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POPULAR SCIENCE SUMMARY OF THE THESIS 
In the present doctoral thesis, we focused on a technology named NanoZolid®. We showed 
that this technology can successfully be used to produce novel drug formulations for cancer 
treatment. The advantage of drugs produced using NanoZolid technology is that we can use 
it for local cancer treatment. By this strategy, the drug will only affect the tumor progression 
locally, since the drug is released at the site of administration. The new strategy will improve 
the treatment efficacy and reduce the general side-effects, which occur when using drugs that 
are administrated and distributed to the entire body. 

The NanoZolid technology is based on principles developed in the materials industry utilizing 
high pressures. In pressure chambers, the materials are subjected to high pressures where 
they gain different characteristics. Under high pressure, the materials are transformed to very 
dense microstructures having unique properties, e.g. strong steels or diamond. In the present 
thesis we utilized the pressure technique to develop drug carriers that can remain a long 
period in the area of administration and release the active substance slowly over long time. 
The material that has been used in the thesis is calcium sulfate which is biocompatible, or in 
other words that during the treatment while the drug is released, the drug carrier will be 
absorbed, degraded and eliminated from the body in a slow manner. 

At the present, cancer treatment using chemotherapy is mainly carried out by administrating 
the drugs orally or intravenously, by which the drugs are distributed to all organs which will 
cause severe adverse effects. Despite the recent success in cancer treatment, still the results 
are far from satisfactory due the toxic effect on liver, kidneys, urine bladder, lungs, CNS, and 
disturbance of the hormonal balance. Several of these side effects may lead to increase 
morbidity, mortality, decrease in life quality and most of all, in less success in clinical outcome. 

Recently, targeted drug therapy, monoclonal antibodies, cellular therapy, stem cell 
transplantation and local treatment have been introduced in order to increase the cancer 
treatment efficacy and to minimize the adverse side effects.  In the present thesis, we have 
investigated a novel drug formulation using biocompatible drug carrier system to deliver the 
active substance into the tumor site. Preclinical studies and clinical trials indicated that 
chemotherapeutic agents administered using the NanoZolid formulations have good anti-
cancer effect with lower toxicity. Using imaging guided injection, the administration of 
NanoZolid depot can be performed with a high precision and safety. After the optimization 
of the manufacture and preparation procedure, the release of the active substance from the 
implanted depot can be achieved over weeks or months. As described in the thesis, this 
strategy has been evaluated both for hormone treatment of patients with prostate cancer, and 
for treatment with cytotoxic substances in animal cancer models.  

The present results in animals and in humans have shown a good tolerability to the NanoZolid 
formulation containing drug, as well as a good anticancer effect with reduced adverse effects. 
We concluded that the NanoZolid technology is a promising approach to develop new drug 
formulations for cancer treatment that may enhance treatment efficacy and reduce the side 
effects, which benefit the patients and the society by better life quality and less economic 
burden in treating the adverse effect, respectively.  



 

 

  



 

  

POPULÄRVETENSKAPLIG SAMMANFATTNING 
I denna doktorsavhandling fokuserar vi på en teknologi som kallas NanoZolid®. Vi har 
lyckats visa att denna teknologi kan användas för att tillverka nya läkemedel för 
cancerbehandling. Fördelen med läkemedel som tillverkas med NanoZolid-teknologin är att 
de enbart behandlar den del i kroppen som har cancer, och låter de friska delarna förbli 
obehandlade. Denna princip förbättrar cancerbehandlingen och minskar risken för 
biverkningar som annars är vanliga vid behandling av hela kroppen med t.ex. cellgifter. 
 
NanoZolid-teknologin baseras på tillverkningsmetoder som utvecklats i materialindustrin 
och inkluderar mycket höga kompressionstryck. Material formas i en tryckkammare med 
mycket högt tryck. Trycket används för att tillverka material som får väldigt hög densitet 
med unika egenskaper. Exempelvis, så kan man tillverka hårt stål eller omvandla grafit till 
diamant i en sådan tryckkammare. I denna avhandling använder vi denna tryckteknik för att 
utveckla nya läkemedelsformuleringar baserade på kalciumsulfatbärare som kan stanna länge 
i kroppen och frisätta aktiv substans långsamt till ett specifikt område i kroppen. När 
behandlingen är färdig, vilket är ett långsamt förlopp, har både den aktiva substansen frisatts 
samt den nedbrytbara läkemedelsbäraren tagits upp av kroppen. 
 
Idag ges de flesta läkemedel oralt eller via intravenös injektion. Sådan behandling ger ofta 
biverkningar eftersom den aktiva substansen distribueras över hela kroppen. Trots nya 
framsteg inom cancerforskningen är resultaten fortfarande långt ifrån tillfredsställande pga. 
biverkningar på lever, njurar, urinblåsa, lungor, CNS, och hormonbalansen. Många av dessa 
biverkningar kan leda till ökad sjuklighet, dödlighet, minskad livskvalitet och därigenom 
avsaknad av lyckade kliniska resultat. 
 
På senare tid har riktad läkemedelsbehandling, monoklonala antikroppar, cellterapi, 
stamcells-transplantation samt lokal behandling introducerats för att öka den lokala anti-
cancer effekten och minska risken för biverkningar. I denna avhandling har vi undersökt en 
ny läkemedelsteknologi med en biokompatibel bärare som kan frisätta den aktiva substansen 
i tumörområdet. Prekliniska studier och kliniska prövningar indikerar att cancerläkemedel 
som ges med NanoZolid uppvisar lovande anti-cancer effekt och låg toxicitet. Med moderna 
avbildningstekniker går det att följa injektionsförfarandet med hög precision och säkerhet. 
Efter optimering av tillverkningsprocessen har vi lyckats utforma nya formuleringar av 
läkemedel som frisläpper den aktiva substansen långsamt under flera veckor eller månader. 
Som beskrivs i avhandlingen, så har denna strategi utvärderats för både hormonbehandling 
av patienter med prostatacancer samt för behandling med cellgifter av djur med 
cancertumörer. 
 
Resultaten från studierna i djur och patienter uppvisar en hög vävnadstolerans av NanoZolid-
läkemedel samt en lovande anti-cancer effekt med få biverkningar. Sammanfattningsvis visar 
arbetena i denna avhandling att den kalciumsulfatbaserade läkemedels-teknologin NanoZolid 
är en lovande möjlighet för att utveckla nya läkemedel för cancerbehandling vilka kan förbättra 
behandlingseffektiviteten och minska biverkningarna, vilket ger patienterna en bättre 
livskvalitet och även samhället en ekonomisk fördel genom möjligheten att undvika kostnader 
för att behandla biverkningarna. 



 

 

 

 
  



 

  

ABSTRACT 

In the present thesis, a novel drug delivery technology named NanoZolid® based on hydrating 
inorganic calcium sulfate, is investigated. NanoZolid is injected as a liquid suspension of 
calcium sulfate, which solidifies in vivo by hydration forming a biocompatible and 
bioresorbable depot that slowly dissolves and releases the active substance. 

In order to optimize the formulation and preparation procedure of NanoZolid, we have 
characterized the material properties of calcium sulfate and its influence on drug release. In 
paper I, the in vitro release of the antiandrogen, 2-hydroxyflutamide (2-HOF) was investigated 
using formulations containing porous and densified drug-loaded powder fractions. The 
formulations were produced for the local long-term treatment of prostate cancer. The densified 
powder fractions were prepared utilizing cold isostatic pressing (CIP), a new process 
introduced into the pharmaceutical industry. Reproducible in vitro release profiles were 
achieved from solidified depots with a drug release time of at least five months. 

Calcium sulfate-based drug product candidates were evaluated in both preclinical and clinical 
settings. A xenograft mouse model of Lewis lung carcinoma (LLC) was used in paper II for 
evaluating intratumorally injected depots loaded with docetaxel. The study showed similar 
antitumor effects from the local depots, as from the systemic administration of docetaxel. 
Adverse effects including decreased levels of blood cells and weight loss were observed in 
mice treated with intraperitoneal administration, while not in mice that received intratumor 
depots. In addition, no adverse tissue reactions were observed from the depot. 

In Paper III, we evaluated the possibility of encapsulating a biomolecule in the NanoZolid as 
a drug delivery system. Both in vivo solidification process to a depot and in vivo slow release 
of the biomolecule, epidermal growth factor (EGF), were studied using a mouse xenograft 
model inoculated subcutaneously with A549 human lung cancer cells. A fluorescence-labelled 
EGF was encapsulated into the NanoZolid depot that was injected subcutaneously in the neck. 
Results showed that the EGF released in vivo targeted the corresponding tumor receptors on 
the hind leg with a slow-release pattern and maintained its bioactivity. 

To better understand the potential of intraprostatic depot injections with the antiandrogen 2-
HOF, the effects of the new formulations on prostate specific antigen (PSA), prostate volume, 
testosterone levels and local tissue reactions, were investigated in a multicenter clinical trial 
(paper IV). The study included sixty-one men with localized prostate cancer who received 
intraprostatic depot injections (Liproca® Depot). The treatment was well tolerated and showed 
potential for long-term suppression of the tumor – as indicated by a decrease in PSA value, 
lower prostate volume and unchanged or improved MRI results in the majority of the patients. 

In conclusion, the present results show that the calcium sulfate-based drug delivery system, 
NanoZolid, is a promising approach for local cancer treatment, and may benefit both individual 
patients and society as a whole. 
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1 INTRODUCTION 

Cancer is the second most common cause of death in the developed world. However, the 
treatment of cancer is still dependent on surgery, chemotherapy, radiotherapy, 
immunotherapy and recently cell therapy. In the clinical setting, surgery in combination with 
chemotherapy, with or without radiotherapy, are the most used cancer treatment regimens. 
Among chemotherapies, cytostatic drugs which target fast-dividing cells are used frequently. 

Patients treated with chemotherapy experience severe side effects due to non-specific 
cytotoxicity, including tiredness, vomiting, hair loss, infections, anemia, skin bruising and loss 
of appetite as the chemotherapy also effects normal dividing cells such as epithelial cells, hair 
follicle cells, neurons and vascular endothelial cells. Heart, liver and kidney toxicity can be 
long term and life-threatening. One strategy for overcoming chemotherapy-induced side 
effects, is tumor-targeted drug delivery and local treatment to avoid drug distribution to non-
target organs. 

Also hormonal therapy is one of the major modalities for cancer. It involves the manipulation 
of the endocrine system through administration of specific hormones or drugs which inhibit the 
production or activity of such hormones. Hormonal therapy is used for several types of cancers 
derived from hormonally responsive tissues, including prostate and breast cancer. 

In this thesis, we investigated drug formulations based on the excipient calcium sulfate for local 
parenteral drug delivery. The investigated formulations consist of a calcium sulfate powder 
loaded with an active substance and an aqueous diluent. Prior to administration, the powder 
and diluent are mixed to form an injectable suspension, which is then injected locally and 
solidifies in vivo to form an implant-like depot. The biocompatible and bioresorbable drug 
depot dissolves in vivo and releases the active substance to the surrounding tissues in a 
controlled manner.  

The drug-loaded powder is prepared in such a way as to have a controlled granule size and 
porosity. The aqueous diluent is a sodium carboxymethyl cellulose solution that defines the 
viscosity of the suspension before injection and the solidification time of the depot after 
injection. The system used to produce such depots is known as NanoZolid®. The working 
principle of NanoZolid is to utilize the ability of calcium sulfate hemihydrate powder to solidify 
by hydration to calcium sulfate dihydrate when exposed to water. In addition, we used cold 
isostatic pressing (CIP) in NanoZolid formulations to generate extremely dense bodies to 
achieve slow drug release over several months. 

NanoZolid formulations designed for local cancer treatment are investigated in this thesis, with 
the aim of improving local anti-cancer effects and reducing systemic side effects. 
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1.1 BIOCERAMICS FOR MEDICAL USE 

1.1.1 Ceramics and bioceramics 

Ceramics can be described as inorganic materials with a combination of covalent and ionic 
chemical bonds. The development of novel ceramic materials is an integral part of the historical 
progress of mankind. Several thousand years ago, the possibility of storing grains in ceramic 
pots made it possible for humans to evolve from nomad hunters to settlers. 

