA films after pre-activation using O2 plasma, with GPTMS. hBMP-6 is 
subsequently immobilized via reactive µCP on the activated film via the reaction between 
the primary amine groups (accessible lysine residues in dark grey) and aldehyde groups 
forming an imine bond (I), which is further reduced in order to increase its stability towards 
hydrolysis (II) or on the GPTMS (III) with unreacted aldehyde groups also available to tether 
the growth factor as in I. 
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The functionalization of the activated PA with GPTMS was characterized with 
contact angle measurements and XPS (Table 6.2). 

 

Table 6.2 – Advancing (θa) and receding (θb) water contact angle values and selected 
XPS data of PA films at different stages of functionalization.  

Upon oxidizing the PA surface the advancing contact angle decreased with 
respect to the native PA films while upon installation of GPTMS the contact angle 
increased. Upon reaction with GPTMS, the presence of elemental Si was 
detected in the XPS spectra, while deconvoluted XPS spectra of the C1s region 
(Figure 6.9) showed an increase of the peak at 286.35 eV, which can be 
attributed to ether bonds (C-O). [33] 

 

Figure 6.9 – X-ray photoelectron (XPS) spectra of the C1s region for a PA film after the O2-
plasma treatment (left) and after introducing the epoxide-terminated silane (right). 1 was 
assigned to aromatic and aliphatic carbon bonds (C-C), 2 to ether bonds (C-O) and 3 due 
to its broadness could be assigned to ester (O-C=O), aldehyde (H-C=O) and ketones 
(C=O). 

In addition, the peak centered at 288.52 eV, mainly attributed to ester bonds (O-
C=O) that are present in native PA films, was broadened during plasma 
treatment indicating other carbonyl-containing species such as 



Chapter 6 

139 

aldehyde/ketone (C=O) groups, which typically have bands in the range of 
287.1-288.1 eV. In the FT-IR spectrum an O-H stretching band appeared after 
plasma treatment of the native PA films (inset in Figure 6.10a).  

 

Figure 6.10 – a) FT-IRRAS spectra of PA films at different stages of functionalization. The inset 
corresponds to the region associated to the O-H stretching. b) Ratio between the intensity 
of the asymmetric C-O-C and the C=O stretching bands. 

This band was significantly reduced upon reaction with GPTMS indicating the 
conversion of O-H bonds into O-Si bonds. Also, the ratio of the intensities of the 
asymmetric C-O-C and the C=O stretching bands (Figure 6.10b) was inverted 
after the plasma treatment with a higher intensity for the carbonyl peak. Upon 
reaction with GPTMS, the ratio was inverted back with a slightly higher intensity 
for the C-O-C stretching band corresponding to the epoxide ring of the linker. 
Taken together, these results are indicative of successful activation of the PA films 
with groups that allow the tethering of hBMP-6 as envisioned. 
hBMP-6 microarrays on the activated PA films were prepared via reactive µCP as 
described before. Visualization of the microarrays was possible after 
immunostaining the films using fluorescence microscopy (Figure 6.11b). 
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Figure 6.11 – a) Quantification of hBMP-6 released from the Polyactive™ films, via hydrolysis 
of different bonds (i.e. the siloxane of GPTMS (PAOx-GPTMS-bhBMP-6), imine (PAOx-bhBMP-
6) and the amine resulting of the reduction of the imine (PAOx-rbhBMP-6)) in culture 
medium at 37 ºC and 5% CO2 during a period of 7 days of b) the fluorescence intensity 
images of immunostained microarrays of hBMP-6 (100 x 100 µm dots) with passive 
background. The intensity was quantified using ImageJ on all the full dots of the microarray 
of at least three images corresponding to a same time point. Scale bars indicate 200 µm. c) 
Luminescence of C2C12 BRE-Luc at different time points relative to the background. * p < 
0.05 and ** p < 0.01. 

These results show that hBMP-6 was successfully immobilized via the different 
tethering strategies. Quantifying the fluorescence intensity of hBMP-6 bound by 
each linking strategy upon exposure to cell culture medium confirmed the 
possibility to release hBMP-6 (Figure 6.12a). For the GPTMS linker a significant 
decay of fluorescence intensity was observed within 2 days which is slower in 
comparison when applying this linker on glass substrates. Although a decrease in 
the fluorescence intensity was also observed in the case in which hBMP-6 was 
immobilized via an imine bond, the release was slower than for the GPTMS linker. 
When the imine bond was reduced using NaBH3CN, the fluorescence intensity 
remained nearly constant over 7 days indicating that hBMP-6 was irreversibly 
linked to the surface. 
Prior to the analysis of the biological activity of released hBMP-6 from PA films, 
cell adhesion and spreading properties after 1 day on these films were assessed 
with and without hBMP-6. Plasma treated PA films exhibited improved cell 
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adhesion and spreading in comparison to native PA films as visualized after actin 
staining (Figure 6.12a, e, b and f), which is in agreement with literature. [34]  

 

Figure 6.12 – Effect of the linker nature and the tethered hBMP-6 on cell adhesion and 
spreading observed 24 hours after seeding, studied via actin and nucleus staining of KS483 
cells on a, e) a PA control, b, f) oxidized PA, c, g) oxidized and reduced PA and d, h) PA 
functionalized with GPTMS both without hBMP-6 (a, b, c, d) and with hBMP-6 (e, f, g, h). The 
growth factor added for the PA control is presented in suspension while for the rest of cases 
it is bound to the platform. The scale bar is 200 µm. e) The cell surface area was quantified 
and normalized by the cell number after 24 hours for the different cases. # p < 0.05, ## 
p<0.01 when compared to all other platforms and *p < 0.05, ** p < 0.01 when comparing 
cases with or without hBMP-6 for a given platform. 

No differences in cell adhesion behavior were found for plasma treated PA films 
with imine-tethered hBMP-6. Similar cell adhesion behavior was found on these 
films after reduction of the imine bond (Figure 6.6c and g). However, a significant 
enhancement of cell adhesion was observed after the formation of a GPTMS 
linker on the PA films, irrespective of tethered hBMP-6 (Figure 6.6d and h). On PA 
films, the presence of tethered hBMP-6 did not show any effect on enhancing 
cell adhesion and spreading. 
In a next set of cell experiments, the biological activity of the released hBMP-6 
from PA films using the different linkers was verified using C2C12 BRE-Luc cells 
(Figure 6.11c). The luciferase activity was increased when substantial quantities of 
hBMP-6 were released and available to the cells. For example, in the case of the 
GPTMS linker, a significant released amount of hBMP-6 after 2 days coincides with 
the observed increase in luciferase activity. Since the release of hBMP-6 using 
imine-tethering is delayed to 5 days of culture, significant luciferase activity on 
those films is only observed after 5 days, which was suppressed by reducing the 
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imine bond. These results confirm that early cell differentiation is initiated by 
releasing hBMP-6 from the biomaterial surfaces, in agreement with the model 
studies on glass. 

6.3 Conclusions 

We have demonstrated the use of several reversible linkers for tethering hBMP-6 
to model surfaces as well as biomaterials. Tethered hBMP-6 retained its functional 
structure and upon release from the surface its biological activity was shown. We 
established a relation between the hydrolytic susceptibility of the bonds, such as 
siloxane and imine bonds, and early cell differentiation. Important consequence 
of using reversible linkers for tethering growth factors is the advantage to deliver 
mobile growth factors in a confined space at the cell-material interface. We 
anticipate that this concept can be used to improve the design of a new 
generation of delivery systems. 
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6.5 Experimental section 

Materials 
Commercial grade reagents were purchased from Sigma-Aldrich unless stated 
otherwise and were used without further purification. Solvents were dried over 
molecular sieves. Recombinant human BMP-6 (hBMP-6) was purchased from R&D 
Systems as a carrier-free, 0.2 µm filtered solution (0.04 mg/mL) in acetonitrile and 
trifluoroacetic acid (TFA) and further diluted to the desired working 
concentration in PBS buffer. Water used was of high-purity (Millipore, R = 
18.2 MΩcm). 
 

Preparation of (3-glycidyloxypropyl)trimethoxysilane (GPTMS)  
Either single side polished p-type Si(100) wafers (Okmetic) or microscope glass 
slides (76 x 26 mm, Menzel-Gläzer) were cut into pieces of approximately 1 cm2. 
The substrates were immersed in piranha solution (3:1 concentrated H2SO4 / 30% 
H2O2) for 30 min (Warning! Piranha solution should be handled with caution. It has 
been reported to detonate unexpectedly) to install silanol groups. After rinsing 
several times with water, the substrates were dried under a flow of dry N2 and 
immediately taken into the N2 filled glove box and immersed in a 1 v/v% GPTMS 
toluene solution for 16 h. Subsequently, the substrates were removed from 
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solution and rinsed several times with toluene and ethanol. To remove unbound 
deposited materials, the substrates were placed in a beaker with ethanol in an 
ultrasonic bath for 5 min, rinsed with ethanol and dried under a flow of dry N2. 
The samples were immediately used for further experiments. 
 

