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INTRARENAL BMP7 DELIVERY FROM A SUPRAMOLECULAR HYDROGEL SYSTEM IN 
HEALTHY KIDNEYS 

 
 

In this chapter we report on a modular one-component supramolecular hydrogel system that 
due to its nonlinearity in structure formation becomes a vehicle for protein delivery. The 
hydrogel is based on a dynamic supramolecular polymer consisting of poly(ethylene glycol) 
that is end-capped with quadruple hydrogen bonding units. The structure formation shows 
nonlinearity in time biased by the chemical structure of the polymer, its concentration and the 
temperature. This nonlinearity allows active proteins to be added to the hydrogel during 
formation, while once implanted in vivo it takes care of the release of the protein by erosion of 
both protein and polymer by dissolution. As proof-of-principle, intrarenal drug delivery in 
healthy kidneys is demonstrated using the anti-inflammatory and anti-fibrotic growth factor 
protein BMP7 encapsulated in the supramolecular hydrogel.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Part of this chapter has been published: Patricia Y.W. Dankers, Thomas M. Hermans, Travis W. Baughman, Yuko 
Kamikawa, Roxanne E. Kieltyka, Maartje M.C. Bastings, Henk M. Janssen, Nico A.J.M. Sommerdijk, Antje Larsen, 
Marja J.A. van Luyn, Anton W. Bosman, Eliane R. Popa, George Fytas, E.W. Meijer, Hierarchical formation of 
supramolecular transient networks in water: a modular injectable delivery system. Adv. Mater. 2012, 24, 2703-2709. 
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7.1 INTRODUCTION 
 
HYDROGELS AND TRANSIENT NETWORKS 

For regenerative medical applications1 such as tissue engineering and drug delivery, 
bioactive hydrogel systems2-3 have to fulfil an impressive list of requirements. Different methods 
of incorporation of bioactive compounds such as peptides and drugs have been explored, 
including physical entrapment, chemical cross-linking, and specific binding.2-3 Importantly, they 
interact with the natural environment they are brought into and therefore have to demonstrate a 
certain complexity, adaptivity and nonlinear behaviour.4 The complexity is revealed in research 
accomplishments on multi-component5, tuneable6-7, stimuli-responsive8-10, actuating11, three-
dimensional patterned12, injectable13, and protein-producing14 hydrogels. A rapidly expanding 
field of self-assembling peptide hydrogels has provided exciting results, due to the special 
network formation of the high-aspect ratio nanofibers.15-20 Incorporation of specific bioactive 
peptide sequences15,18,21, as well as protein22 and growth factor delivery23-24, have been studied 
for these systems. Structure–property relationship studies with respect to gelation kinetics20,25 
and pore-size regulation26 have shown that small molecular adjustments can induce large 
effects; the need to tune chemical structure is highly important. Additionally, other non-peptide 
based self-assembling hydrogel systems27 have been reported as well, for example based on 
biotin-avidin binding28, and on tubulin modification29. 

Various polymeric hydrogel systems have been studied, varying from synthetic to 
natural polymers and combinations of both. Besides differences in polymer nature, these 
systems show distinct gelation behaviour induced by chemical cross-linking, physical 
aggregation, temperature, and/or concentration. Where chemical cross-linked materials are 
typically stable in time, the physical cross-links, where a covalent cross-link is replaced by 
reversible supramolecular bond, are typically highly adaptive to external stimuli. Hence, the 
definition of a chemical hydrogel is rather straightforward, but physical hydrogels are often part 
of debate and only when the physical cross-link is stable in time, a real hydrogel is formed. 
However, by making use of the dynamic nature at different length and timescales new 
intriguing transient networks in water can be formed, that often lack the typical hydrogel 
properties, but add adaptivity to these materials which is important when applied in a 
biological environment. The behaviour of these transient networks is proposed to correspond to 
the dynamic nature of our tissues that are composed of cells embedded in a transient 
hierarchical network of structural proteins and carbohydrates that can adapt in time. 

Here we introduce a new concept of transient supramolecular networks where the 
macroscopic rheological and materials properties are tuned by controlled microscopic kinetics 
of the supramolecular interactions being responsible for the network formation. All of these 
properties will lead to the ideal material for protein delivery in regenerative medical 
applications. We here show as proof-of-concept the use of this system in a new approach 
towards kidney regeneration. 
 
DRUG DELIVERY IN THE KIDNEY 

An increasing incidence of renal failure calls for new approaches to promoting 
functional renal regeneration. Possible therapies are the administration of anti-inflammatory 
and anti-fibrotic medicines by systemic delivery or possibly by drug targeting. Many animal 
models showed promising results30 where bone morphogenetic protein 7 (BMP7), which is 
known for its anti-fibrotic properties31-32, was delivered intravenously33 or intraperitoneally34. 
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However, a major disadvantage of these therapies is the prevalence of unwanted side effects in 
other organs, especially when the drug is administered systemically. Our method to address 
side effects is to locally deliver recombinant BMP7 from a supramolecular transient network 
implanted under the renal capsule. 