The ability to handle ceramic materials has been a part of human civilization for at least 25 000 
years, since the Upper Paleolithic period of the Stone Age, as demonstrated by a fired ceramic 
figurine of a nude female “Venus” uncovered during archaeological excavations in Moravia 
(present day Czech republic).1 Quality of life improved when it became possible to make 
structural ceramics such as clay bricks and tiles. Almost all large cities in the Indus valley were 
built with a combination of sun-dried and baked bricks, around 9 000 years ago.2 

One of the first breakthroughs in the fabrication of ceramics was the invention of the wheel, at 
least 5 500 years ago – initially not for transportation, but for the formation of round pottery.2 

In the 1950s, the development of functional ceramics including dielectrics, piezoelectrics, 
magnets, and semiconductors created a revolution in modern industry. Ceramic 
semiconductors may be the most well-known items today, and these include microchips in 
computers and cell phones and form the basis of the industry in Silicon Valley.3 Today, solar 
photovoltaic cells are also made from ceramic materials, generally doped crystalline silicon. 

Ceramics can also be used in medical applications. Ceramics that are biocompatible are called 
bioceramics, and have been widely used in medical applications since the 1970s when Hench 
et al. discovered that various types of ceramics and glass could bond to human bones.4,5 

1.1.2 Bioceramics for medical applications 

With an increasingly aging population, the need to develop new materials for the manufacture 
of medical implants has increased. The function of implants is to repair and regenerate tissues 
that have been damaged by disease or trauma. Bioceramics have been typically used as 
implants in orthopedics and dentistry. 

The most commonly used bioceramic material is hydroxyapatite, which was approved for 
medical use in the 1970s. Another widely-used bioceramic is calcium sulfate (CaSO4·XH2O), 
which is used as a bone implant in dental and orthopedic applications, and was first reported in 
1892 by the German doctor, H. Dreesmann.6 Calcium sulfate hemihydrate (CaSO4·0.5H2O), 
also sometimes called plaster of Paris, is named after the gypsum quarries of Montmartre in 
Paris. When mixed with water, calcium sulfate hemihydrate recrystallizes to a viscous 
suspension and eventually solidifies. 

Bioceramics for medical applications can be divided into three subcategories: 1) inert, 2) 
bioactive, and 3) biodegradable according to their degree of biological activity (Figure 1). The 
biodegradable sulfates are of special interest as they can potentially act as drug delivery carriers 
for active substances. 
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Figure 1. Types of bioceramics for medical application. 

 

1.1.3 Hydrating calcium sulfate for parenteral drug administration 

Calcium sulfate is a rapidly resorbing material and is considered safe as a drug carrier for 
parenteral administration. Its medical application as bone implants has shown that it is highly 
biocompatible without causing a substantial inflammatory response. Furthermore, calcium 
sulfate is a well-established pharmaceutical excipient used primarily for oral formulations. 
Calcium sulfate has a pharmacopoeial monograph that enable verification for eventual clinical 
use.7 Some parenteral products based on calcium sulfate have been approved for clinical use, 
for example, implantable beads containing antibiotics.8 

When calcium sulfate dihydrate is heated over 100°C under controlled conditions, it transforms 
to calcium sulfate hemihydrate, with a half-unit of crystal water per calcium sulfate molecule. 
Calcium sulfate hemihydrate can be reversed to calcium sulfate dihydrate if water is added to 
the hemihydrate according to the following formula:9 

(CaSO4)2·H2O (s) + 3H2O (l) ↔ 2CaSO4·2H2O (s)   [1] 

Calcium sulfate dihydrate and hemihydrate have different crystal structures and the 
transformation process from hemihydrate to dihydrate involves a recrystallization process. 

If water is mixed with a fine-grained powder of calcium sulfate hemihydrate, with or without 
a drug, an injectable suspension is formed. After injection, this suspension solidifies in vivo 
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and forms a local slow-release depot with an open porosity of approximately 30%.10–12 The 
depot releases the loaded drug content relatively fast (typically within weeks). 

Another advantage of using calcium sulfate as a drug carrier is that the location and degradation 
of the depots can be followed in real-time by non-invasive imaging techniques such as 
ultrasound.13,14 

1.1.4 Cold isostatic pressing of hydrating ceramics 

Ceramics are traditionally created by heating minerals at very high temperatures, a process 
called sintering, which generates highly crystalline structures.  

When conventionally sintering powders which are unable to recrystallize by hydration, 
decreasing the porosity usually requires both high temperature and pressure to create the 
necessary atomic mobility in a process known as hot isostatic pressing (HIP).15–17 

Generally, ceramic sintering is performed at a temperature, Ts which is generally 50%–75% of 
the melting temperature, Tm of the material – according to the formula:18,19 

 

Ts = 0.5-0.75 · Tm    [2] 
 

A normal Ts for calcium sulfate anhydrite is approximately 1100 C.20  

One way of decreasing the sintering temperature is to add a sintering aid, such as a small 
amount of cobalt, to the calcium sulfate (or other ceramic powder). This has recently been 
applied to the 3D manufacture of bioceramic medicinal implants.21 

Depending on the intended use of a bioceramic, poor or low crystalline bioceramics may also 
be considered, as well as various alternative manufacturing methods.22 

The solidification of calcium sulfate hemihydrate–water suspensions generates porous solid 
bodies of calcium sulfate dihydrate. Their porosity varies depending on the powder grain size 
and water content. The open porosity for solidified gypsum is typically 30%.10–12 The porosity 
of solid calcium sulfate dihydrate bodies can be reduced by performing the hydration under an 
external isostatic pressure, utilizing a cold isostatic press (CIP).23 CIP compaction is normally 
performed at room temperature (Figure 2). 
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Figure 2. Schematic illustration of a Cold Isostatic Press (CIP). 
The CIP is loaded with a green-body of calcium sulfate and active substance encased in a non-

permeable flexible mold (e.g. rubber) and exposed to pressurized fluid (e.g. water). 
 

To achieve a completely dense structure, the CIP process is applied to a calcium sulfate 
hemihydrate powder wetted with a fixed amount of water corresponding to 1.5 stoichiometric 
units of water of crystallization. The increased atomic mobility resulting from the 
recrystallization from hemihydrate to dihydrate leads to a strong reduction in porosity. This 
densification procedure performed at room temperature is analogous to sintering. 

Conventionally, roller compaction and tablet compression are used for powder compression in 
the pharmaceutical industry.24 In the materials industry, the CIP process has been used for 
decades; however, CIP equipment has not been commercially available for pharmaceutical 
manufacturing in a clean room environment. In this thesis, CIP is utilized and optimized for 
application in the pharmaceutical industry for the first time.   

1.2 PARENTERAL IMPLANT DRUG RELEASE 

1.2.1 Polymeric micro- and nanoparticulate systems 

Depot drug delivery systems for parenteral use are generally designed to have a long-term 
therapeutic effect with the following potential advantages: less frequent administration, better 
efficacy versus dose, fewer systemic adverse effects, and better patient compliance.25 

Parenteral implant products are often microparticulate polymer formulations delivered as 
subcutaneous or intramuscular injections for a systemic effect or local treatment.26–28 For 
example, poly-lactic-co-glycolic acid (PLGA) high density microspheres carrying a high drug 
load (up to 40%) using hot-melt extrusion followed by wet-milling has been reported.29 

Polymeric nanoparticles have been widely investigated as carriers for drug delivery. 
Nanoparticles can be designed to have controlled release properties and to be  
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biocompatible. Typical examples of synthetic polymers for nanoparticle formulations are 
polyesters, polyanhydrides and poly-alkyl-cyanoacrylates.30–34 Natural polymers can also be 
used, for example, polysaccharides such as chitosan, alginate, hyaluronan, dextran, starch, or 
proteins such as albumin, collagen or gelatin.35-37 Several FDA-approved products including 
polymeric delivery systems, e.g. Abraxane® (albumin bound paclitaxel) and Genexol-PM® 
(polymeric micelle formulation of paclitaxel), are primarily for intravenous administration.38,39 
The polymers may be combined with other materials such as degradable polymer coatings on 
titanium oxide (titania) nanotubes to achieve a controlled drug release. This combination has 
recently been reported to be useful as orthopedic drug-eluting implants.40,41 

The manufacture of polymeric drug delivery systems is associated with certain practical 
limitations. The elimination of organic solvents from the product in order to meet 
pharmaceutical requirements and to comply with environmental regulations can be potentially 
costly. Furthermore, aseptic processing may be the only possibility as terminal sterilization is 
often not feasible for polymer drug delivery systems, because of their sensitivity to heat, 
moisture and radiation. Taken together, these issues can make the cost of the final product a 
challenging hurdle to overcome. 

1.2.2 Hydrogel implants 

Injectable and in situ-forming hydrogels, such as polyethylene glycol (PEG) and poly-
isopropyl-acrylamide-based thermosensitive gels, are being used in products for numerous 
biomedical applications.42–44 A typical application concerns the local treatment of 
retinoblastoma in children using a hydrogel containing antitumor drugs (topotecan and 
vincristine). The standard treatment for children involves systemic chemotherapy, which 
carries side effects including losing their vision, or a need to enucleate their eye, as described 
by Cocarta et al.45 Recent research in dentistry reported by Li et al. describes the successful 
combination of several gelling components including chitosan, glycerophosphate and gelatin 
in the same formulation to produce an injectable thermosensitive hydrogel for erythropoietin 
delivery to enhance new bone formation.46 Injectable hydrogel implants for extended drug 
release have been designed for both small molecules and proteins.47–49 The hydrogel systems 
have been widely used because of their chemical simplicity as water-based systems. These 
systems are used as liquid or semi-solid injectables, which transform to gel-implants after 
injection. However, it has been shown that several peptide and protein drugs are not stable upon 
exposure to organic solvents used in the manufacturing process, which has limited the 
application of hydrogel implants. 

1.2.3 Hydrating ionic salt implants 

A hydrate is a compound with a specific number of water molecules in its crystalline molecular 
structure. An anhydrate is formed when all the water is removed from a hydrate. This reduction 
in crystal water content is often achieved by heating – a process that removes the water as 
steam. There are several inorganic ionic salts that have the ability to hydrate, i.e. to take up 
water and re-crystallize forming a new crystal with a higher molecular water content.50 

Two of these ionic salts, calcium phosphate and calcium sulfate, are of particular interest for 
medical implant applications as they are both biocompatible and biodegradable. 
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Calcium phosphate is a hydrating inorganic ionic salt that contains calcium ions (cations) 
together with various anions including orthophosphate, metaphosphate, or pyrophosphate, and 
on occasion also hydrogen or hydroxide ions. The main calcium form present in milk and blood 
is calcium phosphate. It is also the principal component of bone (~60 wt%), and of tooth enamel 
(~90 wt%). Calcium phosphates are known as apatites, e.g. hydroxyapatite, when they have a 
calcium/phosphate ratio in the range between 1.5 (3/2) and 1.67 (5/3). The word apatite was 
first coined in 1786 by the German geologist, A.G. Werner, from the Greek word apatao, “to 
mislead or deceive”.51 Biomaterials based on calcium phosphate can hydrate and are sparingly 

water-soluble (2.5 mg/100 ml water at 25C)52 and biodegradable. They are used both as bone 
substitutes and as drug delivery carriers, especially in dentistry, bone regeneration and 
orthopaedics.53 Melville et al. reported on the use of drug-loaded hydroxyapatite powders 
modified by heat treatment to generate a tailored drug release.54 

Calcium sulfate is slightly water-soluble (205 mg/100 ml water at 25C)55, but is still much 
more soluble than calcium phosphate. Calcium sulfate is insoluble in organic solvents. When 
a drug is mixed with calcium sulfate in an organic solvent, it can be distributed homogeneously 
on the calcium sulfate particles. Thereafter the solvent can be gently evaporated using heat or 
a vacuum. The active substance may also be added as a dry powder to the calcium sulfate. Such 
a powder mix can be sterilized by a γ- or β-radiation dose in the range 25–50 kGy for parenteral 
injection; however, the effect of irradiation on drug degradation and drug release properties 
needs to be thoroughly considered.56 By mixing the drug-loaded calcium sulfate hemihydrate 
with water, a viscous suspension is formed that can be injected and will solidify to an implant 
in vivo. 