Preparation of poly(glycidyl methacrylate) (PGMA) layers 
These substrates were prepared following a modified literature procedures. [24a, 25] 
Either single side polished p-type Si(100) wafers (Okmetic) or microscope glass 
slides (76 x 26 mm, Menzel-Gläser) were cut into pieces of approximately 1 cm2. 
The substrates were activated in piranha solution (3:1 concentrated H2SO4/ 30% 
H2O2) for 30 min (Warning! Piranha solution should be handled with caution. It has 
been reported to detonate unexpectedly) and then rinsed several times with 
water. The substrates were dried under a flow of dry N2 and immediately placed 
at the bottom of a dessicator with a vial containing 100 µL of (3-aminopropyl)-
triethoxysilane (APTES). After evacuating the desiccator with a diaphragm 
vacuum pump for 10 minutes, the substrates were left in an atmosphere of APTES 
vapor overnight. Subsequently, the substrates were thoroughly rinsed with 
ethanol and dried under a flow of dry N2.  
The cleaned substrates were then immersed into a solution of triethylamine in 
40 mL of dry toluene. At 0 °C, 300 µL of ATRP initiator 2-bromo-2-methylpropionyl 
bromide were added dropwise and left to stir for 1.5 h under a N2 atmosphere. 
After rinsing the substrates with toluene, ethanol and water, the substrates were 
dried under a flow of dry N2.  
Then a solution of glycidyl methacrylate (5 mL, 36.7 mmol), 2,2’-dipyridyl (bpy) 
(141 mg, 0.904 mmol) in methanol (4 mL) and water (1 mL) was prepared and 
purged with argon for 30 min in a round-bottom flask sealed with a septum. In 
another flask, CuCl (36.4 mg, 0.368 mmol) and CuBr2 (3.9 mg, 0.017 mmol) were 
added together and also purged with argon for 30 min. Monomer, ligand, and 
catalyst were then combined, stirred and degassed for another 30 min to 
facilitate the formation of the organometallic complex. Subsequently, this 
solution was transferred with a degassed syringe into an argon-degassed flask 
containing the functionalized substrates with the initiator. Upon addition, the 
ATRP reaction was allowed to proceed for 2 h at room temperature after which 
the substrates were removed from the flask. After thorough rinsing with water, 
ethanol, a gentle sonication in dichloromethane, rinsing with dichloromethane, 
the substrates were dried under a flow of dry N2. The samples were immediately 
used of further experiments. 
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Preparation and functionalization of Polyactive™ films 
Polyactive™ (PA) 1000PEGT70PBT30 (Mw of PEG is 1000 g/mol and a 70/30 ratio of 
PEGT/PBS) was a gift from PolyVation (The Netherlands). Thick PA-films were 
made by casting a clear 3.4 wt% PA solution in chloroform (40 mL) onto a glass 
petri dish (Ø = 14 cm). After standing overnight at room temperature, the as-
dried cast film further dried in a vacuum oven at 60 °C. An average thickness 
of100 µm was found. The film was then cut into pieces of approximately 1 cm2 
and used for immunostaining, cell adhesion and activity experiments. 
Thin PA-films were made by spin coating a clear 1 wt% PA solution in chloroform 
(500 rpm during 3s and 3000 rpm during 30 s) on either gold substrates (Ø = 
2.5 cm, 2-5 nm Ti on glass and 200 nm gold, SSENS, The Netherlands) or 1 cm2 cut 
single side polished p-type Si(100) wafers (Okmetic). An average thickness of 
100 nm was found using an ellipsometer. A Plasma-Prep II plasma etcher (SPI 
supplies, USA) was used at an oxygen pressure of 1.0 bar, a vacuum pressure of 
160 mbar and a current of 40 mA for 15 sec to activate the surface of the PA-
films. The films were subsequently modified with GPTMS using the same 
procedure as described above. In the case of PA-films, dry hexane was used in 
all steps instead of dry toluene to minimize swelling of the polymer. 
 

Characterization of substrates 
Modified surfaces were examined by dynamic contact angle (sessile droplet) 
measurements using a Krüss G10 contact angle measuring instrument, equipped 
with a CCD camera. Droplets (1.5-2 µL) of water were placed randomly over the 
surface and advancing and receding (Θa and Θr) contact angles were 
automatically determined during growth and shrinkage of the droplet by a drop 
shape analysis routine. All reported values were an average of at least three 
measurements. 
Ellipsometric layer thickness measurements were performed on a Plasmos 
ellipsometer (Plasmos SD 2002 ellipsometer, λ = 632.8 nm) with a fixed angle of 
incidence of 70°. The indexes of refraction were considered to be constant and 
equal to the ‘’bulk’’ values of 1.500 and 1.457 for organic layers and the 
underlying native oxide, respectively. The average thickness of the SiO2 layer was 
measured separately on an unmodified Si substrate and subtracted from the 
total layer thickness. All reported thickness values were averaged from at least 
five different measurements on the same substrate. 
XPS spectra were measured using a Physical Electronics Quantera Scanning 
X-ray Multiprobe instrument, equipped with a monochromatic Al Kα X-ray source 
operated at 1486.6 eV and 25 W. Spectra were referenced to the main aliphatic 
C 1s peak set at 284.8 eV. The X-ray beam size was 100 μm and the data were 
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collected from surface areas of 100 μm x 300 μm with a pass energy of 224 eV 
and a step energy of 0.8 eV for survey scans at a detector input angle of 45°. The 
measurement was collected after 3 cycles scanning. Charge neutralization was 
achieved by low-energy electrons and low-energy Argon ions. 
Atomic force microscopy (AFM) experiments were carried out using a digital 
NanoScope III multimode AFM (Digital Instruments, Veeco Metrology Group, USA) 
in tapping mode, equipped with a Si3N4 tip and with a J-Scanner at a scan rate 
of 0.6 Hz. AFM imaging was performed at ambient conditions. 
Polarization modulation (PM) FT-IRRAS spectra were recorded using a Tabletop 
Optical Module (TOM) connected with a Nicolette 6700 spectrometer (Thermo 
Scientific) and equipped with a PEM-100 controller (HINDS instruments), a 
synchronous sampling Demodulator (GWC Technologies) and with a liquid 
nitrogen-cooled MCT-A detector at a reflection angle of 81°. Data of a dual-
channel polarization modulation experiment were collected for 250 scans at a 
resolution of 8 cm-1. 
 

Reactive µCP 
Silicon wafer-based masters with etched structures were prepared by UV 
photolithography. The master’s surface was fluorinated using 1H,1H,2H,2H-
perfluorododecyltrichlorosilane (PFDTS). Poly(dimethylsiloxane) (PDMS) (Dow 
Corning) stamps were fabricated by curing the degased mixture (10:1 elastomer, 
curing agent) of the components of SYLGARD® 184 silicone elastomer kit on the 
surface of the master at 60 °C overnight. PDMS stamps were first oxidized in an 
O2-plasma reactor (Plasma-Prep II plasma etcher, SPI supplies, USA) at an oxygen 
pressure of 1.0 bar, a vacuum pressure of 160 mbar and a current of 40 mA for 
20 sec. The stamps were then stored in water. Prior to use, the stamps were dried 
with a flow of dry N2 and then incubated with 50 µL of a hBMP-6 solution 
(20 µg/mL) in PBS for 5 min at room temperature. The excess of inking solution was 
then removed and the stamps were dried with a flow of dry N2 and brought into 
conformal contact with the epoxide-terminated layers for 2 h with 15 g/cm2 of 
pressure. After printing, the substrates were washed three times 10 min with PBS 
buffer including 0.005% Tween-20, then washed with PBS and dried with a flow of 
dry N2. For fluorescence microscopy imaging, a final washing with water was 
performed to reduce the amount of salts present on the surface.  
Prior to the washing procedure upon printing on the activated PA films, a solution 
of 100 mg of NaBH3CN in 40 mL of PBS with 10 mL of EtOH for 5 minutes was 
applied in the case when reduction of the imine bond was required. 
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hBMP-6 immunostaining 
Following protein immobilization via reactive µCP, the background was blocked 
by incubating the samples for 2 h in a solution of 0.1 wt% 
O-(2-aminoethyl)polyethyleneglycol 3,000 (NH2-PEG) in PBS buffer. Subsequently, 
the substrates were washed with PBS buffer, rinsed with water and dried with a 
flow of dry N2. Then, the substrates were incubated with 100 µL of a solution of 
5 µg/mL of monoclonal anti-BMP-6 antibody produced in mouse (mouse IgG2B 
isotype, clone 74219.11, Invitrogen) in PBS buffer including 1 mM Tween-20. After 
1 h, the substrates were washed three times 10 min with PBS buffer including 
1 mM Tween-20, rinsed with water and dried with a flow of dry N2. Subsequently, 
the substrates were incubated with 100 µL of a solution of 40 µg/mL of Alexa 
Fluor® 546 labeled goat anti-mouse IgG2b (γ2b) (Invitrogen) produced in goat in 
PBS buffer including 1% BSA . After 1 h, the substrates were washed three times 10 
min with PBS buffer including 1 mM Tween-20 during, rinsed with water and dried 
with a flow of dry N2. 
 