 
TRANSIENT SUPRAMOLECULAR NETWORKS 

We disclose a series of new transient supramolecular networks based on nanofibers that 
display nonlinear behaviour in their formation as well as in their self-healing and erosion 
properties, demonstrating their potential as protein and growth factor delivery vehicles in vivo. 
The supramolecular polymers based on quadruple hydrogen bonding are designed in such a 
way that they provide a modular approach, by which the macroscopic rheological and materials 
properties can be tuned through small molecular changes. This supramolecular modification of 
traditional hydrophobically modified poly(ethylene glycols) (PEG) span a large range of 
materials properties. This new system is characterized with a wide variety of techniques not 
only to obtain a static picture of the supramolecular materials, but also to unravel the dynamics 
of these systems, where the exchange dynamics of the polymers with the different nanofibers 
are crucial for the understanding of the properties at different length and time scales. 
 
 
7.2 RESULTS 
 
LIBRARY OF NEW SUPRAMOLECULAR HYDROGELATORS 

Our transient network is based on supramolecular polymers consisting of PEG35-36 end-
functionalized with four-fold hydrogen-bonding ureido-pyrimidinone (UPy)37-40 moieties that 
are shielded in a hydrophobic alkyl pocket decorated with a urea motif primed for lateral 
hydrogen-bonding41 (Fig. 1A). A library of different supramolecular polymers was synthesized 
with the general formula UPy-X-PEG-Zk, in which UPy is the hydrogen bonding unit including 
the urea functionality, X is the alkyl spacer length, and Zk is the average molecular weight of 
the parent PEGs (Fig. 1B). Hexyl-, octyl-, decyl-, and dodecyl-based aliphatic spacers and PEGs 
with molecular weights of 2, 6, 10, 20, and 35 kg mol–1 were used.  

The supramolecular polymers synthesized form hydrogel-like materials upon immersion 
in water, buffer or physiological salt solutions (Fig. 1C). Network formation can be modulated 
by changing the length of the hydrophobic alkyl spacer or the molecular weight of the 
hydrophilic PEG part. The UPy-X-PEG-Zk polymers form high-aspect ratio fibrous assemblies 
in the bulk due to phase separation of the - by hydrogen-bonding ordered - hydrophobic 
domains and the PEG chains (Fig. 1D). Isolated nanofibers (being supramolecular stacks – Fig. 
1) are formed in dilute solution, resulting in transient networks upon increasing concentration. 
Network formation at lower weight percentages is triggered by increasing the length of the 
alkyl spacer. Conversely, the inverse behaviour is observed upon increasing the PEG chain 
length with a lower relative amount of hydrogen bonding units, giving rise to intriguing kinetic 
phenomena. The non-linear behaviour in the formation of these transient supramolecular 
networks is demonstrated with a specific example, which is exemplary for the whole series. 
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FIGURE 1. DESIGN AND GELATION PROPERTIES OF THE SUPRAMOLECULAR UPY-MODIFIED PEG HYDROGELATORS. 
A. The hydrogelators were obtained by end-group functionalization of poly(ethylene glycol) (PEG) 
polymers with the quadruple hydrogen-bonding ureido-pyrimidinone (UPy) unit via a hexyl spacer 
(which is the same in all polymers) and a variable aliphatic spacer (X) linked via an urea group. Different 
molecular weights of PEG were used (Zk). B. In the general formula, UPy-X-PEG-Zk the spacer length X = 
C6, C8, C10, or C12 corresponds to C6H12, C8H16, C10H20, and C12H24, and the average molecular weight of 
the PEG is Zk = 2, 6, 10, 20 or 35 kg mol–1. C.  Gelation onset in w/w% of the various UPy-X-PEG-Zk 
polymers in water. The vial could be held upside down without observing any polymer material or water 
sliding down. Polymers not made are indicated with –. No gelation has been detected for UPy-C10-PEG-
2k, indicated with ng. D. Atomic force microscopy phase image of UPy-C10-PEG-2k, which forms large 
fibrous structures in bulk. Scale bar represents 100 nm. E. Cryo-transmission electron microscopy image 
of UPy-C10-PEG-6k shows long fibrous structures, and spherical micellar objects (arrows) in aqueous 
solution. Scale bar represents 100 nm. F. Schematic representation of the UPy-dimer and the different 
forms of the UPy-X-PEG-Zk hydrogelators in aqueous solution. Whether they are in equilibrium has to be 
investigated. 
 