1.2.4 Implant drug release modelling 

The release of the drug 2-HOF from a modified-release calcium sulfate depot formulation has 
been modelled by Sjögren et al.57 The powder formulation itself consists of three different 
components before solidification: a) pure calcium sulfate hemihydrate (no drug included), b) 
calcium sulfate hemihydrate loaded with drug, and c) densified calcium sulfate dihydrate 
granules containing drug. After solidification, the drug content of the depot is divided into three 
different fractions: 1) unbound drug, 2) drug bound to the porous component or matrix, and 3) 
drug bound to the dense component (granules), see also section 3.1.1. Hence, the included 
powder components and the positioning of the drug after reconstitution in the depot are not the 
same (both the unbound fraction and the porous fraction arise predominantly from the porous 
part). 

Assuming that the formulation forms a sphere that shrinks symmetrically during the dissolution 
process and that the depot volume has a constant relative drug load, the surface area can be 
considered as proportional to the amount or weight of released drug (W), expressed as W2/3 

(from the Noyes−Whitney equation: dW/dt = DAC/L, i.e. the dissolution rate (dW/dt) equals 

the diffusion coefficient (D) times the surface area (A) times the concentration gradient (C) 
divided by the thickness of the diffusion layer (L)). If it is further assumed that drug release 
from the depot occurs simultaneously with the dissolution of the formulation, the drug release 
rate can be considered as a constant (k) over time. Under these circumstances, the 
Noyes−Whitney equation can be expanded to Equation 3 by including three separate fractions 
describing the amount of released drug (weight – W) over time (t). See Figure 3:57 
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Figure 3. In vitro drug release (2-hydroxyflutamide) from calcium sulfate depots, and 

theoretical prediction of release from the three drug fractions. Drug fraction 
abbreviations: p-ub (porous and unbound) – red line, p-b (porous and bound) – blue 

line, and np (non-porous) – green line. 
The circles are the measurements of cumulative in vitro drug release. 

Reprinted with permission from American Chemical Society doi:10.1021/mp5002813.57 

 
As illustrated in Figure 3, a good correlation between theoretical and in vitro drug release was 
achieved when combining different densities of calcium sulfate loaded with 2-HOF. However, 
one limitation of this model is that drug release from the individual fractions is affected by the 
change over time of the depot surface structure. A further limitation is that the initial burst 
release of the drug is not only from the porous and unbound fraction, but also from all 
components positioned at the depot surface due to the concentration difference with the 
surrounding aqueous media.57 

A simplified explanation of drug release from a depot that releases drug in parallel with its 
dissolution, was given by Mönkäre et al., who described the drug release as the result of an 
erosion-like dissolution, see Equation 4:58 

Erosion (%) = 100 – 100 · [ mimp(t) – mdrug(t) / mimp(0) – mdrug(0)] [4] 

where mimp(0) and mdrug(0) represent the mass of the implant and the drug in the implant, 
respectively, at the start of the test, while mimp(t) and mdrug(t) represent the measured mass of 
the implant and the drug in the implant, respectively, at the time of sampling. 

[3] 
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This model does not take into account:  

1) the decrease in diffusive driving force following the time-dependent decline in drug 
concentration at the depot surface,  
2) the relatively static layer of surrounding medium which reduces the release rate, 
3) the possible saturation of the depot and drug leakage, which accelerates drug release.  

Also, the model is not adapted for depots containing a combination of porous and dense 
fractions with different drug loads, for which the relative drug loads may vary over time. 

Attempts to describe an initial hydration/wetting/swelling phase followed by erosion-based 
release have been performed with chitosan-based implants, for which the swelling (water 
uptake) and erosion evaluations were studied using equilibrium weight methods.59–61 However, 
such evaluations are primarily relevant for implants that are associated with a swelling phase. 

Despite the current large number of marketed parenteral controlled release products, there is 
still a shortage of adequate in vitro dissolution test methods for implants offering biorelevant 
test conditions.62 However, the wide variation in release times and patterns for the different 
parenteral products make it very challenging to use standardized in vitro methods for release 
characterization. 

1.2.5 In vitro drug release test method criteria 

Certain key criteria should be carefully considered for an in vitro release test method. These 
include: (i) Relevance to physiological conditions, (ii) Reproducibility, (iii) Robustness, (iv) 
User friendly, (v) Easy readout, (vi) Controlled agitation, (vii) Cost effectiveness.63,64 

Unfortunately, it is difficult to standardize all the above mentioned criteria for all parenteral 
products, due to the complexity and diversity of individual release patterns. On the other hand, 
the in vitro test method may consequently be designed more freely to be suited for the aimed 

release profile and specific application. 

1.3 CANCER TREATMENT 
Cancer treatment strategies include surgery, chemotherapy, radiotherapy, immunotherapy 
and cell therapy. In clinical practice, surgery and/or radiotherapy in combination with 
chemotherapy are the most widely used cancer treatment strategies. Among available 
chemotherapies, cytostatic drugs which target rapidly dividing cells are the most common. 
Chemotherapy can be used either before surgery/radiotherapy to reduce the cancer burden 
(neoadjuvant therapy), or after surgery to eliminate the residual tumor and/or metastasis 
(adjuvant therapy). 

Patients that receive high-dose chemotherapy suffer from severe adverse effects due to the 
non-specific toxicity of the treatment. Typical side effects include tiredness, vomiting, hair 
loss, infections, anemia, skin bruising and loss of appetite as the chemotherapy also effects 
normal cells (for example, gastrointestinal tract epithelial cells, hair follicle cells, neurons 
and blood endothelial cells). Severe toxicity of the heart, liver and kidneys can be long-term 
and even life threatening. One strategy used to overcome chemotherapy-induced side effects 
is tumor-targeted drug delivery, by which we can avoid drug distribution to non-target 
organs. Targeted cancer therapies include treatment with small molecule drugs, e.g.  check 
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point inhibitors, signal transduction inhibitors, gene expression modulators, apoptosis 
inducers, angiogenesis inhibitors, and/or large molecules such as hormone therapies 
monoclonal antibodies.65-67 

Targeting mechanisms can be divided into: 1) passive targeting via enhanced tumor 
permeability and increased retention time in the tumor, and 2) active targeting, which 
involves binding specific receptors/mediators on the cell surface.68,69 Unfortunately, targeted 
therapy is not suitable for all patients, for example, the monoclonal antibody, trastuzumab, 
used for the treatment of breast cancer is only effective for HER2-positive breast cancer 
patients.70 

Recently, drug delivery systems based on nanoparticles have been used in the targeted 
treatment of cancer. These systems have been used mostly for systemic administration with 
moderate results, probably due to rapid clearance of the nanoparticles by phagocytes.71  

This thesis focuses on local cancer treatment with depot implants that have been evaluated 
for local intraprostatic treatment of prostate cancer, local intratumoral treatment of lung 
cancer and targeted protein drug delivery from subcutaneously injected implants.  

1.3.1 Local cancer treatment 
Local cancer treatment can potentially be a way of overcoming some of the limitations 
associated with systemic administration. These include whole body distribution of cytostatic 
drugs, limited drug distribution to the tumor, and adverse effects due to the general 
distribution. For successful local tumor treatment, a sufficient local concentration of the drug 
is needed. Advantages of local treatment include a reduction in systemic toxicity, and higher 
treatment efficacy and hence a better quality of life for the patient. 

One method of reaching the tumor would be to inject the drug in a suitable depot formulation 
directly into or close to the tumor. The prolonged residence time at the tumor for cytotoxic 
drugs such as docetaxel may enhance tumor cell death and increase the concentration of tumor 
antigens, thereby decreasing the number of immuno-suppressive tumor cells.72 

1.3.2 Antiandrogens for prostate cancer treatment 
Prostate cancer is the most frequently diagnosed cancer in men worldwide, with 
approximately 1.3 million cases and 359 thousand deaths annually.73 Using current treatment 
protocols, the deaths associated with prostate cancer have been significantly reduced. Minor 
invasive therapies are available for early-stage prostate cancer, and include high-intensity 
focused ultrasound, cryotherapy, and brachytherapy. Despite such progress, there are still 
several challenges in prostate cancer treatment: 1) a high degree of recurrence,74,75 2) 
inadequate therapies, 3) overtreatment of benign disease,76 and 4) significant side effects, 
including high rates of impotence and incontinence. Consequently, alternative therapy 
strategies are needed to improve treatment outcomes. 

Androgens play an important role in the development of the prostate gland and regulation of 
its functions. The androgen receptor is a steroid hormone receptor with multiple 
phosphorylation sites and ligand binding domains. After ligand binding, the receptor first 
dimerizes, followed by phosphorylation and translocation from the cytoplasm to the cell 
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nucleus. In the nucleus, the androgen receptor mediates numerous downstream pathways 
involved in cell division, cell differentiation and apoptosis.77 

Antiandrogens play a key role in prostate cancer treatment as they compete with circulating 
or locally derived androgens for binding to the androgen receptor. Antiandrogens are 
classified as either steroidal or non-steroidal. Steroidal antiandrogens can decrease the levels 
of testosterone but also bind to other hormone receptors, which can have undesirable side 
effects for the patient, such as loss of libido and impotence and also certain androgenic 
effects, i.e. blocking the negative feedback mechanism from the hypothalamic and pituitary 
pathway eventually resulting in an increased testosterone level.78 This has led to the 
development of non-steroidal antiandrogens, which target the androgen receptor with greater 
specificity. 

First generation non-steroidal antiandrogens developed for the androgen receptor were 
flutamide and nilutamide followed by bicalutamide and topilutamide. Flutamide and 
nilutamide were mainly designed to provide a combined androgen blockade when used in 
combination with castration. This combination therapy displayed moderate clinical 
advantages compared to castration alone. With a growing knowledge of the structure and 
biological functions of the androgen receptor, a second generation of non-steroidal 
antiandrogen drugs without agonist activity was developed to deliver higher efficacy. In 
2012, enzalutamide was the first member of the second generation to be approved  
(Figure 4).79 
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1st Generation  

 

                                         (2-Hydroxyflutamide) 

 

   

 

       Bicalutamide                      Flutamide                  Nilutamide                Topilutamide                  

 

2nd Generation 

 

 

 

 

             Apalutamide                            Darolutamide                           Enzalutamide 

 

Figure 4. Molecular structures of non-steroidal antiandrogens,  
androgen receptor antagonists. 

Flutamide’s active metabolite 2-hydroxyflutamide (in parentheses) is not yet included as a marketed 
product, but is relevant for this thesis. The hydroxyl group at position 2 is highlighted in blue. 

