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General discussion and future directions

7

In the previous chapters, many aspects of parenteral protein delivery have been 
presented and discussed. A large portion of the formulation development spectrum 
has been covered, as proteins were pre-formulated in sugars, formulated in polymers, 
and applied in vivo, yet the interconnectivity between these aspects may not always 
have become clear. In this final chapter, the presented research will be integrated to 
discuss implications for protein drug delivery, as well as to present some perspectives 
on how to progress research in this field towards clinical application.

CONTROLLED DELIVERY OF THERAPEUTIC 
PROTEINS – HOW TO GET TO THE CLINIC

The concept of controlled release of drugs was developed in the 1950’s, and small 
molecules were the first to be delivered by such specialized drug delivery systems.1,2 
For example, polymeric coatings and matrices were introduced to postpone or prolong 
the release for orally ingested tablets. The understanding of drug release concepts from 
these controlled release formulations progressed massively in the following decades, 
though in the 1970’s, many thought that the controlled release of biopharmaceuticals 
like peptides and proteins from polymeric matrices would be impossible.3 After the 
first publication on the subject in 1976, it still took several years before the concept 
of controlled delivery of a biopharmaceutical product was accepted.3,4 A little over a 
decade later, the first sustained release formulation for a biopharmaceutical product 
was marketed: a biodegradable polymeric implant releasing the peptide goserelin. 
From this time onwards, research on the matter vastly intensified, yet most concepts 
could not be translated to clinical application: not even 10 sustained release products 
for biopharmaceuticals were commercialized until 2014 despite the fact that at that 
time, already 212 biopharmaceutical products were approved worldwide.1 This leaves 
us with a burning question: what is hampering successful translation of all this research 
on controlled delivery of biopharmaceuticals to the clinic?

Actually, there are several profound differences between the first sustained release 
formulations that were developed in the 1950’s and the sustained release formulations 
that are being developed for biopharmaceutical products that could have hampered 
progress. Firstly, the formulations from the 1950’s were orally administered, as 
opposed to the administration routes usually envisaged for controlled release of 
proteins and peptides, i.e. intramuscular or subcutaneous injection. Consequently, the 
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Chapter 7

excipients used for the two different administration routes differ greatly. In particular, 
for injected biopharmaceuticals all the excipients are preferably biodegradable to 
circumvent surgical removal after release. For oral dosage forms, biodegradability 
is no issue, since any remains will be excreted via the feces. Thirdly, the desired 
timescales for release of the drug have been significantly increased from several 
hours for the 1950’s oral dosage forms to several months for parenteral formulations 
containing biopharmaceuticals. These radically different requirements might also 
explain the skeptical view on prolonged delivery of proteins in the 1970’s. To date, 
scientists have been struggling with the transition to suitable formulations for 
biopharmaceuticals, which could be reduced to one important difference that affects 
all aspects of formulation development: small molecules are generally physically 
and chemically more stable, where biopharmaceuticals tend to denature or undergo 
chemical degradation already under mild circumstances. These processes (see table 3 
in Chapter 2 for degradation pathways) may occur during production, storage and 
release, impairing their therapeutic activity, and may lead to immunological responses 
after administration. These responses can be quite severe and may even lead to auto-
immune diseases when endogenous biopharmaceuticals are used. In these cases, 
discontinuation of the treatment would be required, yet one should realize that for 
sustained release formulations like microspheres effective removal is very problematic.