MATERIAL PROPERTIES & SUPRAMOLECULAR BEHAVIOUR IN THE HYDROGEL STATE 

Rheological experiments on a 10 w/w% UPy-C10-PEG-10k sample show that the storage 
modulus G’ is larger than the loss modulus G” at temperatures below 40 °C indicating the 
network or gel has solid-like behaviour (Fig. 2B). Interestingly, a first-order phase transition at 
the gel–liquid transition temperature is recorded by micro-DSC. Notably, this phase transition is 
observed only in the first heating run. Directly after cooling a soft supramolecular hydrogel (or 
highly viscous liquid) is formed, which recovers its solid-like properties after it is aged for 24 
hours at room temperature. Only then, the endotherm reappears in the micro-DSC experiment. 
Moreover, this solid-liquid transition is only present at concentrations where the 
supramolecular material is in the aged gel state and where G’ > G”. Similar thermal and 
rheological characteristics were found for UPy-C10-PEG-20k and UPy-C10-PEG-35k. The origin 
of this phase transition is not fully understood yet and can be the result of various higher-
ordered structures. While crystallization of the PEG chains is unlikely, the formation of a 
hydrated helical conformation of the PEG chains in aqueous solutions is hard to prove.42-44 The 
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formation of higher ordered domains (bundled aggregates) through multiple dynamic inter-
nanofiber interactions is a pragmatic explanation, not excluding entanglements of PEG chains.  
 

 
FIGURE 2. THE PROCESS OF SUPRAMOLECULAR UPY-MODIFIED PEG HYDROGEL FORMATION, AND HYDROGEL 

PROPERTIES. A. At high temperatures, above 50 °C, and in dilute solution, the hydrogelators are present as 
three species: single chain, spheric micelle and fiber. i. Upon cooling, or increase in concentration, a soft 
hydrogel is formed. ii. After a time span of approximately 16-24 h, the strength of the gel is increased due 
to the formation of supramolecular cross-links. iii. Possibly the fibers bundle and phase separate forming 
ordered domains in the hydrogel network. B. Rheological measurements (left axis) and differential 
scanning calorimetry (right axis) of a 9.1 x 10–3 M, i.e. 10 w/w% hydrogel of UPy-C10-PEG-10k. Below 40 
°C a gel is observed (G’ > G”), while above this temperature a liquid is found. This change is 
accompanied by a phase transition in the first heating run. C. Release of 10 μM rhodamine B from 15 
w/w% UPy-C10-PEG-Zk hydrogels measured with confocal microscopy. Rhodamine B release was 
measured from freshly prepared and from aged hydrogels, i.e. aged for 24 h at room temperature in a 
saturated H2O atmosphere. 
 

The stability of the transient supramolecular network increases significantly in this solid-
like state. Above this melting transition both the UPy-C10-PEG-10k molecules and nano-fibers 
are found to diffuse through the 10 w/w% solution. When the solution is cooled again to 20 °C, 
a soft hydrogel is rapidly formed due to increased inter-nanofiber interactions resulting in a 
loose transient network (Fig. 2A, i-iii). Annealing of the system leads to ordering of the 
nanofibers by multiple connections working cooperatively. It has been shown previously that 
long one-dimensional assemblies can also be obtained from networks of bundled fibers 
composed of low molecular weight molecules.45-46 Interestingly, these small molecule systems 
display an increase of their transition enthalpy in time.46 Our supramolecular UPy-X-PEG-Zk 
system analogously demonstrates this time-dependent higher-order aggregation indicating that 
the multivalency of the interactions reduces the rate of the bundle formation in time. As a result 
of this dynamic nature of the interactions at different length and time scales, even the solid-like 
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networks display properties are very close to those typically seen for self-healing, however in 
this case the repair takes hours to days, depending on the structure and concentration.  
 
SUPRAMOLECULAR BEHAVIOUR IN DILUTE SOLUTION AND IN THE BULK 

Further insight into the structural organization of these transient supramolecular 
networks is obtained by foraying into the dilute concentration regime (10–6 to 10–2 M) using 
cryo-TEM. Dilute solutions of UPy-C10-PEG-10k were prepared by dissolving dry 
supramolecular polymer as a powder in water at 60–70 °C followed by cooling. High-aspect 
ratio nanofibers and small spherical assemblies are observed by cryo-TEM (Fig. 1E); these 
nanofibers are similar to those in the bulk state as visualized by AFM. Bulk studies with AFM 
indicate that the self-associating UPy-moieties form long fibrous structures in the neat phase, 
surrounded by PEG domains (Fig. 1D). This is in agreement with the dimerization of the UPy-
units followed by the lateral fiber formation through the urea polymerization.  