 

Low to intermediate risk prostate cancer is a disease that is often detected in older men and is 
associated with at least 15 years of metastasis-free survival, meaning that patients are unlikely 
to die from their cancer.80 However, once the disease has metastasized, the median survival 
time is only approximately 3.5 years.81 Therefore, treating prostate cancer at localized stages 
is warranted, which in turn requires development of new effective treatment alternatives. For 
patients diagnosed with low- and/or intermediate risk localized prostate cancer, there is an 
option to treat these patients with a local antiandrogen instead of following them without 
treatment, so called ‘active surveillance’. A possible alternative treatment is an intraprostatic 
slow-release implant loaded with an antiandrogen, in order to delay cancer progression. This 
treatment strategy may cause fewer adverse effects compared to systemic antiandrogen 
treatment.14 

1.3.3 Mechanism of action of 2-hydroxyflutamide 

2-Hydroxyflutamide (2-HOF) is a non-steroidal antiandrogen and the major active metabolite 
of flutamide (see Figure 4), which is considered as a prodrug of 2-HOF.82,83 Flutamide is 
metabolized by CYP1A2 to 2-HOF in the liver, therefore, the metabolite 2-HOF should be used 
for intraprostatic administration to achieve the intended local therapeutic effect.14,84 2-HOF 
works by preventing testosterone from triggering cancer cell division and inhibits the growth 
of, and sometimes even shrinks, the tumor. 
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2-Hydroxyflutamide acts by binding to the intracellular androgen receptor (AR) thereby 
inhibiting ligand-dependent transcription. 2-HOF is therefore categorized as an AR 
antagonist.85 The 3D structure of the AR consists of a bundle of 12 helices (H1–H12) arranged 
in three layers. The binding of the antagonist to the AR induces an inactive ligand binding 
domain conformation where helix 12 (H12) – acting as a lid for the ligand binding pocket – is 
removed from its hormone-bound position.86,87 This modification prevents the coactivators 
from binding and/or facilitates the recruitment of transcriptional corepressors (Figure 5).88–90 

The anti-cancer effect of 2-HOF can also act through other pathways. In prostate cancer cells 
that are androgen receptor negative, 2-HOF induces a rapid activation of two protein kinase 
signaling pathways; the Ras-mitogen-activated (MAPK) pathway and the protein kinase B 
(AKT) pathway, resulting in modulation of genes transcription.91,92 Furthermore, 2-HOF has 
been reported to bind as a ligand to the aryl hydrocarbon receptor (AhR). A decrease in 
expression of AhR has been shown to reverse the anti-proliferative effects of 2-HOF on several 
cancer cell lines. AhR-dependent effects of 2-HOF in human hepatocellular carcinoma cells 
are facilitated by the stimulation of transforming growth factor-β1 (TGF-β1), see Figure 5.93,94 

2-HOF treatment suppresses prostate cancer by inducing apoptosis, or by inhibiting cell growth 
through cell cycle arrest. Both mechanisms may result in the long term suppression of 
cancer.95,96 Therefore, the administration of intraprostatic 2-HOF for low- to intermediate risk 
(localized) prostate cancer patients may delay cancer progression and enhance their quality of 
life by improving erectile function and urination.97 
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Figure 5. 2-HOF actions on the target cancer cell level. 

(a) 2-HOF (F) competes with testosterone (T) and binds preferentially to the androgen receptor (AR), 
displacing bound heat shock proteins (HSP). (b) 2-HOF/AR complex enters the nucleus, (c) Blocking 

the AR decreases its association with coactivators (e.g. STAT3, GRIP1, and TIF2), inhibits 
polymerase II binding to the promoter, and consequently inhibits transcriptional activity (d) 2-HOF may 

also trigger MAPK (e) or AKT (f) pathway activation (via an unknown mechanism – dotted line 
arrows), which modulates gene transcription (e.g. cyclin D1, leading to cell proliferation) (g) and/or 
cytoplasmic effects (e.g. junction protein phosphorylation, leading to altered cell-cell adhesion) (h). 

Alternatively, 2-HOF binds to AhR (i) resulting in dissociation from HSP (j) and nuclear translocation 
(k). AhR heterodimerizes with ARNT forming an active transcription factor complex, which binds to 

AhRE, recruits transcriptional machinery, and initiates target gene transcription (l). N.B. 2-HOF does 
not induce AhR transcriptional activity. 

 
Abbreviations: AhR – aryl hydrocarbon receptor; AhRE – arylhydrocarbon receptor response element; 

AKT – protein kinase B; AR – androgen receptor; ARE– androgen response element; ARNT – AhR 
nuclear translocator; CoA – coactivators; CoR –corepressors; ERK1/2 – extracellular signal regulated 
kinase 1/2; F – 2-HOF; HSP – heat shock proteins; MAPK – mitogen-activated protein kinases; MEK – 

mitogen-activated protein kinase; pol II – RNA polymerase II; Ras – Ras protein; Raf-1 – proto-
oncogene serine/threonine-protein kinase 1; P – ortho-phosphoric acid residue; T – testosterone; ? – 

hypothetical membrane receptor binding 2-HOF. 
 

Reprinted with permission from Elsevier and adapted doi:10.1016/j.reprotox.2018.06.014.94 
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1.3.4 Chemotherapy for non-small cell lung cancer treatment 

Lung cancer is the deadliest form of cancer worldwide. Non-small cell lung cancer (NSCLC) 
represents at least 80% of diagnosed lung cancer cases. More than 50% of patients diagnosed 
with lung cancer have less than one year survival, and the 5-year survival rate for NSCLC is 
approximately 26%.98 The high death rate is explained by late detection of the cancer and by 
the fact that NSCLC is particularly resistant to cytostatic treatment. 

Even if many lung cancer patients are elderly and often have a history of smoking, there are 
also many young non-smokers who suffer from lung cancer. Irrespective of age or personal 
habits, receiving a lung cancer diagnosis is devastating for all patient groups. In Sweden, 
committed individuals have initiated supportive podcasts on the internet, for example: 
”Lungcancerpodden” (https://www.lungcancerpodden.se) and “En podd om cancer” 
(https://enpoddomcancer.se), where the public and medical experts can share experiences with 
lung cancer patients and their relatives. The podcasts allow people to support each other and 
learn how to enjoy normal daily life. 

Systemic chemotherapy based on platinum compounds, such as cisplatin and carboplatin, is a 
corner stone in the treatment of advanced NSCLC. In phase III trials in patients with NSCLC, 
combining taxanes (see next section), such as docetaxel or paclitaxel, with a platinum-based 
drug has been successful in increasing time to progression and improving quality of life but 
does not increase survival time.99,100 

Although commonly employed, chemotherapy has only modest effects in early-stage NSCLC, 
and produces severe systemic adverse effects.101 Intratumoral treatment with cytostatic agents 
administered with a catheter through a flexible bronchoscope may be considered for local 
treatment to reduce systemic toxicity.102 Studies have also been performed with transpleural 
administration of hypotonic cisplatin in distilled water in NSCLC patients, showing a 
possibility to administer drugs intratumorally through the pleura.103 

1.3.5 Mechanisms of action of docetaxel 

In 1979 Schiff et al. discovered the mechanism of action of taxanes.104 Docetaxel is part of the 
taxane family and is a cytostatic agent acting via mitotic inhibition. The principal mechanism 
of action is disruption of microtubule function, which is essential in cell division.105 

Docetaxel is structurally similar to paclitaxel. Paclitaxel is the first approved taxane drug that 
was isolated from the Pacific yew, Taxus brevifolia. Docetaxel is the second generation taxane 
isolated from European yew, Taxus baccata. Docetaxel is semi-synthetic and differs from 
paclitaxel at two positions (Figure 6), making docetaxel more water-soluble (3–25 µg/ml) 

compared to paclitaxel (0.4–0.7 µg/ml). This generates a 1.9-fold higher binding affinity to 
microtubules and potentially also results in a higher intracellular accumulation, which results 
in two times higher microtubule stabilization in relation to paclitaxel.106–108 When 
administering docetaxel in a local depot, it needs to be released and dissolved for transport into 
cancer cells.109 As docetaxel has a higher solubility compared to paclitaxel, it may be 
advantageous for local treatment formulations. 
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          Paclitaxel                                    Docetaxel           
 
 

Figure 6. Molecular structures of paclitaxel and docetaxel  
(differences highlighted in blue). 

 

Docetaxel reversibly binds to and stabilizes microtubules. During cell division, microtubules 
undergo constant polymerization and disassembly due to their dynamic instability, resulting in 

growing and shrinking phases. During polymerization, the tubulin -heterodimers – the basic 
element of microtubules – are bound to a guanosine tri-phosphate (GTP) molecule, where the 

-tubulin is stable but the GTP bound to -tubulin is hydrolyzed to guanosine di-phosphate 
(GDP). The hydrolysis follows the addition of the next dimer to the positive end of the previous 
one. Docetaxel stabilizes GDP-bound tubulin, which prevents microtubule depolymerization 
and thus chromosome separation. The cell cycle is arrested at the G2/M phase and cellular 
apoptosis occurs.110 

In addition to microtubule binding, docetaxel has two other ways of inducing apoptosis. One 
is to down-regulate the expression of the androgen receptor, including forkhead box protein 
O1 (FOXO1) mediated repression of androgen receptor transcriptional activity, and the other 
one is to induce phosphorylation of Bcl-2 in the endoplasmic reticulum, as described in  
Figure 7.111,112 
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Figure 7. Mechanisms of action of the antitumor activity of taxanes. 

(A) Taxanes bind to microtubules and thereby prevent their disassembly, resulting in G2/M cell cycle 
arrest and apoptosis. (B) Alternatively, taxanes are able to inhibit androgen receptor (AR) 

transcriptional activity (AR A) by constraining AR expression, blocking AR nuclear translocation, and 
facilitating FOXO1-mediated repression of AR transcriptional activity. (C) Finally, taxanes may inhibit 
the expression of antiapoptotic Bcl-2, favoring apoptotic cell death through the relief of BAX-mediated 

cytochrome c (Cyt. C) release. 

Abbreviations: FOXO1 – Forkhead Box O1 protein coding gene, Bcl-2 – apoptosis regulator protein 
coding gene, BAX – Bcl-2 Associated X apoptosis regulator protein coding gene, CASP – caspase. 

Reprinted with permission from Elsevier doi:10.1016/j.tips.2016.03.003.112 

 
Taxanes display synergistic effects with other chemotherapeutic agents, and also an enhanced 
effect with radiotherapy.113 Docetaxel has shown a favorable anti-cancer response by the 
activation of pro-inflammatory M1 (“killer”) macrophages.114 In addition, Millrud et al. 
reported that when mononuclear cells (MNCs) and macrophages from peripheral blood 
collected from healthy donors were incubated with docetaxel at a concentration of 0.1–10 µM, 
the MNCs and macrophages showed an activated phenotype with up-regulated expression of 
the surface receptor HLA-DR (human leukocyte antigen - DR isotype), and the membrane 
protein, CD86.114 Furthermore, docetaxel studies in mice showed increased cytotoxic T cell 
activity as well as an increased infiltration of immune cells into the tumor microenvironment.115 
Chen et al. have reported that docetaxel has similar effects on B cells as on T cells.116 In a 
preclinical study with triple negative breast cancer tumor-bearing mice, docetaxel has been 
shown to inhibit myeloid-derived suppressor cells.117 Also, intratumoral injection treatment 
with docetaxel has shown promising results in a renal cancer mouse model.118 
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A beneficial feature of docetaxel for intratumoral delivery, compared to DNA-binding vesicant 
drugs such as doxorubicin, is that formulation leakage off target is less toxic to the healthy 
surrounding tissue. Therefore, the cytostatic drug depot does not necessarily need to be 
positioned within the tumor.119 

1.3.6 Local drug delivery of biomolecules 

Drug depot formulations may also be applicable for the delivery of biomolecules to a tumor.120 
In the preparation of biomolecule depot formulations, it is often a challenge to maintain the 
functionality of the molecule.121–123 

In immunotherapy, a variety of bioactive proteins are used, such as monoclonal antibodies 
(mAbs), including inhibitors of CTLA-4 (ipilimumab, 149 kDa) and PD-1/PD-L1 (nivolumab, 
144 kDa). Another protein that has been reported for local drug delivery is the granulocyte-
macrophage colony-stimulating factor (GM-CSF, 14 kDa), also known as colony-stimulating 
factor 2 (CSF2).124–127 In addition, there are several other synthetic and natural compounds used 
as immune adjuvants and agonists, including toll-like receptor (TLR) agonists, e.g. 
unmethylated cytosine-guanine (CpG) oligonucleotides. TLR agonists play a key role in the 
innate immune system and the development of cancer, and have been shown to have potential 
in the treatment of solid tumors as well as for hematologic malignancies like leukemia.128-130 