The labile nature of biopharmaceuticals is inherent to the complex structure of these 
macromolecules. The complexity of peptide and protein structure is due to the secondary 
(for peptides), tertiary, and for some (larger) proteins the quaternary structure which 
determine the selective and specific therapeutic activity of these molecules. However, 
the tertiary and quaternary structure are typically easily lost, as they are maintained 
by weak interactions such as ionic, van der Waals, and hydrophobic interactions, 
hydrogen bonds, and disulfide bridges. Therefore, proteins with these higher order 
structures are prone to denaturation, degradation, or aggregation after which they 
are not therapeutically active anymore. Also, peptides are often chemically unstable 
and are prone to degradation reactions such as oxidation, deamidation, hydrolysis, 
disulfide exchange. The fragile nature of peptides and proteins therefore creates 
stability issues when formulated into controlled release drug delivery systems using 
the methods that were also used for small molecules, making simple extrapolation 
based on their size impossible. In addition, the transfer of an effective strategy from 
one protein to another could be challenging, the reasons of which will be explained 
in more detail below.
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One consequence of the complex structure of proteins is that production is often 
complicated and therefore costly. Performing (pre)formulation studies requires 
vast amounts of protein. Therefore, to reduce costs, the choice for a cheaper model 
protein seems logical and this approach is widely employed. Some popular choices in 
literature are serum albumin (the most abundant plasma protein), lysozyme (because 
of its positive charge), and immunoglobulin G (as a model for antibodies). In fact, 
these popular proteins are either very stable (serum albumin and lysozyme) or quite 
stable (immunoglobulin G, depending on the type) and would therefore be poor 
model proteins for stability testing. Therefore, in Chapter 4, two relatively large, 
thermolabile enzymes were selected to investigate the stability of proteins during hot 
melt extrusion (HME). Indeed, we were able to differentiate between the different 
conditions applied and although the behavior of the two model proteins during HME 
was significantly different, we could draw the general conclusion that HME clearly 
showed potential for the production of formulations containing proteins. However, 
the results also implicate that for any therapeutic protein to be processed, stability 
assessment is still necessary.

In addition, in Chapter 2, it was further explored by literature research how production 
methods for drug delivery systems can be limiting for protein and peptide formulation 
and what alternatives can be used. One of the main issues discussed in Chapter 2 is 
exposure of the protein to interfaces during the production of micro- and nano-sized 
particles, e.g. liquid-liquid, liquid-air and liquid-solid interfaces, that may induce 
denaturation by protein unfolding due to hydrophobic interactions at the interface.5,6 
There are several strategies to reduce shear forces during the production process of 
micro- and nano-sized particles. These strategies involve some general principles 
and could therefore also be applied for other production processes not discussed in 
this thesis. HME of proteins together with polymers, the production method that is 
applied in Chapter 4, also involves shear stresses as a consequence of kneading the 
viscous polymer. Unfortunately, it was not possible to investigate protein instability 
caused by solely shear, but one could easily imagine that the shear forces used during 
this process alone could already harm proteins.

The different results of de model proteins in Chapter 4 illustrate that a model protein 
mimicking a specific therapeutic protein should be carefully chosen. Several questions 
are now in need of an answer: what information about the therapeutic protein are 
you after? What does the model protein represent exactly? If the research question 
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involves a single property of the protein of interest, e.g. the effect of protein size on 
the release rate from a particular matrix, a model protein might simply display that 
same property. However, in formulation studies multiple properties of the protein and 
their interplay can be of importance. Hence, one could argue that, as proteins have so 
many unique physicochemical properties that can affect their behavior, such as size, 
pI, (local) charge, conformational stability, and side chain reactivity (just to name a 
few), the ideal model protein might actually only be the protein of interest itself.

Given these points, we have actually come full circle, and we can conclude that using 
model proteins involves compromising. In Chapter 5, we have tried to minimize 
the extent of the compromise by using a proteinaceous drug carrier. This carrier 
was enriched with the active compound in Chapter 6, and the translation to the 
therapeutic protein proved to be successful. Unfortunately, the above success story 
may not solve the issue for other costly proteins.

A second factor that plays a role in the slow translation to the clinic is the compatibility 
of the matrix material. Biodegradable polymers have always been the first choice as 
controlled release matrices for proteins and peptides, which is reflected in the products 
that were commercialized to date. Poly(lactic-co-glycolic acid) (PLGA) is the polymer 
of choice in several of these products and its biocompatibility (i.e. compatibility with 
the human body) is undisputed. However, after commercialization of some PLGA 
based products, the compatibility of this polymer with peptides and proteins was 
discovered to be poor. First, the degradation products lactic acid and glycolic acid 
create an acidic microenvironment in the drug delivery system and thereby induce acid 
catalyzed peptide or protein degradation reactions, such as amide bond hydrolysis and 
deamidation. Second, reactive ester bonds in PLGA can initiate acylation reactions 
between polymer and protein, resulting in incomplete release.7 These degradation 
mechanisms are less problematic for small drug molecules, and the complexity of 
proteins forms the foundation for the difficulty of clinical translation. Despite its 
disadvantages, PLGA is still widely used in the development of controlled release 
formulations for protein delivery. To improve the compatibility of the polymer with 
the protein, excipients can be added to PLGA to protect proteins from the pH drop 
upon polymer degradation (e.g. divalent cationic salts) or to form complexes with 
proteins to prevent protein acylation induced by the polymer (e.g. PEG-co-poly(L-
histidine)). These strategies have been applied with moderate success, as the effectivity 
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depends on the physicochemical properties of the protein.8–11 Disadvantages of the 
addition of excipients are e.g. changes in release rate and limitation of the protein load, 
as the excipients also contribute to the total load in the formulation.