 
SYSTEM SELECTION, AND EROSION & RELEASE BEHAVIOUR 

Our ureido-pyrimidinone hydrogelators (UPy-X-PEG-Zk) show a unique and tuneable 
two-step switching behaviour from a viscous liquid at 50 °C to a solid-like hydrogel-like 
material at room temperature. The experimental data show the high stability of the nanofibers 
caused by the intra-nanofiber looping of the UPy-X-PEG-Zk molecules by their two strongly 
associating end groups (Fig. 2A). Inter-nanofiber connections are responsible for creating the 
transient network, in which temperature, length of the hydrophobic (X), and PEG spacer (Zk) 
contribute to the lifetime of each individual interaction. Hence, the macroscopic properties of 
this transient network are determined by the degree of multivalency of the inter-nanofiber 
connections. A low number of random connections between nanofibers will yield a highly 
dynamic transient network or highly viscous solution, whilst a high number of specific 
connections furnish more stable transient network and a solid-like material. This inherent 
behaviour provides a library of molecules for the construction of transient supramolecular 
networks where properties like self-healing, non-linear structure formation and controlled 
erosion can be tailored. Obviously, with the delicate balance in the structure-property 
relationship as a function of so many parameters the system can easily be trapped in an 
undesired kinetic intermediate. Therefore, appropriate system selection is a prerequisite for 
every application.         

In order to use these ureido-pyrimidinone supramolecular systems for drug delivery, the 
erosion properties of the various transient networks have been assayed. The 15 w/w% UPy-
C10-PEG-Zk supramolecular network materials (thickness: 200–500 μm) containing 10 μM 
rhodamine B were placed in a continuous water flow and the release was quantified using 
confocal microscopy by imaging the xz-plane at regular time intervals (Fig. 2C). Upon 
immersion in water gradual swelling of the layers is observed, resulting in a ~50% increase in 
thickness for UPy-C10-PEG-6k, and ~25% for both UPy-C10-PEG-10k and UPy-C10-PEG-35k 
materials. The swelling is continued for about one third, one sixth or one fifth of the time 
needed to completely erode the material, in the case of UPy-C10-PEG-6k, UPy-C10-PEG-10k, or 
UPy-C10-PEG-35k, respectively. The cumulative release plot shows that UPy-C10-PEG-Zk 
materials with shorter PEG chains generally display slower release, which is in agreement with 
their different points of onset of network formation (Fig. 1C and 2C). Additionally, at the point 
of 100% release of the dye, UPy-C10-PEG-Zk has also completely eroded. Furthermore, release 
is much slower from the UPy-C10-PEG-10k when the material is aged for 24 h in a saturated 
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water atmosphere, compared to its freshly prepared counterpart highlighting the importance of 
sample preparation and the dynamics of these transient supramolecular networks.  
 
INCORPORATION OF PROTEINS & RELEASE BEHAVIOUR 

Relying on the property of the material to structurally evolve over time, proteins have 
been incorporated as cargo into the materials using a thermal encapsulation method (Fig. 3A). 
The UPy-X-PEG-Zk supramolecular polymers were dissolved (10 w/w%) in aqueous solution at 
60 °C, resulting in clear low viscosity solutions. After cooling to 37 °C, the protein addition to 
the viscous solutions is facilitated by constant stirring. A self-healed but still soft hydrogel is 
formed after further cooling to 21 °C that subsequently reaches an ordered solid-like state after 
16 h of aging. As a first approach, cyano-fluorescent protein (CFP) has been used as model 
protein. Release studies in vitro have shown that the delivery can be modified by adjusting the 
ratio between the hydrophobic alkyl spacer and the hydrophilic PEG chain; the longer the chain 
equals slower delivery (Fig. 3B). Also, the weight percentage of the supramolecular polymer 
used is of importance; the higher the weight percentage is, the slower the release of the protein.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
FIGURE 3. INCOPORATION OF PROTEINS AND RELEASE BEHAVIOUR. A. Procedure to in-situ incorporate 
proteins. i. The hydrogelator was dissolved in 0.9 w/w% NaCl aqueous solution by stirring at 60 ºC. ii. 
The solution was cooled to 37 ºC under constant stirring, and the appropriate amount of protein was 
added. iii. The protein-containing, viscous solution was cooled to 21 ºC. iv. Different w/w% bioactive 
hydrogels were obtained after ageing at 21 ºC for 16 h (for CFP) or at  4 ºC  for 2-4 h(for BMP7). B. Release 
of CFP from different UPy-hydrogels. The amount of the released CFP was monitored at λ = 435 nm. 

 
However, the transient supramolecular networks have a certain processing window in 

which they remain viscous liquids after immediate cooling to 37 °C under constant stirring. For 
that reason, we chose the 10 w/w% UPy-C12-PEG-20k system to produce a bioactive, BMP7-
containing, transient supramolecular network using the thermal encapsulation method 
described (Fig. 3A). Three different concentrations have been used; 0.03 µg, 0.15 µg or 0.3 µg 
BMP7 per 30 µL of transient network. The in-vitro biological activity of BMP7 incorporated in 
UPy-C12-PEG-20k was investigated on the ability to enhance production of alkaline 
phosphatase (AP) in MC-3T3 E1 cells. The presence of 0.15 µg and 0.3 µg BMP7 in the cell 
cultures shows a significant increase of AP activity of respectively, 10 and 13 U/mg, as 
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compared to the cells where no BMP7 is present, indicating an in-vitro effect of BMP7 of the 
concentrations used.  
 