Intratumoral injections with TLR agonists have shown good anti-tumor effect when combined 
with systemically injected cytostatic agents or checkpoint inhibitors.131,132 These treatments 
activated TLR9 on B-cells and dendritic cells to a pro-inflammatory Th1-type cytokine (mainly 
interferon gamma) response both locally and systemically. The TLR agonists also affect the 
recruitment of immune cells such as macrophages, dendritic cells, B-cells and T-cells to the 
tumor.133 

Local slow release from intratumoral depots are of particular interest for immunoactive 
biomolecules that risk provoking excessive systemic immunoreactions or rapid enzymatic 
degradation (e.g. STING agonists).134 In addition, slow release depots of TLR9 agonists, for 
example, may help to reduce the number of injections from twice weekly to once every four to 
six weeks.135,136 

1.3.7 Combination of local and systemic treatment 

In order to obtain synergistic effect, local and systemic cancer treatment may be combined. 
Recently, promising results have been reported from combining systemic chemotherapy (5-
fluorouracil) with local radioactive (125I) seed implantation (brachytherapy) for the treatment 
of patients with advanced colorectal cancer.137 

Similarly, positive results were observed in treating high-risk localized prostate cancer, using 
external beam radiotherapy (EBRT) in combination with systemic androgen deprivation 
therapy (ADT) and after prostatectomy when adding systemic docetaxel.138 
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1.3.8 Abscopal effect 

The abscopal (from Latin ab “position away from”, and ancient Greek skopós “target”) effect 
has been observed in radiotherapy and is characterized by regression in tumors or lesions 
beyond the irradiated target. The phenomenon was first reported by R.H. Mole in 1953.139 

Since then, the effect has been observed in radiotherapy of both the primary tumor and the 
metastases of various types of cancer. Abscopal effects (or anenestic “uninjected” effects) have 
also been more frequently reported in the field of immune oncology, as the use of locally 
injected immune oncology agents increases.140,141 This is an additional potential benefit derived 
from the administration of intratumoral slow-release depots in cancer treatment. 

1.3.9 Limitations of local tumor treatment 

Local tumor treatment has several limitations: 

1. Failure to reach circulating cancer cells and metastases. 
2. Parenteral depot injections, especially polymers and hydrogels, tend to produce an 

uneven release profile with a high initial release followed by a decrease in  
concentration gradient over time.142 Consequently, this requires frequent injections to 
maintain a therapeutic concentration, which may alter the treatment efficacy. 

3. Intratumoral administration is often more complicated and invasive than oral or 

intravenous administrations. 

4. The long-term release of active substances may lead to the development of tumor 

resistance. 

 

1.4 IMAGING TO EVALUATE BIODISTRIBUTION 
To achieve reliable preclinical results during the development of anti-cancer drugs, there is a 
need for tools to facilitate the evaluation of drug candidates in animals. For example, non-
invasive imaging in combination with contrast agents/probes can be used for the evaluation 
of pharmacokinetics, biodistribution and to follow treatment efficacy. One of the commonly 
used methods in preclinical cancer research is optical imaging, including fluorescence and 
bioluminescence imaging.143,144 

In optical imaging, a cooled charge-coupled device (CCD) camera is used to detect the light 
emitted from a fluorescent or bioluminescent light source in live animals. Several optical 
imaging systems are commercially available. One possible application of fluorescence 
imaging in drug depot characterization is to label the drug with a fluorescent marker and then 
to follow the drug release and biodistribution in situ. Fluorescence imaging in the near-
infrared (NIR) range gives a high signal/background ratio in the body. In the visible 
wavelength range (350–700 nm), biological tissues commonly display a high degree of 
background due to light absorbance from pigments and hemoglobin. Such background noise 
can be reduced by performing optical imaging in the NIR range. Therefore, NIR fluorescent 
dyes with excitation/emission wavelengths in the range 700–900 nm are more suitable for in 
vivo applications compared to other fluorophores.145-147 
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In a longitudinal in vivo fluorescence imaging study, it is worth noting that the fluorescence 
signals detected from the surface of the animal are different from the original light sources 
inside the body, especially for deep tissue imaging. There are two different configurations 
available for fluorescence imaging: tomographic and reflectance. Tomographic imaging allows 
measurements of deep tissue, while reflectance imaging can only measure a few millimeters 
below the surface of the animal as it utilizes continuous wave (CW) excitation light.148 To 
obtain an accurate evaluation of drug biodistribution, ex vivo fluorescence imaging and 
histological analysis are often performed to confirm the in vivo imaging.149 For example, the 
release and clearance of the probe IRDye 800 CW can be followed by fluorescence imaging 
over time in the same mouse (Figure 8). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Fluorescence longitudinal images of the release and clearance of a probe 
from a calcium sulfate depot over 28 days. 

Subcutaneous implant injection with 50 µl NanoZolid and 0.1 nM IRDye 800 CW (probe) in left thigh. 
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2 AIMS 
 

The main aim of the present thesis was to evaluate calcium sulfate as a novel drug delivery 
system, using the NanoZolid technology. The evaluation was performed by using the newly 
developed injectable depots for local cancer treatment. 

The main aim would be achieved via the following specific aims: 

 To characterize the physical and chemical properties of the drug delivery system and 
explore its fields of application. 
 

 To study the drug release of different NanoZolid formulations in vitro and in vivo. 
 

 To investigate the treatment efficacy of intratumoral injections using NanoZolid 
containing docetaxel in a prelinical model. 
 

 To study the NanoZolid formulation as a carrier for biomolecule that can be used for 
treatment. 
 

 To evaluate the clinical effects of NanoZolid containing an antiandrogen in cancer 
patients. 
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3 MATERIALS AND METHODS 

3.1 MANUFACTURING OF NANOZOLID FORMULATIONS 

The NanoZolid depot formulations consist of a powder (calcium sulfate) containing drug which 
is mixed with an aqueous diluent prior to administration. The manufacturing processes of 2-
hydroxyflutamide (2-HOF) loaded powder and the diluent are described below. 

3.1.1 Manufacturing process of NanoZolid powder 

Calcium sulfate dihydrate is transformed to calcium sulfate hemihydrate by heating at 200°C 
for 4 hours. For the heat treatment on laboratory scale, an even layer of 250 g of powder is 
transferred to a crystallization dish (190 x100 mm, w x h). Two such powder filled dishes are 
loaded simultaneously in an oven with a fan-controlled air flow.  After heat treatment, the 
remaining approximately 200 g of powder per dish is cooled to RT and thereafter transferred 
to a 1 liter plastic (HDPE) container with screw lid, together with 500 g of milling balls (10 
mm diameter of silicon nitride) and 165 g of water-free isopropanol. The filled and sealed 
plastic container is mounted in a tumbling mixer and shaken at 46 rpm for 24 hours. After 
milling, the milling balls are removed and the hence produced slurry of milled powder in 
isopropanol is poured into the vessel of a rotary evaporator and kept at 35°C with a water 
bath until the isopropanol is completely evaporated (approximately 4 hours). The dried 
powder is deagglomerated in a conical mill with a 1.2 mm sieve. The result is a fine-grained 
calcium sulfate hemihydrate powder of about 2-3 µm average grain size, as described in more 
detail in paper I. To produce the clinical material, the heat treatment was performed with 
500 g of calcium sulfate dihydrate per crystallization dish and a total of 16 dishes per oven-
load. 

The drug (2-HOF) is added to the milled calcium sulfate hemi-hydrate powder. The 2-
HOF powder is completely dissolved in isopropanol (1:2 w/w). The calcium sulfate 
hemihydrate powder is then added to the 2-HOF solution (1:1 w/w). The ratio of drug to 
calcium sulfate has been varied according to the desired drug load. The isopropanol is 
removed from the solution/suspension with a rotary evaporator at 35°C (for 200 g of calcium 
sulfate and 200 g of 2-HOF in 400 g of isopropanol the drying process takes approximately 
6 hours). Also this powder is deagglomerated in a conical mill with a 1.2 mm sieve.  The 
result is a fine-grained powder with 2-HOF well distributed in calcium sulfate. 

The calcium sulfate-2-HOF powder mix is used as starting material for the production 
of densified cylinders using an isostatic press. The cylinders are produced 
using cylindrical silicon rubber molds, in two compression steps. First, a rubber mold is filled 
with 150 g of the powder mix and pre-compressed without water at a pressure of 100 MPa 
for 2 min. This leads to a cohesive but porous and dry cylindrical body. Secondly, the rubber 
mold is opened and 15 g of water for injection is added to the porous pre-compressed 
cylinder. The rubber mold containing the wetted cylinder is re-sealed and put under 
compression at 400 MPa for 60 min. During this time the calcium sulfate hemihydrate is 
recrystallized and transformed to di-hydrate absorbing the majority of the added water. 
The hydration under pressure leads to calcium sulfate dense cylinders (paper I). 
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The densified cylinders of calcium sulfate containing 2-HOF are crushed to coarse granules 
with a jaw crusher (coarse milling to mm-sized lumps) and with an ultracentrifuge mill (finer 
milling to granules < 500 µm). To achieve a specific granule size range, the granules are 
passed through two sieves corresponding to the desired size range. For the 2-HOF depot, the 
granule size range is 125-300 μm. The coarser material can be passed through the centrifuge 
mill again. The discarded material constitutes approximately 30 % of the total amount.  This 
process achieves granules with a drug substance encapsulated in non-porous calcium sulfate 
dihydrate.  

The process described above produce three powder types: the pure calcium sulfate 
hemihydrate, the powder mix of calcium sulfate hemihydrate and 2-HOF, and the densified 
granules with 2-HOF in calcium sulfate di-hydrate.  By mixing these powders in different 
proportions, composite powder formulations of varied properties are obtained. A tumbling 
mixer is used to form homogeneous mixture. 

For clinical and preclinical application, the selected powder mixture is dispensed in plastic 
syringe. The syringes are individually packed in hermetically sealed aluminium foil 
pouches and sterilized with a dose of above 25 kGy gamma radiation (standard dose for 
sterility, defined as <1 cfu/1 million product units). 

To achieve a faster release, NanoZolid formulations may contain only non-densified powder, 
e.g. EGF and docetaxel formulations (see 3.2.6). 

3.1.2 Manufacturing process of NanoZolid diluent 

A medium viscosity sodium carboxymethyl cellulose (Ashland, The Netherlands, grade 
9M31XF) with a substitution degree of 0.92 (average number of carboxymethyl groups per 
anhydroglucose unit of the cellulose backbone) is used to produce the NanoZolid diluent, a 
0.25% sodium carboxymethyl cellulose aqueous solution. The sodium carboxymethyl 

cellulose is dissolved in water at 70C, and left to swell for two hours while stirring. 
Thereafter, the solution is left to swell overnight without stirring or heat. 

The swelled solution is filtered through a 30 µm filter and a 0.45 µm filter, then sterilized at 

a temperature of at least 121C for at least 15 min. 

The NanoZolid diluent slows down the solidification rate of calcium sulfate suspension, 
compared to pure water. The solidification time becomes 10 to 20 min using sodium 
carboxymethyl cellulose diluent. The ratio of diluent:powder also affects the viscosity of the 
suspension, see description in section 3.2.3. 

3.2 PHYSICOCHEMICAL CHARACTERIZATION 

3.2.1 Powder grain size 

The particle size of calcium sulfate powders (both milled and un-milled) as well as compressed 
granules were characterized utilizing either laser light diffraction with a Malvern Mastersizer 
2000 wet sample dispersion unit (Malvern Panalytical Ltd, UK) or X-ray absorption with a 
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SediGraph III 5120 wet sedimentation particle size analyzer (Micrometrics Instrument Corp., 
USA). The X-ray absorption method was mostly used and is suitable for measuring grains in 
the size range 0.1-300 µm, i.e. ideal for the calcium sulfate powders. Laser diffraction with the 
sample dispersed in liquid medium has a measuring range 0.02-2000 µm and could with a 
margin also include granule analysis. An error has been made in paper I, where the methods 
part describes laser light diffraction but the graphs shown were actually performed with X-ray 
absorption. 

