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Sammanfattning 
Läkemedel är ett stort problem för kommunala reningsverk idag, då dom inte har några 
specifika metoder för att rena vatten från dessa stabila, i många fall, organiska föreningar. 
Trots att viss rening kan ses med existerande tekniker i reningsverken släpps det 
kontinuerligt ut små mängder läkemedel och dess metaboliter i den omgivande akvatiska 
miljön. Den fortsatta biomagnifikationens framtida effekter är svåra att bedöma men flera 
negativa effekter har redan nu visat sig och är vida rapporterade om i litteraturen. 
Detta projekt har handlat om att utveckla en kontinuerlig process för rening av läkemedel 
i vatten och konceptet har validerats genom rening av en inström bestående av en känd 
koncentration av läkemedlet chloroquine.  
Processen använder sig av E. coli-bakterier som har pigmentet melanin på dess yta. 
Melanin har visats sig binda till läkemedel och andra ämnen såsom tungmetaller, varför 
melanintäckta E.coli-bakterier kan användas som adsorbenter. 
Projektet innefattade en litteraturstudie i vilken de flesta vanliga teknikerna för 
vattenrening utvärderas, samt en undersökningsfas i vilken två olika tekniker, biofilm och 
hollow fiber membrane, undersöktes experimentellt. Slutligen valdes den teknik som, 
under rådande omständigheter som kostnad och tillgång till teknik, visade störst löfte om 
att tillfredsställande kunna rena det konstruerade läkemedelsvattnet, samt användas i 
framtiden. 
Tekniken som valdes var en hollow fiber membrane-teknik i vilken bakterier hålls kvar i 
en reaktor med hjälp av ett ihåligt membran. Resultaten visade att det med hjälp av 
membranet och en cellkoncentration på ~13 g/L, gick att få ett tillfredställande 
filtratflöde samtidigt som reningsgraden initialt var så gott som fullständig. 
Reningsgraden minskade med tiden, men låg fortfarande på strax under 80 % vid det 
slutgiltiga experimentets slut. På grund av brist på tillgänglig cell-lösning och tid fanns 
det enbart möjlighet till ett (1) konceptvalideringsexperiment. 
Slutligen har flera förslag getts till fortsatta studier samt hur man kan utveckla den 
befintliga processen vidare. 

Abstract 
Pharmaceuticals are a big problem for municipal wastewater treatment plants today. 
There exist no readily available specific methods for treatment of incoming wastewater 
from dissolved pharmaceutical compounds and their metabolites. Although current 
techniques for wastewater treatment show some reduction, there is a continuous stream of 
pharmaceutical compounds released into the surrounding aquatic environments. Because 
of their stability this will result in a bio magnification whose future effects are difficult to 
assess. Although some horrifying effects have already been reported by the literature. 
The focus of this project have been on developing a continuous process for the reduction 
of pharmaceutical compounds from water and the concept has been validated by the 
treatment of an incoming stream of water with a known concentration of the heterocyclic 
pharmaceutical chloroquine. 
The process involves melanin covered E. coli-bacteria. Melanin has been shown to bind 
to pharmaceutical compounds as well as other compounds such as heavy metals, which is 
why melanin covered E. coli bacteria can be used as adsorbents. 
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The project included a literature study in which the most common known techniques for 
wastewater treatment were evaluated. The project further included an investigative phase 
where two promising techniques, biofilm and hollow fiber membrane, where 
experimentally evaluated. Finally a technique was chosen what showed the most promise. 
The technique that was chosen was the hollow fiber membrane, which is used to contain 
the cells in the reactor. The results showed that it was possible, using a cell concentration 
of ~13 g/L, to obtain a sufficient permeate flow through the membrane as well as a 
sufficient reduction rate regarding chloroquine. The reduction rate initially was complete, 
that is 100 %, but it decreased with time. At the end of the final experiment the reduction 
rate was just below 80 %. Due to lack of available cell-mixture and time there was only 
opportunity for one proof of concept-experiment. 
Finally several recommendations for future studies have been suggested as well as 
recommendation for the development of said process. 
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Abbreviations 
Abbreviation     English 