Cell culture and staining 
All substrates were sterilized prior to cell seeding with 70% ethanol and 
subsequently washed twice with PBS to remove any excess of ethanol. Mouse 
pre-osteoblast cell line KS483-4C3 was used as a model for osteogenic 
differentiation. Cells were plated at a density of 5000 cells/cm2 and cultured in 
Minimal Essential Medium (MEM) alpha supplemented with 10% fetal bovine 
serum (FBS) and 100 U penicillin/streptomycin (Gibco) and 1% (v/v) penicillin-
streptomycin solution (with 10,000 units penicillin and 10 mg streptomycin/mL). 
After 24 h, adhered cells were carefully washed twice with sterile PBS to remove 
loosely attached cells. Cells were then fixed in 10% buffered formalin for 1 h at 
room temperature and stained for F-actin with Alexa Fluor® 568 phalloidin or 
Alexa Fluor® 488 phalloidin (Invitrogen) or cell nuclei with DAPI dilactate 
(Invitrogen) following the protocol from the provider. After washing the substrates 
two times with PBS and water, the substrates were carefully blown-dry with N2. 
Cell numbers were assessed after 24 h of adhesion using a particle counting 
routine of the free software ImageJ, using the fluorescence pictures 
corresponding to the DAPI staining. Cell spreading was assessed in a similar way 
by quantifying the total cell area of at least 5 different fluorescence pictures 
corresponding to the F-actin staining samples and normalized by the 
corresponding cell number. 
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ALP staining and quantification 
For osteogenic differentiation, 0.2 mM ascorbic acid was added to the medium 
either together with 100 ng/mL hBMP-6 delivered in soluble form or hBMP-6 was 
bound to the substrate. Cells were harvested at different time points for 
detection and quantification of alkaline phosphatase (ALP). For ALP staining, 
cells were fixed using 10% buffered formalin for 1 h. ALP staining was performed 
using the Leukocyte Alkaline Phosphatase kit according to manufacturer’s 
protocol. For ALP quantification, KS483-4C3 cells were lysed in 200 µL lysis buffer 
(0.1 M K2HPO4 + 0.1 M KH2PO4 + 0.1% Triton X100, pH 7.8), and ALP was quantified 
using the CDP-star® Chemiluminescent Substrate. ALP production was corrected 
for DNA content, measured using the CyQuant Cell Proliferation assay 
(Invitrogen). To avoid contact between cells and substrates, Transwell® inserts 
(Corning Life Sciences) were used according to the manufacturer’s protocol. 

 
Luciferase reporter activity 
C2C12 cells were stably transfected with an expression construct (BRE-Luc) 
containing a BMP responsive element (BRE) fused to the firefly luciferase reporter 
(Logeart-Avramoglou, 2006). [27] Cells were cultured at a density of 5000 cells/cm2 
in Dulbecco’s Modified Eagles Medium (DMEM), supplemented with 10% Fetal 
Bovine Serum (FBS) and 100 U penicillin/streptomycin (Gibco). At different time 
points, cells were lysed in Glo lysis buffer (Promega) and luciferase activity was 
measured using Steady-Glo luciferase reagent (Promega). Luciferase activity 
was normalized for DNA content, as measured by CyQuant Cell Proliferation 
assay (Invitrogen). 

 
Gene expression analysis 
Cells were lysed in Trizol for RNA isolation, RNA was extracted using the 
Nucleospin RNA II kit (Bioke) according to manufacturer’s protocol. 
Subsequently, cDNA was synthesized using the iScript cDNA synthesis kit (Bio-
Rad). Quantitative polymerase chain reaction (qPCR) was performed using iQ 
SYBR Green Supermix (Bio-Rad) on MyiQ2 Two-Color Real-Time PCR Detection 
System (Bio-Rad). Gene expression was normalized using GAPDH and expressed 
as fold induction compared to controls. Primer sequences are listed in the 
following table. 
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Gene Primer sequence 
Product 

size 

Annealing 

temperature 

GAPDH For 5' CGCTCTCTGCTCCTCCTGTT 3‘ 
Rev 5' CCATGGTGTCTGAGCGATGT 3' 

82 bp 60 °C 

RUNX2 For 5' GGAGTGGACGAGGCAAGAGTTT 3' 
Rev 5' AGCTTCTGTCTGTGCCTTCTGG 3' 

133 bp 60 °C 

OCN For 5' ACTGGCTCAAGAACGTCCTG 3’ 
Rev 5' GAGAGAATCCGGTACTGTGG 3’ 

438 bp 60 °C 

 

Quantification of released hBMP-6 
Cell culture medium was collected at different time points and the amount of 
hBMP-6 was quantified using an ELISA assay according to the manufacturer’s 
instructions (Duo Set ELISA development kit, R&D systems) and expressed as a 
cumulative amount throughout the period of time under study. The 
quantification of hBMP-6 bound to the substrates at different time points was 
performed via the fluorescence intensity quantification of protein arrays by using 
the particle counting routine of the free software ImageJ. Prior to imaging, the 
substrates were washed twice with PBS and rinsed with water and after imaging 
they were placed back in cell culture media until further measurements. 
 

Fluorescence microscopy 
Fluorescence microscopy images were recorded using an Olympus inverted 
research microscope IX71 equipped with a mercury burner U-RFL-T as light source 
and a digital Olympus DR70 camera for image acquisition using the following 
Olympus filter cubes: 300 nm ≤ λex ≤ 400 nm for blue emission (410 nm ≤ λem ≤ 
510 nm), 510 nm ≤ λex ≤ 550 nm for red emission (λex ≥ 580 nm) and 460 nm ≤ λex 
≤ 490 nm for green emission (λem ≥ 520). All fluorescence microscopy images 
were acquired in air. 
 

Statistical Analysis 
All experiments were repeated at least three times. Error bars represent standard 
errors, and statistical analysis was performed using the one-way analysis of 
variance test (ANOVA) to evaluate the statistical differences and a Tukey’s Post-
hoc test ( ∗p < 0.05 or ∗∗p < 0.005) among all samples or between samples and 
controls. In the case where only differences between sample and control were 
to be assessed a t-test was used to determine statistical differences ( ∗p < 0.05 or 
∗∗p < 0.005) 
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Chapter 7 

 Cell Studies with Arrays of Multiple Proteins 
Fabricated Using a Hydrogel-Filled Silicon 

Stamp  
 
 
A novel hydrogel-filled silicon stamp has been used for the fabrication of protein 
microarrays. A stamp comprising an array of dots (with a diameter of 5 µm) has 
been used for the immobilization of various amounts of proteins with a constant 
geometry. Another stamp including 24 different and 1 duplicate geometry lay-
out, has been used for the fabrication of surfaces with different effective protein 
areas. After exploring different printing strategies and evaluating the shape 
fidelity of the printed features, fibronectin (FN) arrays on epoxide-terminated poly 
(trimethylene carbonate) (PTMC373) films have been used for analyzing the 
geometrical effects of the FN adhesive cues on the adhesion and spreading of 
C2C12 cells (mouse myoblast cell line). Another array comprising of different 
concentrations of growth factor human bone morphogenetic protein 6 (hBMP-6) 
and FN has been successfully printed on polydimethylsiloxane (PDMS) blocks with 
poly(glycidyl methacrylate) (PGMA) brushes. Using this array, early osteogenic 
differentiation could be modulated. 
The results show that using the novel silicon stamp provides a new entry to 
fabricate functional arrays of multiple proteins on various types of surfaces in an 
easily accessible manner following standard printing protocols.  
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7.1 Introduction 