An important factor contributing to PLGA’s popularity is the prospect of easy FDA 
approval for the use of the polymer, since it has been approved before. Therefore, 
alternative biodegradable polymers with excellent biocompatibility and better 
compatibility with proteins, but no previous approval of regulatory authorities, may 
have been disfavored. Other (bio)compatible polymers have a similar status as PLGA, 
for example poly ethylene glycol (PEG) and poly(ε-caprolactone) (PCL), yet as a 
single matrix constituent, these polymers do not have optimal properties to achieve 
prolonged release of proteins. One could take a middle course by engineering such 
previously approved polymers into copolymers, thereby also improving the release 
properties. This approach was used in chapters 4, 5, and 6 by using biodegradable phase-
separated multi-block copolymers. The in vivo biocompatibility of these copolymers 
was shown previously to be not different from PLGA.12 These copolymers consist of 
blocks of different polymers (hence ‘multi-block’), such as PEG, PCL, poly(L-lactic 
acid) and xxx. Some of these blocks are amorphous while others are semi-crystalline 
(hence ‘phase-separated’). The semi-crystalline blocks provide structural support in 
the drug delivery device while PEG in the amorphous blocks swells upon contact with 
water, which results in diffusion mediated release of proteins. This release mechanism 
is opposed to the release mechanism from PLGA matrices, which is usually dependent 
on the degradation of the polymer and causes unpredictable, multiphasic release 
profiles. Therefore, proteins should preferably be released from phase-separated multi-
block copolymers before extensive degradation of the polymer. Furthermore, using 
different polymers within the copolymer and varying their content enables tailoring 
of the drug release from the final formulation.

It was hypothesized that the hydrophilic nature of the phase-separated multi-block 
copolymers, defined by the presence of PEG, also improves the compatibility with 
proteins and this was investigated in Chapter 4. Differences in protein stability 
after HME between hydrophobic (i.e. PLGA and PCL) and hydrophilic polymers 
(i.e. phase-separated multi-block copolymers containing PEG) were variable, and 
consequently, the answer to this hypothesis remains open. As discussed in Chapter 
4, also other studies failed to find an advantage of PEG on protein stability during 
HME. However, in microsphere formulations, incorporation of PEG had positive 
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effects on protein stability. During microsphere production, PEG was found to 
occupy interfaces and thus protein was (partially) protected from interfacial stresses.13 
Furthermore, PEG incorporated in the polymer architecture also increases protein 
stability during microsphere production and release.14 The last example suggests that 
in HME formulations, PEG might still have a stabilizing effect on proteins during 
release, yet that remains to be investigated. All in all, the unfavorable properties 
of PLGA limit commercialization of new sustained release protein formulations. 
Alternative polymers, like the phase separated multi-block copolymers used in this 
thesis, could offer a more protein-compatible matrix as well as better control on the 
release rate.

In conclusion, one aspect pivotal to the clinical translation of controlled release 
formulations containing therapeutic proteins, is to gain more insight in the behavior 
of proteins in relation to their physicochemical properties. In practical terms this 
involves the development of multiple analytical methods to obtain a complete 
picture, for example using activity assays or enzyme-linked immunosorbent assays 
to assess structural integrity, size exclusion chromatography to assess aggregation, 
mass spectrometry to assess degradation products, and Fourier transform infrared 
spectroscopy or circular dichroism to assess the protein’s secondary structure (see also 
Table 4 in Chapter 2). In recent years, the importance of protein stability and need for 
more thorough characterization has been widely acknowledged.15–17 It is advocated that 
research should become more focused on protein characterization to evaluate stability 
and immunogenicity, starting with the physicochemical properties. Unfortunately, 
these subjects often have been of secondary importance to researchers, maybe due to 
lack of awareness or losing sight of future clinical application.18 Ideally, with more in-
depth knowledge about the protein’s behavior during the production process, polymer 
choice, and (if necessary) model protein choice could be adjusted to the properties 
of the therapeutic protein and might become more than an educated guess. Hereby, 
stability of proteins could be improved and clinical application becomes one step 
closer.
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SUGAR GLASS PROTEIN STABILIZATION IN 
POLYMERIC FORMULATIONS