Specific surface area was evaluated with nitrogen gas adsorption using a Brunauer-Emmet-
Teller (BET) Micrometrics Gemini II 2370 analyzer (Micrometrics Instrument Corp., USA). 

To evaluate the crystal structure and to identify the calcium sulfate hydrates typical diffraction 
peaks, X-ray powder diffraction (XRPD) method was used,150 utilizing a PANalytical X’Pert 
PRO XRPD diffractometer (Malvern Panalytical B.V., The Netherlands) with a radiation 
wavelength of λ = 0.154 nm (paper I). 

3.2.2 Powder flowability and compressibility 

To measure the ability of calcium sulfate-drug powders to be homogeneously filled in syringes 
and handled in general, flowability tests were performed. Carr’s compressibility index was 
calculated from measured bulk and tapped densities from filled syringes. Visual measurements 
were also performed for static angle of repose by use of protractor for the symmetrical cone of 
powder.151,152  

Low pressure pre-compression of dry powder bodies (“green bodies”) and high pressure 
compression tests of wetted and hydrating powders were performed with an isostatic press, 
mostly in the scale of 150 g per green body. The isostatic pressure, the pressing time and 
amount of hydration water were optimized in pre-compression and main-compression 
processes, by evaluating porosity and density after different isostatic compression cycles as 
described in paper I. 

3.2.3 Solidified depots for in vitro characterization  

To prepare the NanoZolid depot, the drug-containing powder syringe was connected via a 
Luer-lok® screw-fit connection to the syringe containing the aqueous diluent. The two 
components were mixed/reconstituted to a suspension by pushing the plungers back and forth 
and hence forcing the formulation through the Luer node (Figure 9A). After the reconstitution, 
0.3 g depots of the viscous suspension were dispensed on a small soft plastic polyethylene lid 
placed on a balance, where they solidified to pea-shaped depots. The softness of the plastic lid 
made it easy to detach the depot after solidification (Figure 9B). 
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Figure 9. A) Reconstitution of powder and diluent, and B) Dispensing of 0.3 g depots. 
 

3.2.4 Scanning electron microscopy (SEM) and energy dispersive 
spectroscopy (EDS) 

Cross-sections of solidified depots were analyzed using a combination of field emission gun 
scanning electron microscopy (FEGSEM) and energy dispersive X-ray spectroscopy (EDS), 
Zeiss 1530 (Carl Zeiss Microscopy Deutschland GmbH, Germany), for topographical features 
and elemental mapping. The FEGSEM can deliver images with a higher resolution compared 
to conventional SEM as the electron source is field emission instead of thermionic heating. 
EDS identifies individual elements of an atomic number above 4 that are present at the sample 
surface, and at a depth down to approximately 5 µm (paper I). 

3.2.5 In vitro drug release 

Molded depots were used for in vitro evaluation of depot disintegration and of drug release. 

Disintegration test was performed to evaluate the ability of the molded depot to maintain a 
physically stable 3D-structure (cohesion) in an aqueous milieu. This test was carried out at RT 
in a crystallization dish (190 mm) with two molded depots positioned in saline solution for  
48 h (Figure 10).  
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Figure 10. Physical disintegration test setup for solidified depots. 
 

After passing this disintegration test, depots from the same batch were evaluated for drug 
release in vitro in an aqueous solution. Drug concentrations were analyzed using High 
Performance Liquid Chromatography (HPLC) and ultra-violet (UV) detector. The in vitro 
dissolution was performed by individually submerging 300 mg solid depots of the formulations 

in 300 ml saline at 37C. The drug concentration in the saline was measured daily or weekly, 
depending on formulation. The evaluation was performed normally 2 or 3 weeks, up to 5 
months. In order to evaluate the reproducibility in formulation release behavior, the dissolution 
method was chosen because it is sensitive enough to discriminate potentially critical differences 
between formulations.  

The in vitro drug release of 2-HOF from calcium sulfate depots (Liproca Depot) during 3-week 
and 5-month were evaluated using different formulations containing different amount of 2-
HOF. For mathematical comparison of dissolution profiles, the similarity factor f2 was 
calculated according to the formula proposed by Moore and Flanner: 

                 𝑓 = 50 ∙ 𝑙𝑜𝑔 (1 + (1 𝑛) ⁄ (𝑅 − 𝑇 ) ) . ∙ 100   [5] 

where n is the total number of drug release test points, and Rt and Tt are the average percentages 
of drug released from a reference formulation and from a test formulation, respectively, at test 
number t (paper I).153 

The drug release profiles for docetaxel formulations were followed for 2 weeks. This was 

primarily related to the estimated follow-up period in animal studies (paper II). 
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3.2.6 NanoZolid depot formulations 

Seven calcium sulfate formulations with various active substances have been evaluated: 

Liproca® Depot 25% is a slow-release drug depot for local antiandrogen treatment of prostate 
cancer. The powder contains 25% 2-HOF (w/w) in both densified granules (which constitute 
1/3 of the powder) and in a non-densified powder fraction (constituting 2/3). The formulation 
is described and evaluated in paper I. 

Liproca® Depot 33% is a slow-release drug depot for treatment of prostate cancer with an 
increased drug load compared to Liproca Depot 25%. The drug loaded powder contains 33% 
2-HOF (w/w) in both densified granules (36% of the powder) and in a non-densified powder 
fraction (64% of the powder). The formulation is described and evaluated in detail in paper I 
and paper IV. 

NZ-DTX Low is an experimental formulation for intratumoral treatment of solid tumors with 
docetaxel. The powder formulation contains 6.25% of docetaxel (w/w) and is described and 
evaluated in paper II. 

NZ-DTX High is an experimental formulation for intratumoral treatment of solid tumors with 
an increased drug load of docetaxel compared to NZ-DTX Low. The powder formulation 
contains 12.5% of docetaxel (w/w) and is described and evaluated in paper II. 

NZ-EGF-NIR Low is a model formulation for the in vivo study of drug release and 
biodistribution in a preclinical cancer model with a fluorescent biomolecule. The powder 
formulation contains 0.37% of the fluorescence-labelled epithelial growth factor protein EGF-
NIR (w/w), as described and evaluated in paper III. 

NZ-EGF-NIR High is a model formulation for the in vivo study of drug release and 
biodistribution in a preclinical cancer model with an increased amount of fluorescent 
biomolecule. The powder formulation contains 1.47% of the fluorescence-labelled epithelial 
growth factor protein EGF-NIR (w/w), as described and evaluated in paper III. 

NZ Placebo is a calcium sulfate powder formulation without drug, consisting of non-densified 
powder and was used as a control in paper II. 

For reconstitution, the Liproca® powder formulations are mixed 1.00:0.98 (w/w) with diluent 
(0.25% sodium carboxymethyl cellulose aqueous solution), while all the other depot 
formulations are mixed with the diluent in proportion 1.00:1.00 (w/w). 

 
An error has been made in paper II. On page 187, section 2.3, it is stated that the NZ-DTX 
formulations contained 5% (NZ-DTX Low) and 10% (NZ-DTX High) docetaxel in the 
powder. These numbers are the concentrations of the reconstituted suspensions when expressed 
as weight per volume (50 mg/ml and 100 mg/ml). The concentrations in the NZ-DTX Low and 
NZ-DTX High powders are 6.25% and 12.5% docetaxel, respectively. 
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3.3 ANIMAL EXPERIMENTS 

3.3.1 Lewis lung cancer cell mouse model for intratumoral docetaxel 

The lung cancer model with subcutaneous Lewis Lung Carcinoma (LLC) cells in mice is well-

established and suitable for both systemic and local administration of cytostatic agents. This 

model was used to evaluate the formulations NZ-DTX Low, NZ-DTX High and NZ placebo 

(paper II). 

Tumor dimensions were measured using digital calipers and the tumor volumes were calculated 
as 0.5 x Length x Width x Height. 

Blood samples were collected from the tail vein and analyzed with Ultra High Performance 
Liquid Chromatography-Tandem Mass Spectrometry (UHPLC-MS/MS). 

Tumors were dissected at endpoint and fixated in 4% formalin overnight followed by 70% 
alcohol. Tissues were paraffin embedded, sectioned at 3 µm, and stained with hematoxylin and 
eosin (HE). Morphology was evaluated for each tumor. The area of necrosis was estimated in 
relation to the total area (rounding up or down to the nearest 5% step), and mitotic index was 
evaluated by counting mitosis in 10 high power fields. 

3.3.2 A549 lung cancer cell mouse model for biodistribution of EGF  

The biodistribution of fluorescence-labeled epithelial growth factor (EGF) protein released in 

vivo from calcium sulfate intratumoral depots was investigated in a mouse model with 

subcutaneously implanted A549 lung cancer cells. This model was used to evaluate the 

formulations NZ-EGF-NIR Low and NZ-EGF-NIR High. The A549 cells were chosen as they 

express a high level of EGF receptors (paper III). 

Tumor dimensions were measured using digital calipers and the tumor volumes were calculated 

as v = a·b2/2, where v is the tumor volume, a is the largest and b is the smallest diameter.  

A Pearl® Trilogy small animal imaging system from LI-COR Biosciences (USA) was used for 

the in vivo analyses of NIR fluorescence. Images were taken in the 800 nm laser channel 

(excitation with solid-state laser diode at 785 nm) and with visible light (532 nm). Longitudinal 

analyses were performed, i.e. repeated measurements on each subject at multiple follow-up 

times. 

For the ex vivo fluorescence analyses, a LSM800 confocal laser scanning microscope (Carl 

Zeiss Microscopy Deutschland GmbH, Germany) with a 20X magnification dry lens was used.  

Digital imaging of whole EGFR staining sections bright-field slide scanning (Hamamatsu 
NanoZoomer S60, Hamamatsu, Japan) was performed for image comparison with the digital 
images of EGF-NIR fluorescence recorded in whole sections. 
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3.4  HUMAN CLINICAL TRIAL 

To test the formulation with 33% drug load of 2-HOF (Liproca Depot) in humans, a clinical 
trial was designed with urologists in Europe and North America, and performed at ten 
urological centers in Finland, Canada and Lithuania (paper IV).  

Patients included in the study had a mean age of 64, ranging between 52 and 79. The patients 
were diagnosed with localized prostate cancer assigned to active surveillance with a Gleason 
score 3+3 or 3+4 and a PSA not above 20 ng/ml. The primary endpoints were tolerability and 
PSA reduction at 5 months after injection. Efficacy of the formulation was assessed by changes 
in PSA, prostate volume (PV), Prostate Imaging-Reporting and Data System (PI-RADS) score 
and with prostate biopsy histology. 

After local anesthesia, the patients received the suspension, using a trans-rectal ultrasound 
probe for guidance of the needle; end-fire needle guide in Canada, and bi-planar needle guide 
in Finland and Lithuania. The ultrasound guided injections were performed through a 200 mm 
long 17 gauge needle in dose volumes of 5-24 ml (1150-5520 mg 2-HOF) distributed in 
proximity to the lesions between the prostate lobes (both sides of the urethra) as specified by 
magnetic resonance imaging (MRI) taken pre-injection (Figure 11). 

Blood samples for assay analysis of 2-HOF were collected. PSA and testosterone were 
measured. PSA responders were defined as patients showing a PSA reduction of more than 
15%, thus exceeding the expected normal variations. Blood serum samples of PSA and 
testosterone were analyzed with chemiluminescence assay and of 2-HOF with liquid 
chromatography tandem mass spectrometry (LC-MS/MS). 

Prostate volume and PI-RADS version 2.0 scores were measured and evaluated by MRI at 
screening or performed within 12 months prior to screening and at month 5 post injection. MRI 
was used for lesion identification and planning of volume distribution in the prostate lobes. 
Measurements were performed with 3T (3 Tesla) clinical scanners using whole-body coils as 
both excitation and receiver phase-array coil. MRI examinations using the standard clinical 
protocol according to European Society of Urogenital Radiology included axial T1-weighted 
image, axial, coronal and sagittal T2-weighted image (T2WI), diffusion-weighted image 
(DWI) sequences including apparent diffusion coefficient (ADC). MRI for PI-RADS score 
evaluation was performed.  