Arrays of proteins play an important role in various areas of biomedical and 
biotechnological research that range from biomarker detection, proteomic 
screens to drug discovery. [1] Defined arrays of proteins also facilitate systemic 
understanding of culturing and studying cells on surfaces. [2] For example, cellular 
adhesion is a process mediated by the interaction of cell-surface receptors with 
ligands from the extracellular matrix which results in the clustering of receptors 
into focal adhesion complexes. This elaborate and highly regulated process is 
believed to play a significant role in many essential cellular functions. Most 
studies involving the signaling of focal adhesion complexes with surface-
immobilized proteins have employed defined structures conveniently made by 
conventional microcontact printing (µCP). [3] Adopting microcontact printing is 
attractive to rapidly achieve functional arrays of proteins as the stamp, [4] central 
to µCP, can consist of multiple features and is easy to make and apply. [5]  
Although promising progress has been reported on developing printing strategies 
for printing multiple proteins, it remains a key challenge to develop a printing 
strategy to achieve arrays of multiple proteins. [6] For example, Delamarche and 
coworkers locally inked a stamp involving multiple types of affinity proteins 
through local exposure of a stamp using microcontainers. [6a] Such fabricated 
stamps including sites with different affinities were used to capture target proteins 
that were then transfer-printed to other substrates in parallel. [6a] In a related 
approach, these authors placed a microfluidic network having an ensemble of 
independent flowing zones onto a stamp. Sealing of the microchannels resulted 
in transfer of the proteins upon conformal contact with a substrate. [6b-e] Another 
elegant way was introduced by Chen and coworkers who used a 3D stamp. 
When inking the different layers of the 3D stamp with different types of proteins, 
through applying increasing pressure to the stamp each layer of the stamp was 
successively brought in contact with the substrate to yield a protein 
microarray. [6f]  
In this chapter, an alternative strategy to print microarrays of multiple proteins on 
biomaterials is presented. The printed arrays are successfully used in cell adhesion 
and differentiation studies. To this end, novel silicon (Si) stamps were used that 
were recently developed by dr. E. Bat in our group. [7] These Si stamps comprise a 
multitude of reservoirs for solutions comprising proteins, wherein each of the 
reservoirs has a bottom side. Each of the bottom sides comprises a multitude of 
microchannels connecting the reservoir with the stamping surface. The reservoirs 
and microchannels are filled with a hydrogel that is crosslinked and linked to the 
walls of the Si stamp. This design was motivated by previous work by Martin et al. 
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who used a hydrogel stamper consisting of an array of fragile glass 
microcapillaries filled with hydrogel and connected to a reservoir holding the 
proteins. [8] In contrast, our design allows for multiple reservoirs, each providing an 
array of spots fabricated in a robust silicon wafer. In addition, our macroporous 
cross-linked hydrogel swells less extensively, providing sufficient mechanical 
strength to allow reusability of the stamps, repeated printing (>75 times) and 
access to a wide range of proteins that can be printed (up to 1 MDa). 
Two applications of the printed protein microarrays using the Si stamps are 
demonstrated. First, the impact of the geometrical properties of an important 
external cell membrane (ECM) adhesive protein (fibronectin, FN) on C2C12 cells 
(mouse myoblast cell line) was studied. In this case, the design of the bottom of 
the reservoirs included different geometries yielding a micropatterned FN array 
on a soft surface. These micropatterns could be transferred to another 
biomaterial surface via common transfer printing. [9] Second, since the growth 
factor human bone morphogenetic protein 6 (hBMP-6) is reported to convert the 
differentiation pathway of myoblastic cell lines into that of osteoblast lineage 
and induces osteoblast differentiation and maturation in osteoprogenitor and 
osteoblastic cell lines, [10] a microarray with different amounts of hBMP-6 was 
printed on the surface of biomaterials. Such a printed hBMP-6 microarray was 
used to estimate the required hBMP-6 dosage to produce alkaline phosphatase 
(ALP), which is an early osteogenic marker. 

7.2 Results and discussion 

7.2.1 Preparation, design and printing procedure of 
hydrogel-filled Si stamps 

Hydrogel-filled Si stamps (Figure 7.1a) were fabricated following a sequence of 
photolithography and deep reactive ion-etching (DRIE) steps according to a 
procedure previously developed in our group. [7] Upon fabrication, the stamp 
surface was modified with 1H,1H,2H,2H-perfluorodecyltrichlorosilane (PFDTS) to 
ease peeling off the stamp after printing, while the remaining surfaces were 
modified with 3-(trichlorosilyl)propylmethacrylate (TPM) to facilitate the covalent 
anchoring of the hydrogel, which was required for optimal printing. [7] After these 
two surface modification steps, the reservoirs and microchannels were filled with 
a covalently cross-linked (hydroxyethyl)methacrylate (HEMA)-based hydrogel 
(see Experimental Section for details) and visualized using SEM (Figure 7.1b and 
c). This type of hydrogel serves as a suitable environment for storing protein 
solutions and facilitates the release properties of the protein solution upon 
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conformal contact of the stamp surface with a substrate. Homogeneous layers 
were repeatedly printed (>75 times) on various types of polymeric substrates. [7] 
The hydrogel-filled reservoirs were loaded with protein solution using a standard 
laboratory micropipette addressing either all reservoirs of the stamp or groups of 
4 reservoirs (Figure 7.2, steps a1 and b1). 
Two different stamp designs were used for different experiments. The first design 
(Figure 7.1d) comprising an array of dots (with a diameter of 5 µm) was used for 
the immobilization of various amounts of proteins with a constant geometry. The 
second design, while having the same amount and size of reservoirs, includes 24 
different and 1 duplicate geometry lay-out and was used for fabricating surfaces 
with different effective protein areas. The geometry lay-out of an array is given in 
Figure 7.1e and consists of differently spaced features, which are squares, 
rectangles, circles and ellipsoids having either a surface area of 25 or 100 µm². 
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Figure 7.1 – Designs of the hydrogel-filled Si stamps consisting of 25 reservoirs of 320 x 320 
µm, spaced by 320 µm: a) shows a photograph of the Si stamp viewed from the reservoir 
side. SEM images of the b) reservoir and c) printing sides of the hydrogel-filled Si stamps. 
Scale bars are 200 and 20 µm, respectively, while the images given in the insets were 
recorded at 2x and 10x higher magnification, respectively. Schematic representation of 
stamp design d): one of the reservoirs on the stamp is expanded to show the design of the 
printing side: each reservoir consists of an array of 12 x 12 dots of 5 µm in diameter, 20 µm 
apart. Schematic representation of stamp design e): each reservoir on the stamp consists 
of a unique array of shapes (as drawn) varying in size, aspect ratio (top-right corner) and 
spacing as specified by a, which denotes the area of the shape in µm2 and by dx and dy, 
which denote the center to center distance along the x and y axis of the stamp, 
respectively. The maximum possible protein coverage is given for each type of array as a 
percentage of the total area of an array marked with a dashed line in d). 
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Figure 7.2 – Printing procedures using the hydrogel-filled Si stamp. In route a (above), the 
full array of reservoirs is used for arraying proteins on a hard substrate (e.g. a SAM or a thin 
polymeric film on a glass substrate) following five steps: a1) all the reservoirs of the stamp 
are filled with a protein solution; a2) printing on a non-functionalized PDMS soft substrate 
yields a protein array on PDMS (a3) and (a4) is subsequently used as a stamp in transfer 
printing onto a ‘’hard’’ substrate to yield a5) the protein array on the substrate of interest. In 
route b (bottom) different protein solutions are applied to a selection of reservoirs 
(separated by an empty row of reservoirs for clarity) (b1) and used for printing on a ”soft” 
substrate (b2) yielding a protein array with different properties (b3).  

Figure 7.2 depicts two printing procedures that were followed in the present 
study using a loaded stamp. For the first series of experiments, arrays of 
fibronectin (FN) were fabricated on poly (trimethylene carbonate) (PTMC373) 
using the design with a plurality of geometries following a two-step printing 
procedure. In the first printing step, an array of FN was printed on flat non-
functionalized PDMS blocks (Figure 7.2, step a2). This array on PDMS was transfer-
printed onto hard surfaces of spin coated thin films of (PTMC373) on glass in good 
conformal contact (Figure 7.2, step a3). Prior to printing, PTMC373 was 
functionalized with an epoxide-silane to allow the formation of covalent bonds 
between the printed proteins and the PTMC373 films to achieve stable protein 
arrays (vide infra). The printed FN arrays were then used to study the effect of the 
geometrical parameters in terms of initial cell adhesion and spreading. In a 
second series of experiments, arrays of hBMP-6 were fabricated on soft PDMS 
blocks using the design with uniform geometry lay-out following a one-step 
printing procedure (Figure 7.2, step b2). Prior to printing, PDMS blocks were 
functionalized with PGMA brushes with epoxide end-groups to achieve stable 
protein arrays (vide infra). These hBPM6 arrays were then used to gain information 
on the growth factor dosage in terms of early cellular differentiation. 
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7.2.2 Printing fibronectin arrays with different geometries on 
PTMC373 

After spin coating thin films of PTMC373 on glass, the surfaces were functionalized 
with 3-glycidylpropyltrimethoxysilane (GPTMS) as depicted in Scheme 7.1, 
following the same procedure as described in Chapter 6 for the surface 
functionalization of Polyactive™ films with epoxide moieties upon activation 
using an oxygen plasma for 15 sec. After functionalizing the PTMC373 films with 
GPTMS, the recorded advancing contact angle value dropped from 80.4° ± 
0.4[10] to 61.8° ± 3.2, which is only slightly higher when compared to the wettability 
of GPTMS SAMs on glass (55.1° ± 1.5) presumably due to the formation of more 
loosely packed monolayers on polymer surfaces.  
After loading a Si stamp with different geometry lay-outs with a solution of 2 µM 
of FN, which contained 10% rhodamine-labeled FN (Rh-FN) for localization 
purposes using fluorescence microscopy, the stamp was used to print an FN 
array on PDMS. Subsequent to imaging the array using a fluorescence 
microscope, this FN array was transfer-printed to the epoxide-functionalized 
PTMC373 films forming a covalent bond upon nucleophilic ring opening of the 
epoxide groups by the free amines of the fibronectin (Scheme 7.1). 