Incorporation of proteins in sugar glasses is a well-established method for the 
stabilization of proteins in the dry state. Small, non-reducing sugars (e.g. sucrose 
and trehalose) are frequently used. These sugar glasses are excellent stabilizers but 
their physical stability is rather poor. On the other hand, molecularly flexible 
oligosaccharides (e.g. inulin19) and polysaccharides (e.g. dextran20 and pullulan; 
Chapter 3) in combination with small sugars combine excellent stabilizing properties 
and physical stability. As drying methods, freeze-drying and spray drying are most 
often used. In this thesis, both methods were applied and yielded efficient protein 
stabilization. However, spray drying might not be suitable for all proteins, as the shear 
and heat stresses could denature some proteins. Conversely, freeze-drying is more 
broadly applicable, provided that an optimized process is used, as freezing and drying 
stresses might also destabilize proteins.

Formulations that contain sugar glass stabilized proteins are generally powders for 
reconstitution, i.e. the dried protein-sugar formulation is dissolved in an aqueous 
solution just before injection. In Chapter 4 proteins were applied in solid formulations 
and proved to be well protected from the heat stresses during the HME production 
process when they were pre-stabilized by sugar glasses. The release of proteins from 
extruded polymeric implants was outside the scope of Chapter 4, but was investigated 
by Stankovic et al. using similar phase separated multi-block copolymers.21–23 The 
incorporated proteins were not denatured as HME of these copolymers could 
be performed at a relatively low temperature of 55 ˚C. This relatively low process 
temperature is another advantage of some of the phase separated multi-block 
copolymers over PLGA as the latter requires a temperature higher than 85 ˚C during 
the HME process. The release rate of proteins could be accelerated by increasing 
PEG or sugar content.21,23 In both cases, the increased influx of water promoted the 
diffusion of the protein out of the polymer. However, for large proteins like albumin, 
the mesh size in the swollen PEG can be limiting for release. In Chapter 5, it was 
shown that also the size of PEG determines the release rate and that for large proteins 
PEG blocks of higher molecular weight should be used to obtain complete release.
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Sugar glass stabilized proteins could also be incorporated in polymeric microspheres. 
In the conventional water-in-oil-in-water process for microsphere production the 
sugar could be dissolved with the protein in the internal water phase, however, 
proteins will not be protected during the most harmful step, i.e. the emulsification 
step. Nevertheless, Fonte et al. showed that the secondary structure of insulin was 
preserved better when a disaccharide was co-encapsulated.24 Apparently, the sugars 
were able to efficiently stabilize the protein during freeze-drying, although one could 
imagine that (some of the) proteins will be situated at the oil-water interface and 
are therefore not stabilized properly. Altogether, a better strategy to apply sugar glass 
stabilized proteins in polymeric microspheres, would be incorporation of pre-stabilized 
proteins as a solid. Chapter 2 describes several variants of such production methods, 
such as solid-in-oil-in-water and solid-in-oil-in-oil. In theory, the unique stabilizing 
properties of sugars could enhance the stability of proteins compared to formulations 
with no excipients or other excipients that do not stabilize proteins specifically. 
However, in practice, differences are small, as processing proteins in the solid state 
without excipients already yields high stability.25–32 Yet, incorporation of proteins in 
the solid state remains challenging, particularly due to the small particles that need to 
be produced to obtain reasonably sized microspheres. Furthermore, the use of sugars 
could affect the release rate of proteins from polymers, as the bare presence of the 
sugars increases the fraction of rapidly dissolving materials in the formulation and 
because sugars may dissolve faster than proteins. Both effects may quickly turn the 
formulation into a porous, water filled polymer network from which the protein will 
rapidly be released. On the other hand, sugars could increase the osmotic pressure 
and thereby decrease the release rate or burst release.24 A good choice might be - 
although not having optimal stabilizing properties - high molecular weight sugars, 
like dextran32 or pullulan. These polysaccharides swell upon dissolving in water, 
generating opportunities for more controlled protein release as well as efflux of (acidic) 
polymer degradation products.32,33 Pullulan, which has been studied for its protein 
stabilizing properties in Chapter 3, might be an interesting option to investigate as 
a solid excipient in microspheres. The fact that modified variants of pullulan have 
been successfully applied in other microsphere and hydrogel formulations for protein 
delivery before33–36 could support the potential benefit of pullulan in microspheres.
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THE DELIVERY OF TARGETED PROTEINS 
FROM CONTROLLED RELEASE 
MICROSPHERES