FIGURE 4. SUBCAPSULAR HYDROGEL 

IMPLANTATION PROCEDURE. A. Surgical 
implantation procedure and schematic 
representation of histological read-out. 
Schematic representations of a kidney sliced in 
the sagittal plane are shown. i. The kidney 
capsule (Kc) was loosened from the kidney to 
introduce a small pocket. In the control (ctrl) 
kidney 30 µL of saline was introduced. Both the 
ii. non-bioactive and iii. bioactive hydrogels 
were implanted under the kidney capsule in the 
pocket. A schematic representation shows the 
area at the site of hydrogel (H) implantation in 
the kidney cortex (C), and the release of BMP7 
(orange circles), at t = 0 days. In time a fibrous 
capsule (Fc) will be formed around the 
hydrogel. B. The UPy-C12-PEG-20k hydrogel 
(H) implanted under the renal capsule, showed homogeneously spreading. 
 
IN-VIVO BMP7 DELIVERY FROM A HYDROGEL IMPLANTED UNDER THE KIDNEY CAPSULE 

As a proof-of-principle we have implanted the bioactive systems in a pocket introduced 
under the kidney capsule of rats (Fig. 4A,B). A convenient implantation method using 
minimally invasive injection can be applied because the supramolecular materials show 
thixotropic behaviour, and therefore easily flow through a needle. In addition, the material is 
immediately reformed when applied under the pocket and this prevents the material from 
flowing out of the pocket. Homogeneous spreading of the material in the pocket under the 
capsule is achieved easily through the so-called self-healing process (Fig. 4B). The highly 
dynamic nature of the transient network directly after forming easily affords the formation of a 
continuous macroscopic network. The effect of BMP7 has been studied in the renal cortex at the 
site of implantation (Fig. 4A). Seven days after implantation, the supramolecular polymer could 
not be macroscopically detected by eye in the explanted kidneys, indicating that they have 
eroded and that the BMP7 proteins are delivered. The introduction of the pocket (kidneys with 
only saline solution, i.e. ctrl kidneys) and the implantation of the system were investigated 
using histological examination by periodic acid Schiff base (PAS) staining (Fig. 5A). The PAS 
staining shows that the morphology of the cortex is not affected by pocket introduction nor by 
supramolecular materials implantation; while no tubular damage is detected. The effect of 
BMP7 release from the bioactive supramolecular system was studied using staining for α-
smooth muscle actin (αSMA), which is a marker for myofibroblasts that are involved in fibrotic 
processes (Fig. 5A). Morphometry was used to quantify the presence of these myofibroblasts 
(Fig. 5B). The formation of the pocket showed the presence of myofibroblasts in the cortex (Fig. 
5; ctrl). The amount of myofibroblasts after implantation stayed the same, indicating that the 
pristine material caused no additional damage. Excitingly, this effect (of myofibroblast 
infiltration) can be reversed by delivery of only 0.03 µg of BMP7. Similar results are found for 
higher amounts of BMP7. Because myofibroblasts are key players in fibrosis by producing 
extracellular matrix (ECM) proteins such as collagen III, we also investigated the amount of 
collagen III deposition. No enhanced deposition of collagen III was found in one of the 
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implantation groups, indicating that at this time point these hydrogel implantations did not 
have an influence on the amount of collagen III (similar results were found in chapter 6). These 
in-vivo results demonstrate that the activity of the BMP7 growth factor proteins is not negatively 
influenced by the incorporation and presence in the transient supramolecular networks.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 5. IN-VIVO GROWTH FACTOR DELIVERY IN THE KIDNEY. A. After 7 days, the effect of BMP7 delivery 
under the renal capsule from the hydrogels was studied in the kidney cortex (C). The hydrogel was 
eroded and a thick capsule was formed which is proposed to be composed of the kidney capsule (Kc), the 
fibrous capsule (Fc) and possible remnants of the hydrogel (H), indicated with (Kc + Fc (+H)). The kidney 
morphology was evaluated with a periodic acid Schiff base (PAS) staining. As references, the contralateral 
kidney (contral.) and the kidney with only saline (ctrl) are shown. The presence of myofibroblasts in the 
renal cortex was evaluated with an α-smooth muscle actin (αSMA) staining. All scale bars represent 100 
µm. B. Schematic representation of the cortex at the site of implantation after 7 days. Morphometry was 
used to quantify the presence of myofibroblasts in the renal cortex using the αSMA staining.  
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FIGURE 6. IN-VIVO GROWTH FACTOR DELIVERY IN THE KIDNEY. After 7 days, the effect of BMP7 delivery from 
the hydrogels was studied in the kidney cortex (C). As references, the contralateral kidney (contral.) and 
the kidney with only saline solution (ctrl) are shown. The amount of collagen III in the renal cortex was 
investigated using both histological examination and morphometry. All scale bars represent 100 µm. No 
statistical differences were found. 
 