 

Scheme 7.1 – Schematic procedure of the functionalization of PTMC373 films by pre-
activation with O2 plasma followed by reaction with GPTMS. Fibronectin (ellipse) was 
covalently immobilized via transfer printing onto the GPTMS activated films. 

 
Arrays of FN were successfully printed on the PTMC373-GPTMS films for all the 
geometries present in the stamp as visualized using fluorescence microscopy 
(Figure 7.3a). A good replica of the stamp design with fully printed individual 
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features of the geometries was observed except in some case when conformal 
contact was poor. When comparing the average fluorescence intensity of the 
FN arrays before transfer printing on the flat PDMS (30 ± 1 a.u.) with the 
fluorescence intensity of the FN arrays after transfer printing on PTMC373 (35 ± 
8 a.u.), comparable intensity values were found, whereas on the PDMS surface 
no remainders of the FN arrays could be detected (Figure 7.3c).

 
Figure 7.3 – a) Fluorescence microscopy images of FN arrays consisting of different 
geometries. b) Bright field image of the printing side of the Si stamp. c) Fluorescence 
images of the feature-less flat PDMS stamp that was used for transfer printing before (left) 
and after (right) contact with the receiver PTMC373 substrate. Error (%) of the printed 
features (determined using fluorescence microscopy) in terms of area (d) and aspect ratio 
(e) in comparison to the original values of the design. The layout matches with the layout 
displayed in Figure 7.1e. 
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Upon close inspection of the bright field image of the Si stamp and the 
fluorescent microscopy image of the printed FN arrays, the shape fidelity (area 
and aspect ratio) of the fabricated geometries in the reservoirs and the printed 
geometries were compared with the originally desired shapes of the stamp.  
Based on images such as in Figure 7.3b, the openings in the bottom of the 
reservoirs of the stamp were found to be on average 10% larger when compared 
to the original design. While circular features were indeed found to have a 
circularity ratio of close to 1, in the images made of the printing side of the 
stamp, the ellipsoidal and rectangular features were found to deviate more 
significantly having smaller aspect ratios of 1:1.85 and 1:3.4 in comparison with 
the desired ones of 1:2 and 1:4, respectively. Comparing the individual areas of 
each of the printed features using fluorescence microscopy images such as in 
Figure 7.3a with those from the original stamp design, the error in the area and 
aspect ratios of the printed features was calculated with respect to the original 
design (Figure 7.3d and e). For the majority of the shapes the error in the area 
was in the same range as the observed discrepancy between the originally 
desired stamp and the fabricated stamp. This indicates that most of the shapes, 
for all aspect ratios, in the printed protein arrays are in good agreement with the 
geometry of the used stamps. Printed shapes that were smaller and had a 
smaller aspect ratio than expected from their parent design mostly 
corresponded to the largest features of the stamp design. We tentatively 
attribute the observed incomplete replication of the features by printing to 
incomplete filling of the microchannels of the stamp, which may result from 
insufficient crosslinking time or to the inhomogeneous porosity of the hydrogel 
within those openings. A reason for printed features larger than the designed 
ones could be related to the applied pressure during printing, which leads to 
leaking.  
Taken together, the Si stamps can be used to reliably print protein arrays with 
various feature geometries, on different substrates and multiple times without the 
need of reloading with fresh protein solution. [7]  

7.2.3 Cell adhesion and spreading on printed fibronectin 
arrays on PTMC373  

Beyond printing 25 distinct arrays of FN of 60-70 x 103 µm2 onto the surface of 
PTMC373, the biomaterial remained untreated while a full composition cell culture 
medium was used to represent realistic in vivo conditions when using such 
biomaterials. These experimental conditions are different from literature studies 
where either detergents are added to or 10% FBS is left out from the medium or 
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where surfaces exposed to the medium are blocked prior to cell seeding. [3b, 3c, 11] 
As a first step, the relationship between adhesive FN arrays and recruitment of 
focal adhesion components (i.e. vinculin) was studied. To this end, vinculin was 
immunostained after 1h of cell seeding on the printed FN arrays on PTMC373 and 
inspected using fluorescence microscopy (Figure 7.4). When cells were seeded 
on a PTMC373 substrate that was homogeneously covered with FN using a flat 
PDMS stamp, cells were widely spread showing small dots or rod-shaped 
adhesions (indicated with an arrow in the inset to Figure 7.4a), specially at the 
cell periphery. However, when cells were seeded on PTMC373 with printed FN 
arrays, single focal adhesions were not observed while vinculin was present 
throughout the cells with a higher intensity at the periphery. These observations 
suggest that, in contrast to other literature studies where focal contacts were 
micropatterned, [3b] the density and area of our patterns is too large to observe 
single focal contacts corresponding to the printed feature. Moreover, the cell 
adopts a more round-like shape that hampers the visualization of vinculin clusters 
as in cells seeded on homogeneously covered FN films. This suggests that there is 
an effect of the FN distribution in terms of local complex formation (usually at the 
leading edge of migrating cells). While in homogeneous FN films defined 
complexes are already formed, cells on the printed FN arrays are still in a 
dynamic state, readjusting their cytoskeleton to adapt to the features and form 
more mature stable focal adhesions. 
In addition, when comparing Figures 7.4b and c, a large difference in terms of 
spreading on patterns with different spacing was observed. While a spacing of 
20 µm allowed the bridging of two neighboring features, as can be seen in the 
overlay of the channels for vinculin and Rh-FN, cells on the same feature but with 
a larger spacing were confined on the feature area adopting the morphology 
dictated by the dots. These results indicate that even though cells were cultured 
with a background allowing protein adsorption from the cell culture medium and 
therefore cell adhesion, at an early stage the cells were able to sense the printed 
FN and to be instructed by the information included in the geometry of the 
printed FN microarrays.  
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Figure 7.4 – Vinculin distribution (after 1 h) of C2C12 cells seeded on FN-functionalized 
PTMC373 substrates: a) fully covered FN (10% Rh-FN) layer with inset showing a magnification 
of the cell periphery with multiple focal contacts (white arrow); b) printed FN micro-array of 
1:1 dots with ”short” spacing and c) printed FN micro-array of 1:1 dots with ”long” spacing. 
a-c are fluorescence microscopy images recorded using a green filter and a’-c’ are the 
corresponding overlays with images recorded using a red filter. Values describe the aspect 
ratio, the area and the spacing of the arrays. 

As a next step cell adhesion and spreading were quantified for the different 
geometries of the printed FN arrays using the fluorescence microscopy images of 
stained cells for their actin cytoskeleton and nuclei (Figure 7.5a-g). The results are 
summarized in the Table 7.5h. From the data a number of trends in the behavior 
of cell adhesion and spreading can be delineated with respect to the geometry 
of the array. The results of these experiments suggest that the extent of cell 
spreading is not related to the shape of the features, while no correlation 
between cell spreading and effective FN covarage was found. The latter finding 
is in contrast to reported work of Lehnert et al. [3b] However, our arrays represent a 
much narrower range of coverages and this effect could be less prominent 
when working in culture conditions favoring protein adsorption and consequently 
cell adhesion. Upon inspection of the images recorded in the case of the printed 
FN arrays with small features (~25 µm2) that are closely spaced (~20 µm), the 
cytoskeleton was able to rapidly spread and reorganize, adapting itself to the 
geometrical pattern with sharp angles and straight edges (Figure 7.5a) in 
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agreement with observations made by Lehnert et al. for B16 F1 melanoma 
cells. [3b] The spreading was restricted to the FN array when compared to a full 
layer of FN (Figure 7.4a), whereas the cells were spreading far more when 
compared to a control film without FN. When the features are more spatially 
separated (~50 µm), the spreading was further restricted to parts of a printed FN 
array (Figure 7.5b). On this type of printed FN arrays, some cells were able to 
bridge only a few neighboring FN features building very tensioned cell 
geometries (Figure 7.5b) and further cases were observed of single cells adhering 
to an individual FN feature. When the area of the individual features was 4-fold 
increased to 100 µm2, while keeping the spatial separation constant at 50 µm, 
most of the adhered cells were isolated on individual FN features in an almost 1:1 
ratio (Figure 7.5c). In contrast, when the spacing of FN features in a printed FN 
array was reduced to 20 µm, while keeping the area of FN constant at 100 µm2, 
cells were bridging individual FN features regularly, but in this case on average to 
a much less extent (Figure 7.5d) when compared to the previous case when the 
FN feature were smaller and further apart. The latter observation might indicate 
that when a minimum number of fibronectin proteins is interacting with their cell 
receptors, a reduced cell spreading will be observed.  
Taken together, for a given shape and size of FN feature, cell spreading was 
more pronounced to cover large areas with a clear directionality when larger 
aspect ratios were present (Figure 7.5e-g) and when large spacings of individual 
FN features were used. These findings indicate a relation between cell motility 
and the aspect ratio of fibronectin areas and can be related to previous studies 
where cell motility has been related to aspect ratios of topological cues. [12]  
In contrast to cell spreading, cell adhesion was observed to correlate well with 
effective FN-coverage as plotted in Figure 7.5i. At higher effective FN coverage 
values (including size and spacing effects) a higher number of cells adhered, 
whereas the avarage number of adhered cells for all FN arrays studied was lower 
(8 ± 3) when compared to a control sample lacking FN (22 ± 4). The combined 
observation that more cells adhered to a control film but showed less spreading, 
reflects the potential of controlling the adhesive properties of cells to FN arrays 
on the same films even when proteins from the cellular medium might be 
adsorbed onto the background. Even though cells that are seeded on printed 
FN arrays sense the same background as on a control film, the printed FN arrays 
are able to regulate cell motility.  
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Figure 7.5 – Cell spreading on different micropatterned geometries: 1:2 circles with different 
area and spacing (a-d); Squares with equal area and spacing but different aspect ratio (e-
g). Insets show a magnified area and values describe the aspect ratio, the area and the 
spacing of the patterns. Table h) summarizes the spreading values of cells seeded on all 
the printed micropatterns and graph i) shows cell number vs. effective FN coverage as an 
indication of cell adhesion for both squares and circles. The line serves as a guide to the 
eye. Error bars indicate standard deviations of the mean of three independent 
experiments. 
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7.2.4 Printing an hBMP-6 array for early cellular differentiation 
studies 