In the previous sections, several technical aspects on formulation studies of therapeutic 
protein delivery have been discussed. In Chapter 5 and 6, the formulation stage was 
proceeded by application of microspheres as the sustained delivery system for targeted 
proteins in in vivo models. These in vivo studies were intended as proof-of-concept 
studies, and were therefore designed to be relatively short (7 days). In this section, 
some thoughts on long-term delivery from these microspheres are considered.

The pPB-enriched proteins used in Chapter 5 and 6, are specifically directed to a 
certain receptor and can therefore be regarded as targeted proteins. Targeting of 
drugs has several advantages, most importantly a higher concentration in the diseased 
tissue and a lower systemic exposure which reduces side effects. Another strategy to 
deliver drugs to their target is to administer the drugs close to the diseased tissue, 
however, this strategy is usually more invasive than systemic delivery via for example 
the subcutaneous route. The need for targeting depends on the drug and the intended 
therapy. For antifibrotic drugs, targeting to the diseased tissue is essential to avoid 
interference of the drug in important physiological processes elsewhere in the body. 
For example, the rho-kinase inhibitor Y27632, which was used in Chapter 6, lowers 
the mean arterial pressure due to a decrease in vascular smooth muscle contractility 
when administered systemically. Conjugated Y27632 (i.e. Y27632 coupled to targeted 
proteins) did not elicit this effect, as opposed to free Y27632.37 However, conjugated 
Y27632 was shown to reduce the portal pressure,38 the consequences of which need to 
be assessed further. Effects on systemic pressure through binding of pPB to PDGFβR 
are unlikely, since the PDGFβR is scarcely present in healthy vascular tissue.

The formulations prepared with different blends of phase-separated multi-block 
copolymers in Chapter 5 showed potential for protein release over a longer period of 
time. However, for long-term delivery of large proteins like pPB-HSA the formulation 
would require some adjustments. First, the size and content of the PEG blocks in the 
polymers should be optimized for long-term release. To obtain the desired composition, 
the ratio of the two polymers used in Chapter 5 could be changed. For example, both 
the 30:70 and 70:30 formulations (Chapter 5) facilitate sustained release of HSA 
for at least 6 weeks (data not shown). Also, the flexibility of the platform technology 
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of the phase-separated multi-block copolymers opens possibilities to synthesize new 
polymers that provide diffusion controlled release of large proteins for longer time 
periods. Second, a lower drug load in the microspheres could also decrease the release 
rate, although very low drug loads (< 1%) could lead to incomplete release due to 
protein-polymer interactions.

In vitro-in vivo correlation
During formulation development, the release characteristics are mainly determined 
using in vitro methods. Ideally, the obtained release profile is directly correlated to 
the in vivo situation, but in practice, this is rarely the case. As concluded in Chapter 
6, the in vitro conditions are often oversimplified. One reason to use these simple 
methods is the ability to evaluate different formulations relatively quickly, speeding 
up the development process. However, since the in vitro-in vivo correlation for 
proteins is far from straightforward, it is difficult – and often even impossible – to 
make adequate predictions about the behavior of targeted proteins when administered 
using a subcutaneously injected formulation. For example, the plasma concentration 
of pPB-HSA, which is used as the parameter to determine the in vivo release, is 
affected by the preferential localization of the targeted protein, thus these values can 
not be correlated to in vitro release values.39,40 Nonetheless, testing formulations in a 
more complex system, for example by simulating some subcutaneous conditions as 
proposed by Kinnunen et al.,41 could provide valuable information on release and 
absorption processes in vivo.