 
7.3 CONCLUSIONS 

  
In this chapter a new series of supramolecular materials are presented based on 

quadruple hydrogen bonded supramolecular polymers (see also chapter 6). The hydrogen 
bonds are part of micrometer-long hydrophobic nanofibers and the macroscopic properties can 
be tuned by subtle molecular modifications, making use of the control of the association and 
dissociation constants through molecular design. Although a transient supramolecular network 
is formed in all cases, the dynamics of the molecular phenomena and the build up of the 
transient network determine the macroscopic rheological and materials properties. In many 
aspects the new materials act like hydrogels, but the controlled and tuneable exchange 
dynamics of the supramolecular interactions at the different length-scales make them transient 
supramolecular networks with unique characteristics not observed in ordinary physical 
hydrogels. These supramolecular systems allow for a controlled and simple incorporation of 
bioactivity due to their non-linearity in formation, erosion, and self-healing; properties that are 
all the result of the unique supramolecular nature of the transient networks formed. Therefore, 
our novel supramolecular materials are promising protein delivery carriers which can easily be 
loaded with proteins and conveniently be applied by minimally invasive injection. Importantly, 
it was shown that BMP7 incorporation in these supramolecular hydrogels had a beneficial effect 
on the kidney cortex when implanted under the renal capsule, showing that this system can be 
used as subcapsular drug/protein delivery vehicle in vivo. Furthermore, we expect that many 
different applications in the field of regenerative medicine can make use of this single but 
modular supramolecular system. 
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7.4 EXPERIMENTAL SECTION 
 
SYNTHESIS AND STRUCTURAL CHARACTERIZATION 
The ureido-pyrimidinone modified polymers were synthesized and characterized as described before (chapter 6).47-48 
 
HYDROGEL FORMATION 
Different w/w% of hydrogels were prepared by dissolution of the hydrogelator powder in 0.9% NaCl aqueous 
solution, water or buffer at 55-65 °C for 1 h. When a homogenous solution/mixture was obtained, it was cooled to 21 
°C. Then, the hydrogels were aged at 21 °C for 16 h, and subsequently used for the respective experiments. 
 
ATOMIC FORCE MICROSCOPY (AFM) 
Samples were prepared by drop casting of chloroform solutions onto freshly cleaved mica surfaces unless stated 
otherwise. Atomic force microscopy (AFM) was performed at ambient conditions on a Digital Instrument Multimode 
Nanoscope IV operating in tapping regime mode using silicon cantilever tips (PPP-NCH-50, 204–497 KHz, 10–130 
N/m).  A 5962EV scanner was used with scan rates between 0.5 and 1 Hz. The images were subjected to a first-order 
plane-fitting procedure to compensate for sample tilt. 
 
CRYOGENIC TRANSMISSION ELECTRON MICROSCOPY (CRYO-TEM) 
Sample preparation was performed by pipette addition of solution or molten gel (3 µL) onto holey carbon film (hole 
diameter = 2 µm) supported by a copper TEM grid prior to manual blotting at 100% relative humidity and 21 °C. For 
polymer solutions, immediate vitrification was performed by automated plunging of the grid into liquid ethane. Gel 
samples were applied and manually blotted in the solution state in a controlled environment (100% relative humidity 
and 21 °C) before allowing time to set in a controlled environment (100% relative humidity and 4 °C).  Upon 
completion of the set time, automated vitrification was performed.  Samples were stored under liquid nitrogen prior 
to imaging. Cryo-TEM was performed at 300 kV using the TU/e CryoTitan (FEI) (www.cryoTEM.com). 
 
MICRO-DIFFERENTIAL SCANNING CALORIMETRY (MICRO-DSC) 
MicroDSC measurements were performed on a Setaram, Micro DSC III. Sectioned hydrogels were directly inserted 
into calorimetric vessels at ambient conditions without any thermal treatment. Sample sizes between 750–850 µL were 
scanned at 1 °C/min for all experiments.   
 
RHEOLOGY 
For the rheology measurements, hydrogels were heated and melted on the rheometer (Rheometrics ARES 
equipment). The samples were left to set for a few hours before starting the measurements. The linear viscoelastic 
region was determined at 20 °C, at frequencies of ω = 1 and 10 rad/s using strains of 1% to 100%. It was found that 
the gels gave constant moduli up to 100% strain. Frequency sweep measurements were performed using a strain of 
2% (= 0.02 rad) and applying a sweep from 0.1 rad/s to 100 rad/s over a temperature range from from 20 to 60 ºC.  
 