Arrays of hBMP-6 were printed on PDMS blocks (approx. 1 x 1 x 0.5 cm) that were 
functionalized with poly(glycidyl methacrylate) (PGMA) brushes following the 
procedure described in Chapter 6 (Scheme 7.2). To avoid strong background 
fluorescence of PDMS, [13] for some fluorescence microscopy experiments hBMP-6 
arrays were printed on PTMC373 films that were functionalized with GPTMS as 
previously described (vide supra). To print the hBMP-6 arrays on PTMC373-GPTMS 
the two-step printing procedure involving a transfer printing step (Figure 7.2a) 
was employed, while the hBMP-6 arrays on the soft blocks of PDMS-PGMA could 
be printed directly (Figure 7.2b). The epoxide functionalities in the brushes allow 
the formation of a covalent bond between the printed proteins and the brush. 

 

Scheme 7.2 – Schematic procedure of the surface functionalization of PDMS with PGMA by 
pre-activation using O2 plasma. hBMP-6 (ellipse) can be subsequently immobilized via 
direct printing on the activated film via the reaction between the primary amine groups 
and the epoxide moieties. 

Upon surface functionalization, different protein solutions were prepared and 
employed for loading the reservoirs of the Si stamp. Different hBMP-6 
concentrations (0.1, 0.45 and 1.75 µM) were used while a constant concentration 
of FN (2 µM) and Rh-FN (0.2 µM) was added. The addition of FN serves to confine 
cells to the printed hBMP-6 areas and for visualizing the printed array. According 
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to the methodology displayed in Figure 7.2b, a group of 4 reservoirs of the stamp 
was manually loaded with each of the hBMP-6 solutions and a reference solution 
containing only FN and Rh-FN. After 2h, the loaded Si stamp was placed in 
conformal contact with a PDMS-PGMA surface to print the hBMP-6/FN array. The 
quality of the hBMP-6/FN array was first evaluated using fluorescence microscopy 
experiments before cell seeding experiments. The printed hBMP-6/FN array was 
visualized following an immunofluorescence staining protocol for the hBMP-6, 
while the labeled fibronectin allowed direct localization of the printed array. 
Figure 7.6a shows a series of fluorescence microscopy images of successfully 
immunostained hBMP-6 and printed Rh-FN. When no hBMP-6 was present in the 
array, the immunofluorescence was absent. The corresponding 
immunofluorescence intensity profiles were averaged over the printed hBMP-6 
arrays each comprising 144 individual spots (Figure 7.6b). From these profiles, the 
intensity of the stained hBMP-6 clearly increases while increasing the 
concentration of the solutions used to load the Si stamp. The 
immunofluorescence profile saturates (Figure 7.6c), while concomitantly a 
constant red fluorescense intensity corresponding to Rh-FN was observed in the 
same spots. These results confirm a good correlation between the protein 
solutions used for loading the Si stamp and the printed protein arrays. Although 
the individual spots show a fairly constant intensity across the entire array for the 
different concentrations used, a low protein concentration produces the lowest 
standard deviation in intensity. In addition, an excellent printing fidelity of the 
dots with respect to the original design of the stamp was observed as was 
observed in the case of printing FN arrays as described in the previous 
paragraph. Moreover, the results also show that the printed hBMP-6 proteins are 
folded correctly. 
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Figure 7.6 – a) Fluorescence microscopy images of printed arrays with Si stamps loaded 
with solutions (concentrations indicated) of FN (with 10% Rh-FN) (left) and hBMP-6 (right). 
b) The average fluorescence intensity of rhodamine (top) and immunofluorescence 
(bottom) in dots across the array. Error bars represent the standard deviation of the mean 
of four individual printed arrays each containing 144 dots. c) the average fluorescence 
intensity of the different arrays with hBMP-6 and FN (corrected for background intensity). 
The curve serves as a guide to the eye. Error bars represent the standard deviation of the 
mean immunofluorescence of all dots of an array (measured in quadruplicate). 

With these printed hBMP-6/FN arrays in hand, as a next step, mouse C2C12 
myoblastic cells were subsequently seeded on the hBMP-6/FN array on PDMS-
PGMA. Each group of four individual hBMP-6/FN arrays is separated by 640 µm, 
while individual hBMP/FN arrays are separated by 320 µm. These distances are 
sufficient to avoid cross-talk by paracrine communications [14] between cells on 
arrays made of different hBMP-6 concentration. Prior to cell seeding however, 
unreacted epoxide moieties were capped with NH2-PEG to further improve 
specific cell adhesion to the printed hBMP-6 arrays. From the optical microscopy 
image in Figure 7.7a, a clear confinement of cells on the printed hBMP/FN arrays 
was observed already after 4 h after seeding the cells. After 4 days of cell 
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culture, only a minimal amount of cells died demonstrating a good 
biocompatibility of the printed hBMP-6/FN array on the PDMS surface (not 
shown). To explore the dependence of the signal transduction on the amount of 
hBMP-6 in the printed hBMP-6/FN arrays, ALP produced after 4 days was stained 
histochemically as a marker of early cell differentiation (Figure 7.7b). The stained 
areas match with printed hBMP-6/FN arrays presenting the different groups 
where hBMP-6 was present in the arrays, which increase in intensity upon 
increasing the quantity of immobilized hBMP-6. In the array lacking the hBMP-6 
no stains were observed on the adhered cells. When plotting the ALP intensity 
versus the quantity of printed hBMP-6 a clear dose-dependent relationship was 
observed (Figure 7.7c) in agreement with literature data. [10] As the plot in Figure 
7.7c shows that the ALP staining intensity increases linearly with increasing hBMP-6 
concentrations, while the plot in Figure 7.6c shows that the hBMP-6 
immunostaining intensity saturates over this range of hBMP-6 concentrations. 
These results indicate that the BMP cell receptors were not yet saturated by the 
printed hBMP-6 array. Although the highest hBMP-6 concentration used for 
loading the Si stamp is 1.75 µM, the total amount of immobilized hBMP-6 in an 
array could be estimated to be ca. 1.5 pg (3.6% patterned area) when using the 
results of Chapter 6. This amount is far below the amount of hBMP-6 needed to 
reach receptor saturation as was estimated in Chapter 6 to be ca. 190 ng (100% 
patterned area). 
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Figure 7.7 – a) Optical microscopy image of cells confined onto printed hBMP-6 arrays after 
4 h of cell seeding. b) Images of ALP enzymatic histochemical staining and hematoxylin 
counterstaining on printed hBMP-6/FN arrays (concentrations indicated). c) Average ALP 
staining of C2C12 cells seeded on different concentrations of arrayed hBMP-6. The line 
serves to guide the eye. Error bars represent the standard deviation of the average intensity 
of each region in the optical microscopy images.  