Foreign body reaction
When a drug delivery device, such as microspheres, is administered to the body, it 
will be recognized as foreign material. Immediately, several responses are initiated 
including inflammatory responses and wound healing processes, which can be 
summarized by the term foreign body reaction.42 Generally, the foreign body reaction 
in mice is relatively mild.43 Also in our studies described in Chapters 5 and 6, a foreign 
body reaction was observed after administration of microspheres. Infiltration of 
macrophages into the implantation site increased over time (data not shown), but did 
not seem to have major effects on functionality of the microspheres. It can be expected 
that in the course of time, the infiltration would progress and macrophages might 
phagocytose some of the microspheres, which will be discussed in more detail later.
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However, most notable was the formation of a fibrous capsule at the injection site 
5 to 7 days after administration. The constituents of this capsule are immune cells, 
including macrophages, and activated fibroblasts producing matrix proteins.44,45 It can 
not be ruled out that the presence of this capsule contributed to the drop of pPB-
HSA plasma concentration after 7 days as observed in Chapter 6. Although such 
rigid tissue will probably not affect the diffusion of proteins through the tissue, the 
presence of the PDGFβR on activated fibroblasts in the capsule as observed on tissue 
staining (data not shown) might have captured pPB-HSA before reaching circulation. 
Unfortunately, the effect of the presence of the PDGFβR in the capsule around the 
microspheres could not be quantified. Thus, the effect of the fibrous capsule, and in 
particular the presence of PDGFβR, on the migration of pPB-HSA to the systemic 
circulation remains unknown and could be subject of future investigations.

The fibrous capsule formation is considered as the final stage of the foreign body 
reaction44 and depending on, among other things, the material, geometry of the 
material, tissue, and species, the capsule may or may not resolve while the material is 
still present.42,44,46 In future studies, the development and effects of the fibrous capsule 
should be investigated in more detail to assess its effects on the delivery, both in the 
applied animal model as well as after administration to the human body.

Another important factor affecting the immunological response is the particle size 
of the foreign material.47 Although Zandstra et al.47 found no differences in immune 
response to polydisperse and uniformly sized 30 mm particles, it is generally assumed 
that polydisperse particles are more immunogenic than monodisperse (uniformly 
sized) particles. One factor that contributes to the immune response in polydisperse 
microspheres is that particles smaller than ~10 mm can be phagocytosed by macrophages, 
eliminating the particles’ contribution to the total release. The polydisperse 
microspheres used in this thesis contained a considerable fraction of particles smaller 
than 10 mm and thus were likely to be phagocytosed at a certain moment. To prevent 
this process, the microspheres should contain only particles larger than the 10 mm 
threshold size. Changing the parameters of water-in-oil-in-water process as used in this 
thesis would not lead to achieving this requirement. However, with some additional 
equipment, monodisperse microspheres can be produced, while the parameters in the 
process essentially remain the same. In the so-called pre-mix emulsification method, 
the primary emulsion is forced through a membrane with uniformly sized pores into 
the secondary water phase, creating uniformly sized microspheres.48–50 The size of the 
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microspheres can be controlled considerably better than in the conventional W/O/W 
process by the pore size of the membrane, infusion speed of the primary emulsion, 
and stirring speed in the secondary water phase. In Figure 7.1, morphology and 
particle size distribution of polydisperse and monodisperse microspheres are depicted 
to further illustrate the differences. Lastly, an additional advantage of monodisperse 
microspheres is the superior injectability as compared to polydisperse microspheres 
due to the reduced risk of clogging inside the needle.
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FIGURE 7.1: Differences in particle size between polydisperse and monodisperse microspheres. (a) 
Particle size distributions as determined by laser diffraction of polydisperse (black) and monodisperse 
(gray) microspheres. Scanning electron micrographs (500x magnification) illustrating the size 
differences between polydisperse (b) and monodisperse (c) microspheres.

In addition to the immunological response to denatured proteins, intact species-
specific proteins can sometimes also be immunogenic. Indeed, in Chapter 6, antibody 
formation against pPB-HSA and HSA was observed in mice. The use of the human 
sequence of albumin is the most likely cause of this reaction, which was supported by 
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the absence of antibodies when mouse serum albumin was used. However, additional 
immunological reactions at later time points related to protein denaturation or 
aggregation can not be excluded.