Transrectal ultrasound-guided prostate biopsies were taken at screening in all patients.  
Pathology response was not the primary endpoint, and therefore post treatment biopsies were 
not performed routinely. Biopsies were performed at month 6 (end of the study) on a subset of 
patients. 
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Figure 11. Schematic view of NanoZolid + 2-HOF (Liproca® Depot) treatment of 
localized prostate cancer. 

 

3.5 STATISTICS 

Survival (endpoint) was plotted using the Kaplan-Meier method and compared by the log-rank 
test (paper II).  

For the LLC cancer model (paper II), groups were compared by one-way analysis of variance 
(ANOVA) and differences between groups were determined by Holm-Sidak’s multiple 
comparisons test. Data was unevenly distributed and transformed using the natural logarithm. 
Data were presented as geometric mean ± standard error of the mean or ± 95% confidence 
interval as stated in figures. 

For the A549 lung cancer model (paper III), groups were compared by two-way repeated 
measures analysis of variance (ANOVA) and differences between groups were determined 
using Bonferroni adjustment, i.e. multiplying each of the significance levels from the least 
significant difference test by the number of tests performed. Data were presented in figures as 
arithmetic mean ± standard deviation. 

For the human study (paper IV), the primary efficacy endpoint, PSA reduction from baseline 
at month 5, was analyzed using a one-sided paired t-test or a non-parametric one-sided 
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Wilcoxon matched paired sign rank test. Statistical testing was performed at the one-sided 0.05 
significance level. The corresponding secondary efficacy endpoint, PSA percent change from 
baseline over time, was analyzed using a two-sided paired t-test or a non-parametric two-sided 
Wilcoxon matched paired sign rank test. Statistical testing was performed at the two-sided 0.05 
significance level. Other secondary endpoints were summarized and presented descriptively. 

Statistical analysis was done using GraphPad Prism. A p<0.05 was considered statistically 

significant. 
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4 RESULTS 

4.1 TWO NEW PROCESSES TO THE PHARMA INDUSTRY 

In the present investigations, we introduced new applications to two equipment from the 
materials industry and have been adapted to the pharmaceutical industry: The Cold Isostatic 
Press (CIP) and the Jaw crusher. The CIP presented in these studies was obtained from Quintus 
Technologies LLC (USA, CIP42260) and the Jaw crusher was purchased from Retsch GmbH 
(Germany, BB-250-XL). Both instruments were adjusted to be used in pharmaceutical Good 
Manufacturing Practice (GMP). The equipment was installed at the contract pharma 
manufacturer Recipharm AB, Solna, Sweden. 

The CIP (Figure 12) is used to create solid and dense powder bodies, and the Jaw crusher 
(Figure 13) is used for the crushing/rough milling of these bodies, as described in section 3.1.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                            

Figure 12. GMP designed Cold Isostatic Press. 
CIP42260 from Quintus Technologies LLC. 

 
The CIP was modified to GMP use according to the following: 1) an improved safety level was 
achieved by adding a transparent cover and safety locking system, 2) accurate pressure monitor 
in accordance with pharma guidelines, and 3) a stainless steel cover enabling appropriate 
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cleaning to minimize contamination and dust collection (Figure 12). The pressure chamber was 
manufactured from stainless steel, for use of pure water without noncorrosive additives as 
pressure medium. All the adjustments were performed without affecting the accuracy of the 
manufacturing procedure, including the dry pre-compression step and the wet main-
compression step (section 3.1 and paper I). 

The modifications of the Jaw crusher were similar to that of the CIP: 1) a safer and more robust 
feeder mechanism – including a revised safety locking system, 2) all parts in contact with 
product material including the powder collector system were replaced with stainless steel 
devices, to fulfil pharma guidelines (Figure 13). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 13. GMP designed Jaw crusher.  
Jaw Crusher BB-250-XL from Retsch GmbH. 

 

4.2 NANOZOLID FORMULATIONS WITH 2-HOF (LIPROCA DEPOT) 

4.2.1 Drug distribution in the powder fractions  

The solidification time after reconstitution depends on the amount of densified and hydrated 
granules (dihydrate) in the powder, as these granules act as seeding points for the solidification. 
Furthermore, the ratio between dihydrate and hemihydrate calcium sulfate is important in the 
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formulation design to achieve a suitable depot with desired physical and pharmaceutical 
features. Also, the distribution of drug in the solidified depots is important for the drug release. 

Images of cross-sections of solidified depots with densified granules illustrate the distribution 
of the densified granules in the porous matrix as well as the distribution of the drug (2-HOF) 
in the porous matrix and in the granules as shown in Figure 14. The densified granules are 
evenly distributed in the non-densified matrix, and 2-HOF is present as precipitations both 
within the densified granules and in the porous matrix. 

 

          

       

Figure 14. SEM images of cross-sections of depots and densified granules.  
A) 25% 2-HOF depot, secondary electron mode, B) 25% 2-HOF depot EDS for elemental mapping,  
C) 33% 2-HOF dense milled calcium sulfate dihydrate granules in epoxy, showing the microstructure 
in secondary electron mode, and D) 33% 2-HOF dense milled calcium sulfate dihydrate granules in 

epoxy, showing the microstructure and calcium (“Ca”, blue/purple) in EDS mode.  
Note the differences in magnification (scale bars). 

 

4.2.2 NanoZolid formulation of 2-HOF  

To maximize the drug load of 2-HOF in the NanoZolid formulation (Liproca Depot) , the 
following adjustments were made in preparation: 1) the drug load in the porous material was 
increased from 43% to 50% (w/w), 2) the drug load in the dense granules was increased from 
36% to 42% (w/w), 3) the ratio between loaded and unloaded material was increased from 67% 
to 72% (w/w), 4) the milling process for the granules was optimized to produce higher yield 
after the sieving procedure.  

A 

C 

B 
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By optimizing all these parameters, we managed to increase the drug load in the composite 
powder from 25% to 33% (w/w), with a maintained drug release profile. Furthermore, 
flowability tests confirmed that the calcium sulfate-drug powders were suitable for a high yield 

and a homogeneous filling in the syringe. The static angle of repose was 31-35. 

With the properly balanced formulation, the in vitro drug release profile was kept unchanged, 
with approximately 40% released after 14 days (Figure 15). 

 

Figure 15. Release profiles from 0.3 g depots with 2-HOF, 25% vs. 33%. 

 
The similarity factor (f2) of 66% was observed, during the first 3 weeks, when the two 
formulations: 25% vs. 33%, were compared (paper I).  

 

4.3 NANOZOLID FORMULATIONS WITH DOCETAXEL 

4.3.1 In vitro release of docetaxel 

Two NanoZolid formulations containing docetaxel were produced and shown to generate slow 
release profile as described in paper II. The formulations were evaluated in vitro and in vivo, 
the NZ-DTX Low with 6.25% (w/w) docetaxel in the powder and the NZ-DTX High with 
12.5% (w/w) of docetaxel (section 3.2.6). 

The low and the high formulations displayed similar release patterns despite a two-fold 
difference in drug load. The results indicate that docetaxel release mechanism is likely to be 
independent on the studied drug load. The measured in vitro drug release over 13 days was 
approximately 5.0% (rel.) for the low dose and 2.5% (rel.) for the high dose formulation (Figure 
16). 
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Figure 16. In vitro release profiles of docetaxel from NanoZolid formulations.  
NanoZolid low dose (NZDTX-L, n = 2) and high dose (NZDTX-H, n = 2). 

 

4.3.2 Intratumoral administration of NanoZolid-docetaxel 

To evaluate the therapeutic effect of intratumorally administrated NanoZolid, a preclinical 
study was performed in mice inoculated with s.c. Lewis Lung Carcinoma (LLC). 50 µl 
NanoZolid formulations were injected into each tumor and solidified.  

All the groups that received docetaxel – either intratumorally or intraperitoneally – showed a 
pronounced antitumor effect already after two days of treatment, when compared to placebo 
(Figure 17). Furthermore, all the docetaxel treated groups displayed a significant improved 
survival compared to placebo (Figure 18). There was no significant difference in tumor volume 
or survival between the docetaxel high and low groups. The NanoZolid formulations showed 
similar antitumoral effect as docetaxel administrated i.p. However, the adverse effect from 
docetaxel, including decreased levels of white blood cells and weight loss, were only observed 
in the group treated with i.p. docetaxel, Figure 19 (paper II). 
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Figure 17. In vivo LLC tumor measurements at day 6 (treatment start) and day 8.  
NanoZolid placebo (NZ), low dose (NZDTX-L) and high dose (NZDTX-H). Intraperitoneal docetaxel (IPDTX). 

 

 

 

Figure 18. Survival (endpoint) curves for tumor bearing mice depending on treatment.  
NanoZolid placebo (NZ), low dose (NZDTX-L) and high dose (NZDTX-H). Intraperitoneal docetaxel (IPDTX). 

Arrow indicates start of treatment. 
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Figure 19. Systemic side effects in tumor bearing mice depending on treatment.  
Body weight, white blood cell (WBC), red blood cell (RBC), and platelet (PLT) count. 

 

4.4 NANOZOLID FORMULATIONS WITH BIOMOLECULE 

The fluorescence labelled epidermal growth factor protein (EGF) was encapsulated in 

NanoZolid formulations. Two formulations of varied drug load (see section 3.2.6) were used 

in a preclinical study in mice. Using fluorescence imaging, EGF was shown to be distributed 

from the subcutaneous depot in the neck to the EGF receptor positive tumor implanted in the 

hind leg (Figure 20). 

By measuring the fluorescence signal in the neck throughout the study duration, it was shown 

that the depots slowly released EGF (Figure 21). In addition, the results showed that EGF, at 

least partly, maintained its receptor binding capacity (Figure 22). This indicates that EGF can 

endure the chemical (ionic exposures) and mechanical stresses from the manufacturing as well 

as the in vivo solidification by hydration. This was confirmed by ex vivo examination showing 

the presence of fluorescent EGF in the EGF receptor expressing tumor, see Figure 23 (paper 

III). 
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Figure 20. EGF biodistribution at 96 hours post injection, NZ-EGF-NIR-high. 

 

 

       

Figure 21. Average longitudinal fluorescence intensities at the neck injection sites. 
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Figure 22. Average longitudinal fluorescence intensities from the tumors. 
 
 

 
 

Figure 23. Tumor ex vivo NIR fluorescence (orange) and EGFR immunohistochemistry 
staining (blue-black) from a NZ-EGF-NIR-high treated mouse. 

Arrows indicate necrotic cells, indicating an EGF distribution mainly in regions comprising viable cells 
expressing EGFR. Image C and D are detailed images of A and B at higher magnification. 
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4.5 NANOZOLID-2-HOF FOR PROSTATE CANCER TREATMENT 

NanoZolid containing 2-HOF (Liproca® Depot) was evaluated clinically in patients with 
localized prostate cancer (paper IV). The manufacturing and the design of the formulation is 
described in paper I. 

The depot was shown to be safe and tolerable with injection volumes up to 24 ml.  2-HOF 
levels in plasma were low throughout the evaluation period (6 months), suggesting slow release 
profile in patients. 

A decrease in prostate specific antigen (PSA) level in blood after 5 months (primary endpoint) 
was observed (Figure 24). At the same time, a decrease in prostate volume (PV) was observed 
in most of the patients (Figure 25). Similar results were achieved with intraprostatic Liproca® 
doses of 16 and 20 ml. Therefore a dose of 16 ml would be reasonable in future studies, as the 
increased dose of 20 ml did not show an improvement in treatment outcome.  
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Figure 24. Individual PSA change from baseline at month 5. 

 

 

 

Figure 25. Individual prostate volume (PV) change from baseline at month 5. 
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Magnetic resonance imaging (MRI) showed no or negative tumor progression, thereby 
indicating a potential anti-cancer effect as a result of the Liproca Depot injections. An example 
of negative tumor progression, i.e. decrease in PI-RADS score, is illustrated in Figure 26. 