7.3 Conclusions 

In this chapter it has been shown that novel Si stamps can be successfully used to 
fabricate protein microarrays for the study of cellular function. With the device, 
different strategies have been developed to print protein arrays on relevant 
biomaterials yielding active proteins. Transfer printing has been used to array FN 
onto epoxide terminated PTMC373-GPTMS films yielding patterns of high fidelity 
according to the stamp design. These biomaterials with arrays of FN having 
varied shapes and aspect ratios have been used for systematically exploring the 
geometrical limits of the ECM for C2C12 mouse myoblastic cells. In addition, the 
Si stamp has been succesfully employed to fabricate protein arrays of different 
concentrations of hBMP-6 at constant concentration of FN on soft PDMS 
substrate functionalized with PGMA brushes via direct printing. In this case, after 
good confinement of C2C12 cells was ensured, ALP activity has been related to 
the amount of hBMP-6 at the surface.  
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These examples illustrate the potential of the novel printing device to speed up 
cell-interface investigations using biochemical cues. 
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7.5 Experimental Section  

Materials 
Commercial grade reagents were purchased from Sigma-Aldrich and used 
without further purification unless stated otherwise. Solvents were dried over 
molecular sieves. Water was of MilliQ quality. PTMC373 was kindly provided by Dr. 
E. Bat. Fibronectin from bovine plasma was purchased from Sigma and 
rhodamine-fibronectin from bovine plasma (labeled with 5-(and-6)-
carboxytetramethylrhodamine succinimidyl ester) (0.6 dyes per protein 
molecule) was purchased from Cytoskeleton, Inc. These proteins were 
reconstituted in water (1 g/L) as indicated by the providers and further diluted to 
the desired working concentration in PBS buffer. Recombinant Human BMP-6 
(hBMP-6) was purchased from R&D Systems as a carrier-free, 0.2 µm filtered 
solution (0.04 g/L) in acetonitrile and TFA and further diluted to the desired 
working concentration in PBS buffer. 

Preparation, activation and functionalization of poly (trimethylene 
carbonate) (PTMC373) films 
PTMC373, was allowed to dissolve in chloroform (1% w/v) by stirring for 4 h at room 
temperature. The solution was then spin-coated (3 s at 500 rpm followed by 30 s 
at 3000 rpm) onto clean microscope glass slides (76 x 26 mm, MENZEL-GLÄSER), 
which were cut to approx. 1.5 cm2 pieces. For surface activation, an O2-plasma 
treatment was applied for 15 sec by tuning the current to 40 mA of a Plasma-
Prep II plasma etcher (SPI supplies, USA). The oxidized films were immediately 
used for the functionalization with (3-glycidyloxypropyl)trimethoxysilane (GPTMS). 
To this end, the films were immersed in 1% v/v in dry hexane overnight at room 
temperature under a N2 atmosphere using oven-dried glassware (see Scheme 
7.1). Following monolayer formation, the films were removed from the solution, 
rinsed several times with hexane to remove unbound material, rinsed with 
ethanol and dried in a flow of dry N2. The samples were immediately used to 
prevent the ring-opening reaction of the epoxide groups. 
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Preparation of poly(glycidyl methacrylate) (PGMA) brush layers 
on poly(dimethylsiloxane) (PDMS) 
Poly(dimethylsiloxane) (PDMS) (Dow Corning) blocks were fabricated by casting 
a degassed 10:1 (v/v) mixture (30 mL) of poly(dimethylsiloxane) and curing agent 
(Sylgard 184, Dow Corning) on the surface of a cleaned featureless Si wafer, 
which was previously treated with 1H,1H,2H,2H-perfluorododecyltrichlorosilane 
(PFDTS) to facilitate the removal of the PDMS. After overnight curing at 60 °C, 
PDMS was cut into approx. 1.5 cm2 pieces and oxidized by oxygen plasma for 
20 sec (current tuned to 40 mA). The oxidized PDMS substrates were immediately 
functionalized following procedures adapted from literature (see Scheme 7.2). [15] 
Briefly, the PDMS substrates were placed in a desiccator together with a vial 
containing 100 µL of (3-aminopropyl)-triethoxysilane (APTES). After evacuation for 
10 min using a diaphragm vacuum pump, the vapor of APTES was allowed to 
react overnight with the oxidized PDMS. Subsequently, the substrates were 
thoroughly rinsed with ethanol and dried under a flow of dry N2. The cleaned 
amino-functionalized substrates were immersed into a solution of 5.5 mL 
triethylamine and 40 mL of ethanol and allowed to cool to 0 °C. Subsequently, 
300 µL of ATRP initiator 2-bromo-2-methylpropionyl bromide was added dropwise 
to the solution. After complete addition, the solution was left for 1.5 h under a N2 
atmosphere. Afterwards, the initiator-functionalized substrates were rinsed with 
ethanol and water and dried under a flow of dry N2 and stored in an argon-
degassed flask Afterwards, a solution of glycidyl methachrylate (5 mL, 5.21 g, 
36.7 mmol), 2,2’-dipyridyl (bpy) (141 mg, 0.904 mmol) in methanol (4 mL) and 
water (1 mL) was prepared and purged with argon for 30 min in a round-bottom 
flask sealed with a septum. CuCl (36.4 mg, 0.368 mmol) and CuBr2 (3.9 mg, 
0.017 mmol) were added into another flask and purged with argon for 30 min. 
Monomer, ligand, and catalyst were then combined, stirred and degassed for 
another 30 min to facilitate the formation of the organometallic complex. 
Subsequently, this solution was transferred with a degassed syringe into the 
argon-degassed flask that contained the initiator-functionalized PDMS substrates. 
After 1 h at room temperature, the substrates were removed from the flask and 
thoroughly rinsed with water followed by gentle sonication in ethanol. After 
rinsing with ethanol, the PGMA-brush functionalized PDMS substrates were dried 
under a flow of dry N2 and immediately used to prevent the ring-opening 
reaction of epoxide groups. 
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Substrate characterization 
Modified surfaces were examined by dynamic contact angle (sessile droplet) 
measurements using a Krüss G10 contact angle measuring instrument, equipped 
with a CCD camera. Droplets (1.5-2 µL) of water (MilliQ, Millipore, R = 18.2 MΩcm) 
were placed randomly on the surface and advancing and receding (Θa and Θr) 
contact angles were automatically determined during growth and shrinkage of 
the droplet using a drop shape analysis routine. All reported values were an 
average of at least three measurements. 
 

Si stamp functionalization with hydrogel 
A Si stamp with reservoirs and channels was fabricated by photolithography and 
deep reactive ion-etching (DRIE) according to a procedure reported by our 
group as published elsewhere. [7] Before use, the stamps were activated in 
piranha solution (3:1 concentrated H2SO4 / 30% H2O2) for at least 30 min (Warning! 
Piranha solution should be handled with caution. It has been reported to 
detonate unexpectedly) and then rinsed several times with water, ethanol and 
then dried under a flow of dry N2. The stamps were subsequently functionalized 
overnight in a desiccator by evaporating PFDTS as described above, rinsed with 
acetone and dried under a flow of dry N2. The stamp was pressed on a flat PDMS 
substrate until conformal contact was achieved while keeping the reservoir side 
on top. The system was subsequently exposed to O2 plasma for 5 minutes, under 
the conditions previously described, to remove the PFDTS layer everywhere 
except at the printing side, which was protected by the PDMS substrate. 
Subsequently, the inner walls of the reservoirs and channels were functionalized 
overnight by vapor deposition of 75 µL of 3,3-trichlorosilylpropylmethacrylate 
(TPM) in a desiccator as previously described. After washing the functionalized 
stamps with acetone and ethanol, the stamps were dried in a flow of N2. Then, 
the stamps were placed in a glass vial containing a solution of 1900 µL H2O, 24 v% 
2-hydroxyethylmethacrylate (HEMA) (600 µL) and 0.5 mol% ethylene glycol 
dimethacrylate (EGDMA) and vortexed to solubility. After purging the solution 
with N2,. 33.34 µL of the initiator mixture (ammoniumpersulfate (APS) 
(7.5 mg / 100 µL) and 2.5 µL of N,N,N’,N’-tetramethylethylenediamine (TEMED) 
(Acros) was added. Polymerization was allowed to proceed overnight after 
which excess polymer was removed from the outside of the Si stamps. After 
thorough washing with water the stamps were ready to use.  
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Printing of protein solutions 
After removing the excess of water of the Si stamps with dust-free paper, all 
reservoirs of the stamp were either loaded with 10 µL of FN (2 µM, containing 10% 
of Rh-FN) in PBS or groups of 4 reserviors were loaded with 2 µL of a solution 
containing FN (2 µM, containing 10% of Rh-FN) and hBMP-6 (0, 0.1, 0.45 or 
1.75 µM) in PBS. After applying the solutions to the reservoirs, the stamps were left 
in the fridge for 2 h. Prior to printing, the stamps were shock dried to remove 
excess solution. Subsequently, the loaded stamps were brought in conformal 
contact with either the epoxide-functionalized PDMS films (as described above) 
or with a featureless unfunctionalized PDMS substrate (non-oxydized) for 1 min. By 
carefully removing the Si stamp, the printing could be repeated up to 75 times. 
After 1 h, the protein patterned epoxide-functionalized PDMS substrates were 
rinsed with water and used for further experiments, while the protein patterned 
unfunctionalized PDMS substrates were further used for transfer printing to 
replicate the protein patterns onto the functionalized PTMC-GPTMS films (as 
described above). To this end, the protein patterned PDMS substrates were 
brought in conformal contact with the PTMC-GPTMS surfaces for 1 min. After 1 h, 
the protein patterned PTMC-GPTMS substrates were rinsed with water and used 
for further experiments. 
For the immobilization of hBMP-6 only, loaded Si stamps were used for printing 
onto the same substrates following the same steps as decribed above. The 
quality of the printing was assessed by using the free software ImageJ. 
 