EROSION AND RELEASE EXPERIMENTS 
A flow-cell was clamped firmly in the sample holder of a Zeiss LSM 510 meta fluorescence microscope. Rhodamine B 
mixed into the hydrogels was excited at 543 nm. A 565–615 nm band pass filter was used to prevent direct laser light 
entering the detector of the microscope. Line scans in the z-direction were taken at regular intervals (typically 2–3 
minutes) i.e. a so-called “z-stack”, scanning throughout the entire gel layer, was recorded. The cumulative release 
was calculated by integrating the intensity over the entire z-slice image for every scan. The total intensity was 
normalized from 0 to 1. The release curves presented are the average of three different experiments. 
 
CYANO FLUORESCENT PROTEIN (CFP) RELEASE EXPERIMENTS 
Release of CFP from different UPy-hydrogels (i.e. 15 w/w% UPy-C10-PEG-20k, 15 w/w% UPy-C10-PEG-10k, 10 
w/w% UPy-C12-PEG-20k) was studied. The viscous hydrogelator-CFP solutions were transferred to 96-well plates 
before gelation. Each well contained 50 µL of the gel, and the results were averaged for three wells for each hydrogel 
sample. 200 µL of saline was spread on the hydrogel surface. After certain time points the supernatant was collected 
and refreshed. The amount of the released CFP was monitored at λ = 435 nm. 
 
INCORPORATION OF BMP7 IN GELS 
A 10 w/w% UPy-C12-PEG-20k hydrogel containing recombinant human BMP7 (Peprotech) was prepared by first 
vigorously mixing the hydrogelator powder and a 0.9% NaCl aqueous solution (B. Braun Melsungen) at 55-65 °C for 
1 h. When a homogenous solution/mixture was obtained, it was cooled to 37 °C under continuous stirring. 
Subsequently, the BMP7 protein in water (0.1 mg/mL) was added to the stirred solution, so that a 10 w/w% UPy-
C12-PEG-20k hydrogel was obtained with the appropriate amount of BMP7, i.e. 0 µg, 0.03 µg, 0.15 µg, 0.30 µg per 30 
µL of gel. The polymer-protein solution was removed from the water bath and placed on the bench at 21 °C to set 
over a 2-4 h period, which resulted in a hydrogel. The polymer-protein gel was stored at 4 °C or on ice before use at 
the day of preparation. All gels were sterilized with UV for 1h prior to use. 
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BIOLOGICAL ACTIVITY OF BMP7 IN VITRO 
The biological activity of BMP7 incorporated in 10 w/w% UPy-C12-PEG-20k was determined by its ability to induce 
alkaline phosphatase (AP) production by MC-3T3 E1 osteoblastic cells. These MC-3T3 E1 cells were cultured in 
DMEM (Cambrex) with 10% fetal calf serum (Gibco/Invitrogen), and seeded in a 24-wells plate at a density of 5.7·103 

cells/cm2 in 0.5 mL medium. The cells were cultured for 3 days at 37 ºC and 5% CO2, with intermittent medium 
changes every 2 days. After 3 days, the cells were washed with PBS, and 30 µL of the hydrogel with the different 
concentrations of BMP7 was added to the cells in 0.5 mL medium. This resulted in 0.30 µg, 0.15 µg, 0.03 µg BMP7 per 
well after dissolution of the gels. The incubations were performed at least in triplicate. As a reference, the cells were 
cultured in the absence of hydrogel. The cells were cultured for another 3 days at 37 ºC and 5% CO2. Then, cell 
extracts were prepared by freeze-thawing at 20 ºC in 500 µL/well 5 mM Tris-HCl, 0.9 % NaCl, pH 7.4. AP-activity 
was determined by kinetic colorimetric measurement of the conversion of p-nitrophenyl phosphate into p-
nitrophenol: 100 µL cell lysate was added to a solution of 5 µL 100 mM MgCl2 (Merck), 10 µL 10 mg/mL p-
nitrophenyl phosphate (Sigma Aldrich), and 85 µL 0.05 M 2-amino-2-methyl-1,3-propanediol pH 9.8 (Acros). These 
samples were incubated at 37 ºC for 75 min, after which the reaction was stopped with 20 µL 1 M NaOH. The 
absorbance was measured at 405 nm in a Varioskan plate reader (Thermo Fisher Scientific). The AP-activity was 
standardized with respect to the amount of protein in the samples which was assessed with the Bradford assay using 
bovine serum albumin as reference.49 The differences between AP-activity in U/mg protein in the different samples 
were evaluated with the Kruskal-Wallis test followed by Dunns post-hoc test. The AP-activity was determined to be: 
138.7 ± 4.0 U/mg, 147.5 ± 3.5 U/mg, 149.4 ± 3.1 U/mg, and 151.9 ± 2.0 U/mg protein, for respectively, 0 µg, 0.03 µg, 
0.15 µg, and 0.3 µg BMP7 present in the gels that were incubated with the cells. The presence of 0.15 µg and 0.3 µg 
BMP7 in the cell cultures showed a statistically significant increase of AP activity of respectively, 10 and 13 U/mg, as 
compared to the cells were no BMP7 was present. 
 