The future of PDGFβR-directed proteins
Obviously, the studies on PDGFβR-directed proteins presented in Chapter 5 and 6, 
can be considered exploratory for further advancement towards clinical application. 
The results in these chapters show that the concept of long term delivery of PDGFβR-
directed proteins is working in vivo. Moreover, long term delivery of such targeted 
proteins coupled to an antifibrotic compound has the potential to reduce fibrotic 
parameters, as was shown in Chapter 6. Yet, a long road is still ahead until the clinic 
may be reached.

Firstly, as also emphasized in the first section, more thorough characterization of the 
therapeutic protein is crucial to identify any denaturation and aggregation in vitro and 
in vivo, as even the smallest change in structure might induce adverse immunological 
reactions.15,16

Secondly, extensive toxicological studies of the PDGFβR-directed proteins in animals 
are mandatory before any study in humans can be performed.

Thirdly, accurate dose finding studies for human use are essential to determine the 
applicability of a controlled release formulation for human use. It is important to 
realize that this type of formulations is only suitable for potent drugs, due to limitations 
of the maximum dose per administration. The maximum dose is determined by 
the maximum drug load in the formulation (at higher drug loads the release will 
be uncontrolled) and the upper limit of injectable material per administration. The 
maximum injection volume for subcutaneous injection in humans is considered 
to be 1.5-2.5 mL, although by prolonging the injection time the volume might be 
increased.51 However, it is questionable whether higher injection volumes are possible 
for viscous suspensions such as microsphere formulations.

To improve the potency of PDGFβR-directed proteins, two pPB-moieties can be 
combined to form a bicyclic peptide with better receptor presentation and binding. As 
described in a review by Van Dijk et al., pPB-based targeted proteins have been further 
developed into Fibroferon, an 8.8 kDa antifibrotic protein construct, consisting of the 
bicyclic targeting peptide, a PEG linker and mimetic interferon-γ.52 Due to Fibroferon’s 
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bicyclic targeting peptide, a PEG linker and mimetic interferon-γ.52 Due to Fibroferon’s 
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low molecular weight, the drug load in sustained release formulations (expressed in 
mole) could be substantially increased as compared to pPB-HSA based drug carriers, 
thereby stretching the range for application in humans. Therefore, Fibroferon would 
be an interesting candidate for further development of the controlled release concepts 
presented in this thesis.

Thirdly, to be able to meet the demand for application in clinical therapy, all 
processes involved in the production need to be optimized, validated and scaled up. 
Critical aspects for succeeding in the scale up are minimization of impurities during 
construct production and limitation of deviations from the microsphere target 
product specifications. In addition, cost and duration of the production process 
could be limiting, which has probably been the case for the microsphere product 
Nutropin Depot, which was withdrawn in 2004. The patient information letter stated 
“uncertainties and limitations in product supply required to meet future patient needs 
as well as the significant resources necessary for manufacturing” as the main reason 
for discontinuation.53–55 As briefly discussed in Chapter 2, this last step requires input 
and collaboration from industrial partners or, more commonly, is performed in an 
industrial setting.

CONCLUSIONS

The stability of proteins in sustained release formulations is a pivotal aspect in 
formulation development and determines whether clinical application could be 
successful. There are multiple strategies to ensure the stability of proteins in this type 
of formulations, yet more fundamental knowledge on the properties and behavior of 
proteins is needed to effectively apply these strategies. One of these strategies is the use 
of sugar glass matrices to stabilize proteins. In this thesis, we have shown the potential 
of pullulan/trehalose blends as a sugar glass, as well as effective heat protection during 
hot melt extrusion.

The use of targeted proteins is an interesting development that may offer potent drugs 
with minimal side effects. In this thesis, we are the first to show successful sustained 
delivery of targeted proteins. This delivery approach has great potential for treatment 
of chronic diseases, which was illustrated by the sustained delivery of a PDGFβR-
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directed antifibrotic protein. Nevertheless, also for these targeted proteins the stability 
during production, storage and release needs to be thoroughly assessed before clinical 
application can be achieved.

On the whole, research on sustained protein delivery has progressed tremendously in 
the last decades. However, next to continuous research on the technologies, materials 
and systems, it would be good to take a step back and first investigate the fundamental 
aspects of proteins and therapeutic proteins in particular, before wide clinical 
application of sustained release formulations for proteins will be accomplished.
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