 

 

Figure 26. Magnetic resonance Imaging for a patient with a Gleason 3 + 4 tumor in the 
left peripheral zone. (A,B) Magnetic resonance imaging at screening and (C,D) at a follow-up visit 

5 months after local treatment with 16 ml of Liproca Depot. (A) Transaxial apparent diffusion 
coefficient (ADC) map and (B) transaxial T2- weighted image (T2WI) in the same mid-zone level 

shows a 1.9-cm tumor in the left peripheral zone (Prostate Imaging-Reporting and Data System [PI-
RADS] score 5, orange arrow). (C) ADC map and (D) T2WI showing a decrease in tumor size to 1.1 

cm and less demarcation on the ADC map.  

 
The reconstitution process for a NanoZolid powder and an aqueous diluent, as well as the 
injection of the reconstituted viscous suspension through needles of 17 gauge and 200 mm 
length, was feasible and convenient for use in a clinical setting. 
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5 DISCUSSION 
 

Cancer is the second leading cause of death in the developed countries. However, still 
surgery, chemotherapy, radiotherapy, are the corner stones in cancer treatment. Recently 
targeted therapy including cell therapy, immune- and hormone-therapy have been introduced.   

Patients treated with chemotherapy experience severe side effects due to non-specific toxicity, 

including tiredness, vomiting, hair loss, infections, anemia, skin bruising and loss of appetite 

as the chemotherapy also effects normal dividing cells such as epithelial cells, hair follicle cells, 

neurons, and vascular endothelial cells. Toxicity of the heart, liver, and kidney can be long term 

and life-threatening. Targeted therapy and local cancer treatment may provide the possibility 

to overcome some of the adverse effects associated with systemic administration and hence 

enhance the treatment efficacy and provide a better quality of life for the patient.  

In the present thesis, we investigated local cancer treatment utilizing NanoZolid depot implants, 

developed for the intraprostatic treatment of prostate cancer and intratumor treatment of lung 

cancer.  

Cold isostatic pressing (CIP), and hot isostatic pressing (HIP), are techniques used in material-

industry for metal and ceramic component manufacturing from powders. In the present 

investigation, we examined the densification of calcium sulfate, for the first time, as a carrier 

for slow-release drug delivery system. By utilizing CIP technology to produce non-porous 

depots, the addition of pore-filling additives is avoided. The recrystallization originating from 

the hydration of hemihydrate to dihydrate provide the atomic mobility necessary for the high 

densification achieved by hydration under an isostatic pressure. Moreover, the NanoZolid 

product will contain only calcium sulfate and the active substance, which will simplify quality 

control and registration procedure. 

A previous study by Sjögren et al. described formulations produced using the CIP technique 
with similar prototype laboratory equipment. However, their equipment was not adapted for 
clean room manufacturing.57 In paper I, we developed CIP by substituting oil with water as 
compression medium to become more environmentally friendly. In addition, the newly 
developed equipment has been adapted for GMP production, including additional safety 
modifications and the exchange of several painted parts of plastic or iron etc. to stainless steel. 
At the present, CIP, a newly introduced powder compression technique in the pharmaceutical 
field, is used to produce dense granules of calcium sulfate.  

The pharmaceutical aspects of NanoZolid loaded with the antiandrogen 2-hydroxyflutamide 
(2-HOF) was evaluated in vitro (paper I) and in vivo (paper IV).  

With CIP, extremely dense hydratable calcium sulfate could be produced without heating, 
which is important as heat can cause chemical degradation of several compounds including 
drugs. The CIP compression technique may be used as a basis for future development of solid 
formulations for parenteral administration. One application for highly densified calcium sulfate 
is drug encapsulated products that can be surgically inserted as pre-solidified implants for slow 
drug release over long time. Furthermore, metal implants inserted prior to surgery can be coated 
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with densified calcium sulfate loaded with antibiotics or anti-inflammatory drugs. Such 
coatings could be applied to dental or orthopedic implants as well as to vascular products, such 
as stents.  

To determine the distribution of the active substances in the powder fractions of the solidified 

depot, scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) 

were used for imaging and elemental mapping, respectively. The active substance (2-HOF) 

was found in both the porous and dense regions of cross-sections of the depots and granules. 

However, the use of EDS in combination with the sample preparation was not sufficient to 

differentiate between the elements originating from the active substance in the carrier. Further 

investigations are warranted to gain more knowledge of the characterization and distribution 

of the active substance in the calcium sulfate microstructure. 

We were able to develop a NanoZolid formulation containing 33% active substance (2-HOF), 
after the optimization of key parameters during NanoZolid preparation, including the ratio 
between the drug and the porous material, the ratio between the drug and the dense granules, 
the ratio between loaded and unloaded material, the milling process and sieving procedure. The 
modified-release in vitro profile was maintained after the optimization. To date, 33% is the 
highest drug load reported with NanoZolid technology. A high drug load in combination with 
a slow-release formulation are compulsory requirements for achieving high local tissue 
concentrations of the drug for an extended period. The drug load defines the injected volume 
required to maintain an effective concentration of active substance in the tumor/tissue. In 
addition, the NanoZolid formulations developed have shown a slow-release profile that enables 
the active substance to release over time while the calcium sulfate is resorbing.  

The microstructure of the solidified depot includes both porous components providing fast drug 
release, and dense components providing slow release. The balance of fast and slow drug 
release was optimized by adjusting the ratio between the porous and dense calcium sulfate 
components, as well as the ratio of drug to the different components. The proportion of 
densified (large) granules cannot be increased indefinitely. The dense granules, which contain 
dihydrate crystals, act as seeding points in the solidification process and increase the 
solidification rate. The injectability of NanoZolid formulations through a needle is also affected 
by the amount and size of the densified granules. 

Intratumor injection of NanoZolid formulation containing docetaxel, in different 
concentrations, was evaluated in a lung cancer animal model (paper II). This was the first time 
that the new drug delivery system had been investigated intratumorally. Today, docetaxel is 
primarily used as systemic second line treatment for several cancers. Utilizing the NanoZolid 
technology, it may be possible to administer depots for local drug release into the tumors in 
lung tissue. A reduced tumor size may enhance the quality of life of the patient in the later 
stages of the disease, and hopefully a longer survival time can be achieved. The intratumor 
injections in paper II resulted in significantly lower side effects.  

The application of NanoZolid can be extended to other types of compound than cytostatic 
drugs, e.g. to inject immune-triggering agents locally at the tumor site in order to reactivate the 
patient immune system. In addition, the slow drug release from the NanoZolid depots will 
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allow less frequent administration, where today injections are needed several times a week, e.g. 
for TLR9 agonist. 

The NanoZolid technology was used to investigate the slow release of a biomolecule, EGF, 
with preserved functionality (paper III). EGF has been well characterized and was therefore 
chosen as a model molecule to carry out a proof-of-concept study (paper III).154 A lung cancer 
(A549) xenograft mouse model expressing EGF receptors was utilized. Biodistribution pattern 
in vivo indicated a preserved receptor binding capacity of EGF. These preliminary results may 
have a high clinical impact for cancer treatment. Further comprehensive investigations with 
better quantification of biomolecule concentrations and functionality are warranted to fully 
understand the factors that affected this outcome. 

The clinical investigation described in paper IV showed that the formulation is safe and well 
tolerated in low- to intermediate risk prostate cancer patients that otherwise would be on active 
surveillance without treatment. The administration of NanoZolid loaded with 2-HOF produced 
a long-term decrease of PSA throughout the study for most patients.  

Flutamide is the first generation antiandrogen drug for oral administration in prostate cancer 
treatment. Currently, bicalutamide and enzalutamide are frequently used in prostate cancer 
protocols due to fewer systemic side effects. However, as the intraprostatic treatment avoids 
the systemic side effects, flutamide (2-HOF) still can be used. This is most probably due to the 
shorter half-life (6 h) of flutamide which can be an advantage compared to bicalutamide and 
enzalutamide (7 days and 6 days), as it may reduce the risk for side effects from accumulated 
drug concentrations in the blood system.  

From the MRI results a decrease in prostate-volume was observed, as well as signs of 
improvement in the cancer disease, according to the PI-RADS score. These results indicate a 
possibility of achieving some control over cancer progression, although further studies with 
more patients and a longer follow-up period are needed to confirm the present results. 
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6 CONCLUSIONS 
 

The use of calcium sulfate as a carrier for slow release depot formulations to be used for local 
drug administration was investigated. Based on the present results, we conclude: 

 

1. Essential drug formulation characteristics such as viscosity, injectability, in vivo 
solidification, drug-release and depot dissolution are controllable by optimizing 
microstructural properties such as granule size, drug micro-distribution, depot density and drug 
load. The formulation, based only on calcium sulfate and the constituent drug, can be adapted 
to several applications. 

 

2. Formulations with up to 33% of the constituent drug in the powder formulation were 
achieved and only 40% of the drug was released in vitro from the formulation within two 
weeks. The depot was able to retain the drug already at the start, despite the relatively high 
drug load.  

 

3. The manufacturing procedure for NanoZolid formulations has been developed to fulfil GMP 
quality requirements and has been used for the production of drugs used clinically. 
 
4. The investigated calcium sulfate-based drug depots were tolerated in vivo, as demonstrated 
with injections of a cytotoxic formulation in subcutaneous tumors in mice, and with an anti-
androgen formulation in humans. 
 
5. Initial evaluations in a mouse model with a fluorescent bioactive protein (EGF) in calcium 
sulfate depots, indicate that biomolecules are compatible with the NanoZolid technology and 
are released from in vivo solidified depots with preserved bioactivity. 
 
In conclusion, our findings show that the calcium sulfate-based drug delivery technology 
NanoZolid is a promising approach for local cancer treatment. 
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7 FUTURE PERSPECTIVES 

The investigation of the intratumoral distribution of active substances released from NanoZolid 
depots over time would benefit from more detailed studies. Such studies may be performed by 
ex vivo assay analyses of different parts of the tumor and its surrounding tissue. The results can 
increase the understanding of the outcome of the local tumor treatments and may contribute to 
optimal design of the drug depot. 

Direct injection into the tumor could not only reduce systemic exposure, off-target toxicities 
and the amount of drug used, but also induce anti-tumor activity in distant non-injected tumor 
lesions (i.e. abscopal effect). This could be evaluated by analyzing biomarkers of e.g. tissue 
reactions and immunological responses resulting from the intratumoral treatment. 

A clinical setting for treatment of lung cancer would be a natural continuation of the docetaxel 
investigation. The depots could be administered intratumorally either through a bronchoscope 
or directly through the pleura. To facilitate breathing for these patients and at least temporarily 
postpone cancer progression which can be a great achievement. 

Furthermore, new clinical indications for the technology could be explored – such as post-
operative chemotherapy for residual cancer cells after surgical removal of brain tumor. Local 
administration of NanoZolid formulation directly into the brain is a strategy to bypass the 
blood-brain-barrier (BBB).  BBB is the main obstacle when treating brain tumor systemically. 
Preclinical studies using animal models carrying GL261glioma cells xenograft and treated with 
cytostatic NanoZolid formulations have been initiated. By utilizing GL261 cells that express 
luciferase reporter, (GL261.luc) it is possible to monitor the tumor growth and the treatment 
efficacy over time by bioluminescence imaging. In addition, the treatment outcome can be 
further improved by combining a systemic anti-PD1 checkpoint inhibitor. 

Another interesting approach is to continue the evaluations of NanoZolid formulations with 

biomolecules. Such formulations can find application in immuno-oncology, where the 

treatment efficacy can be evaluated in an appropriate animal model. As a continuation, a TLR9 

agonist, similar in size to EGF, probably in combination with a systemic anti-PD1 checkpoint 

inhibitor can be included in the clinical study. Furthermore, large antibodies, such as CD40 

agonist antibodies, would be stimulating to formulate with the NanoZolid technology. 
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