ANIMALS 
All animal procedures were approved by the committee for care and use of laboratory animals of the University of 
Groningen, and performed according to governmental and international NIH guidelines on animal experimentation. 
Male Fischer rats (F344, Harlan) with a weight of 230–290 g were operated (groups of 3 rats were used). The rats were 
placed under conventional housing in a temperature-controlled and humidity-controlled room with 12 hours 
light/dark cycles. They had access to water and standard rat food ad libitum. 
 
SURGICAL PROCEDURES 
The animals were anesthetized with a mixture of isoflurane (Abbott) and O2, after which they were shaved and 
disinfected. A retroperitoneal incision on the back of the rat was made, and the left kidney was gently lifted through 
this dorsal incision. A small cut was made in the renal capsule, distal to the urether, and a pocket was created with a 
blunt needle. The hydrogels were implanted into this small pocket; 30 µL hydrogel per kidney was applied. The 
control kidneys only received 30 µL physiological salt solution (0.9% NaCl solution; B. Braun Melsungen) in the 
pocket. The contralateral kidneys were left untouched. Seven days after implantation, the rats were anesthetized. 
Blood was taken from the animals and heparinized. The kidneys were perfused in situ, after which they were taken 
out of the animals.  
 
TISSUE COLLECTION, PROCESSING AND HISTOLOGICAL EXAMINATION 
The kidneys were cut into halves in the sagittal plane. One part was fixed in zinc fixative for 18 h (0.1 M Tris-buffer, 
3.2 mM calcium acetate, 23 mM zinc acetate, 37 mM zinc chloride, pH 6.5–7; Merck) and embedded in paraffin. The 
other part was snap-frozen in liquid N2 and stored at 80 ºC. All histological stainings were performed on 5 µm zinc-
fixed paraffin-embedded sections. Renal morphology was evaluated by periodic acid-Schiff (PAS) staining was (15 
min 1% periodic acid, 30 min Schiff’s reagent (Merck), 5 min hematoxylin 37 ºC, 10 s 70% ethanol with 1% 
hydrochloric acid). 
 
IMMUNOHISTOCHEMISTRY AND QUANTIFICATION 
Antigen-retrieval was carried out on dewaxed paraffin-embedded sections, either by incubation in 0.1 M Tris-buffer, 
pH 9.0 at 80 ºC for 18 h for the αSMA staining, or by incubation in 0.1% protease (Sigma) for 10 min for the collagen 
III staining. Aspecific staining was blocked with the appropriate 2% animal serum or with 2% bovine serum albumin 
for 30 min. Endogenous peroxidase was blocked with 0.5–1% hydrogen peroxide (Merck) for 30 min. Endogenous 
biotin was blocked with a biotin blocking kit (Dako). Then, the sections were incubated with the following primary 
antibodies for 1 h, and the appropriate secondary antibodies for 30 min: mouse α-smooth muscle actin (1:200; Dako) 
with secondary antibody rabbit-anti-mouse-peroxidase (1:100; Dako) and additional swine-anti-rabbit-peroxidase 
(1:100; Dako) for 30 min; rabbit anti-rat collagen III (1:100; Serotec) with secondary antibody goat-anti-rabbit-
peroxidase (1:100; Dako) and additional rabbit-anti-goat-peroxidase (1:100; Dako) for 30 min. Colour development 
was performed using 3,3-diaminobenzidine tetrachloride (brown; Sigma). If necessary, sections were counterstained 
with haematoxylin (blue; Merck). Positive staining of αSMA and of collagen III were measured using computerized 
morphometry on a Leica DMLB microscope with Leica DC300 camera and Leica QWin 2.8 software. At least five 200 
times magnified areas were quantified as percentage of positive staining of the total area, for each contralateral, 
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control and experimental group at day 7 with N=3. Vascular expression of αSMA, and vascular and glomerular 
expression of collagen III were excluded from the measurements.  
 
EXAMINATION OF EFFECT OF GELS WITH BMP7 
Hydrogels with the different amounts of BMP7 were implanted under the renal capsule, explanted after 7 days, and 
processed as described above. Stainings of αSMA and collagen III were quantified using computerized morphometry 
follow the method described above. The differences between the groups without and with BMP7 were analyzed 
using one-way ANOVA followed by post-hoc Newman–Keuls test. A 95% confidence interval was used. The data is 
expressed as mean ± standard error of mean. Probabilities of P < 0.05 were considered to be statistically significant; P 
< 0.05 is depicted as *, P < 0.01 is shown as **, P < 0.001 is indicated as ***. 
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