SEM characterization 
For assessing the morphology of the hydrogel in the bulk and inside the silicon 
chips, the gels were dehydrated in graded alcohols and subjected to critical 
point drying followed by sputter-coating with gold. Their surfaces were analyzed 
by scanning electron microscopy (SEM, Philips XL 30 ESEM-FEG, The Netherlands). 
 

hBMP-6 immunostaining 
Following hBMP-6 immobilization, the epoxide-terminated background was 
passivated by incubating the samples for 3 h in a solution of 0.1 wt% O-(2-
aminoethyl)polyethyleneglycol 3,000 (NH2-PEG) in PBS buffer. Subsequently, the 
substrates were washed with PBS buffer, rinsed with high-purity water and dried 
with dry nitrogen. A solution of 5 µg/mL of monoclonal anti-hBMP-6 antibody 
produced in mouse (mouse IgG2B isotype, clone 74219.11, Invitrogen) was 
prepared in PBS buffer including 1% BSA and 200 µL of the solution were used to 
incubate the protein arrays. After 1 h, the substrates were washed three times 10 
min with PBS buffer including 1mM Tween-20, rinsed with water and dried with dry 
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nitrogen. Finally, 200 µL of a solution (2 µg/mL) Alexa Fluor® 488 goat anti-mouse 
IgG2a (γ2a) (Invitrogen) in PBS buffer including 1% BSA were used to incubate 
the samples for 1 h. The substrates were then washed again three times 10 min 
with PBS buffer including 1 mM Tween-20, rinsed with water and dried with dry 
nitrogen. The arrays were inspected with fluorescence microscopy imaging. 
 

Cell culturing  
Substrates were sterilized prior to cell seeding with 70% ethanol and subsequently 
washed twice with PBS to remove any excess of ethanol. C2C12 (Mouse 
myoblast) cells were plated at a density of 25000 cells/cm2 in Dulbecco’s 
modified eagle medium (DMEM) (Sigma-Aldrich), supplemented with 10% FBS, 
4.5 g/L glucose, L-glutamine and NaHCO3; 1% (v/v) penicillin-streptomycin 
solution (with 10,000 units penicillin and 10 mg streptomycin/mL, Sigma-Aldrich) 
and cultured at 37 °C in a humidified 5% CO2 atmosphere for 1 h. Subsequent to 
incubation, adhered cells were carefully washed twice with sterile PBS to remove 
loosely attached cells. Cells were fixed with a 4% formaldehyde solution in PBS for 
10 min at room temperature and stained for F-actin with Alexa Fluor® 488-
labeled phalloidin (Invitrogen) and DAPI dilactate (Invitrogen) following the 
protocol from the provider. Vinculin staining was performed by incubating the 
samples with a solution containing Monoclonal Anti-Vinculin FITC (Clone hVIN-1), 
diluted 50x from the supplied solution in PBS contianing 1% BSA for 1h. Afterwards, 
the substrates were washed twice with PBS and water and carefully dried in a 
flow of N2 and inspected using fluorescence microscopy imaging. For 
determining cell number and area of spreading, free software CellProfiler was 
used. For differentiation studies, the medium was supplemented with 0.2 mM 
L-ascorbic acid-2-phosphate (AsAP) and a seeding density of 10000 cells/cm2 
was used. For ALP staining, cells were fixed in 10% buffered formalin for 1 h. ALP 
and counter hematoxylin stainings were performed using the Leukocyte Alkaline 
Phosphatase kit (Sigma Aldrich) according to manufacturer’s protocol. 
Live/Dead assay (LIVE/DEAD® Viability/Cytotoxicity Kit, for mammalian cells, 
Molecular Probes®) was performed according to the protocol from the provider. 
 

Fluorescence Microscopy 
Fluorescence microscopy images were taken using an Olympus inverted 
research microscope IX71 equipped with a mercury burner U-RFL-T as light source 
and a digital Olympus DR70 camera for image acquisition using the following 
Olympus filter cubes: 300 nm ≤ λex ≤ 400 nm for blue emission (410 nm ≤ λem ≤ 
510 nm), 510 nm ≤ λex ≤ 550 nm for red emission (λem ≥ 580) and 460 nm ≤ λex ≤ 490 
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nm for green emission (λem ≥ 520). All fluorescence microscopy images were 
acquired in air. 
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Summary 
 
 
Development of novel methodologies for tethering growth factors (GFs) to 
materials is highly desired for  the generation of biomaterials with improved tissue 
repair properties. Progress in the development of biomaterials that incorporate 
GFs and the in vivo performance of such biomaterials in tissue engineering 
applications, such as stents, orthopaedic implants, sutures and contact lenses, is 
still challenged by the required control over the mobility of growth factors in 
biomaterials. Many of the current methodologies to introduce GFs in biomaterials 
suffer from a lack of control over the spatiotemporal delivery of GFs. 
The aim of the work described in this thesis is the functional tethering of GFs to 
biomaterials using reversible chemical strategies with spatiotemporal control, 
thus following nature’s paradigm. This work consisted of three parts: a) non-
covalent strategies have been used to capture GFs to surfaces by employing 
nanobodies and peptides. In this part of the research considerable attention has 
been paid as well to fundamental aspects on controlling protein orientation in 
densely packed layers; b) reversible covalent chemistry has been used to control 
the spatiotemporal availability of GFs in the extracellular matrix (ECM) by using 
hydrolysable siloxane and imine bonds as examples and c) a protein array 
technology has been introduced to create functional platforms of various 
shapes and content for studying cell behavior. 
In summary, the reversibility of the tether has been found to play important roles 
in the biological activity. The results of the studies demonstrate the advantage of 
tethers that combine immobilized GFs, such as GF stability or the creation of 
locally highly concentrated GF reservoirs, with released mobile GFs, such as 
optimization of orientation for an optimal interaction with cellular receptors. 
Although such systems are attractive, knowledge about the application of such 
tethering strategies in vivo is limited and deserves detailed attention in future 
research and leaves ample room for synthesis. For example, stimuli responsive 
systems might provide tools for a breakthrough in the tissue engineering field. 
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Samenvatting 
 
 
De ontwikkeling van nieuwe methodes voor het koppelen van groeifactoren 
(GF) aan oppervlakken opent de deur voor een nieuwe generatie van 
biomaterialen met verbeterde weefselhersteleigenschappen. De ontwikkeling en 
in vivo evaluatie van GF-dragende biomaterialen zoals stents, orthopedische 
implantaten, hechtmateriaal en contactlenzen, wordt bemoeilijkt door een 
gebrek aan controle over de GF-mobiliteit in dergelijke substraten. Veel van de 
huidige routes om GF in biomaterialen te introduceren beschikken niet over de 
gewenste GF-afgifte over de tijd en in de ruimte. Het doel van het werk, 
beschreven in dit proefschrift, is de functionele koppeling van GF aan 
biomaterialen waarbij controle in tijd en ruimte, zoals die wordt aangetroffen in 
de natuur, mogelijk wordt. Hierbij is gebruik gemaakt van reversibele chemische 
verankeringsmethoden, onderverdeeld in: a) niet-covalente methoden om GF 
op oppervlakken in te vangen door middel van nanobodies en peptiden. Hierbij 
is veel aandacht besteed aan fundamentele aspecten zoals eiwitoriëntatie in 
dichtgepakte eiwitlagen; b) Reversibele covalente chemie is gebruikt om de 
beschikbaarheid van GF in de extracellulaire matrix (ECM) te moduleren in 
ruimte en tijd. Hydrolyseerbare siloxanen en imine-bindingen zijn gebruikt om 
controle daarover te verkrijgen; c) Gebruikmakend van ‘eiwitarray-technologie’ 
zijn functionele substraten bereid waarbij de vorm alsmede de 
oppervlaktesamenstelling gevariëerd kon worden om celinteracties nader te 
bestuderen.  
Samenvattend is er gevonden dat de omkeerbaarheid van GF-oppervlakte-
verankering van grote invloed is op de biologische activiteit. De resultaten laten 
de voordelen zien van de stabiliteit en een hoge lokale oppervlakteconcentratie 
van immobiele GF gecombineerd met GF-afgifte, resulterend in optimale 
oriëntatie en interactie met celreceptoren. Ondanks het feit dat deze systemen 
erg interessant en veelbelovend zijn, moet opgemerkt worden dat de kennis 
over de in vivo effecten van oppervlakteverankering beperkt is. Verder 
onderzoek is dus noodzakelijk hetgeen de verdere ontwikkeling van interactieve 
biomaterialen zal stimuleren en mogelijk maken. Deze technologieën zouden 
voor een doorbraak kunnen zorgen in de regeneratieve geneeskunde. 
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