AIDA      Adhesive involved in diffuse adherence 

API      Active pharmaceutical ingredient 

APC      Active pharmaceutical compound 

CAS      Conventional activated sludge 

CAPH      Chloramphenicol 

CSTR      Continuous stirred tank reactor 

IPTG      Isopropyl β-D-1-thiogalactopyranoside 

L-DOPA     L-3,4-dihydroxyphenylalanine 

EPS      Exocellular polymeric substances 

HFM      Hollow fiber membrane 

HPLC      High Performance Liquid Chromatography 

HRT      Hydraulic Retention Time 

LPS      Lipopolysaccharide 

MBBR      Moving bed bioreactor 

MBR      Membrane bioreactor 

OD      Optical density 

PBBR      Packed bed bioreactor 

PE      Polyethylene 

PFR      Plug flow reactor 

PMMA    Polymethyl methacrylate 

PS      Polystyrene 

RBC      Rotating biological contactors 

VNBC      Viable but non-cultivable 

WWTP     Wastewater treatment plant[s] 
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Introduction 
In recent years several reports concerning pharmaceutical compounds in effluent streams 
from wastewater treatment plants (WWTPs) and its environs have been published [1]–
[3]. Today in Sweden, municipal WWTPs do not have any specific methods in cleaning 
pharmaceuticals or heavy metals from wastewater. The concentration of active 
pharmaceutical compounds (APCs) released from WWTPs have been shown to be in the 
range of zero to a couple of thousand nanograms per liter [4]. Obviously this is a major 
problem because, primarily in pharmaceuticals, the usage is increasing [5], [6], but also, 
used pharmaceutical compounds are mostly persistent and released in very small 
quantities, resulting in small concentrations of APCs in the surrounding environment [2].  
Pharmaceuticals are important for people’s health, which is why upstream regulations 
may only do so much and why there will always be a need for downstream control. For 
example, samples taken 35 km from the outlet of WWTPs have been shown to contain 
trace amounts of the most common pharmaceuticals used today. Trace levels of APCs 
have been found as far as 60 km from the outlet [2]. Despite these small concentrations, 
sometimes as low as ~1 ng/L, there is reason to believe that they will increase with time 
because of the chemical stability as well as the increasing usage of these compounds. 
Exactly what kind of long term effects this may have on the surrounding aquatic 
environment and wildlife is difficult to assess [2].  
However, in some areas serious effects have already been seen, for example, male trout 
living downstream from WWTPs in the UK have been shown to start producing the 
female specific protein vitellogenin [7]. Vitellogenin is the predominant protein that 
makes up the yolk in female trout eggs [8]. These effects have been coupled to the 
synthetic hormone ethinyl estradiol, which is the active ingredient in some contraceptive 
pills. Similar effects have been observed in Swedish waters, although not to the same 
extent [9]. Petterson and Berg researched the effect of ethinylestradiol in frogs, more 
specifically Xenopus tropicalis and Rana temporaria [10]. The study showed that larval 
exposure to the hormone in environmentally comparable concentrations, down to 
concentrations as low as 17,8 ng/L, resulted in a change in the sex ratio of adult frogs 
leaning towards the female population. Oaks et al. showed that the decline of the 
population of the Oriental white-backed vulture in Pakistan was due to exposure of 
residues from the anti-inflammatory drug diclofenac [11].  
In summary, APCs are difficult to remove from effluent streams in WWTPs, using 
current techniques, and because of their stability and wide use they may cause serious 
harm to the surrounding ecosystem.  

The pressing need for a new technology 
As stated earlier, common municipal WWTPs does not have any specific technology 
when it comes to reducing pharmaceutical compounds from effluent streams.  
The term “reduced” is used as meaning “the ‘negative’ change in concentration for a 
specific compound, between influent and effluent waters from WWTPs”. Although some 
reduction of APCs is seen with current technology, such as conventional activated sludge 
(or CAS) and chemical treatment, many of the common pharmaceutical compounds will 
be released into the surrounding aquatic environment in various concentrations. 
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Some pharmaceuticals such as paracetamol, ibuprofen and enalapril, among others, are 
almost completely reduced with current technology [2], [12], [13]. However this is only a 
small amount of all the pharmaceuticals on the market that is consumed and released into 
the sewer system every day. There are approximately 12 000 different pharmaceuticals 
approved by Läkemedelsverket in Sweden that is used every day [14]. In these 
pharmaceuticals there is approximately 1 200 different active substances and 1 300 
different excipients [15]. In 2013, around 80 million prescriptions were expedited, yet 
prescribed units is about 75% of the total amount of pharmaceuticals that is sold each 
year [5]. 
Consequently there is a pressing need for a new technology that is effective against 
APCs, easy to use and adaptable to current wastewater treatment plants. 

What is melanin and why is it interesting? 
Melanin, see figure 1, is an indole-based polymer that was given its name from the Greek 
word for “dark”: µελανός (melanos), probably coined by the Swedish chemist Jöns Jacob 
Berzelius [16]. Melanin is found in various tissues in humans and animals, for instance in 
the eyes, and is one of the most commonly distributed pigments which is mainly 

responsible for the different skin colors among humans as well as 
birthmarks and other skin defects [17], [18]. Because of the wide 
conjugation in its structure, it will absorb the white spectrum of 
light and therefore be seen as dark [16].  
Melanin binds to numerous different compounds, both organic 
and inorganic [19], [20]. It’s been proven that synthetic melanin 
binds to polycyclic aromatic compounds. Since many 
pharmaceutical compounds are aromatic and cyclic they will, in 
various degrees, bind to available melanin. Aromatic compounds 
are thought to donate their π-electrons to melanin, which accepts 
these as sort of a free radical-recipient. Compounds with coplanar 
rings, more specifically, chloroquine, which is a malaria 
prophylaxis as well as a drug for treating autoimmune disorders 

such as rheumatoid arthritis and lupus erythematosus, has been shown to have a very high 
affinity to melanin. The π-electron binding to melanin is competitive, which means that 
the compound that binds first will prevent other compounds to bind to the same site [19]. 

The affinity of melanin for pharmaceuticals and metal ions 
Larsson and Tjälve reported on the drug-binding effects of melanin [20]. They stated that 
melanin has a broad affinity for different “chemically and pharmacologically unrelated 
drugs”. The proposed mechanism is that melanin acts as a kind of stable free radical 
which good electron donors can interact with and form a charge-transfer complex. 
Furthermore they showed that the binding of drugs and metal ions seems to be pH-
dependent. With low concentrations of H+-ions resulting in high pigment-substance 
binding with the binding decreasing with increasing H+-concentrations. Ings reported that 
although aromatic compounds with coplanar fused rings tend to bind to melanin, which 
was stated earlier, further results shows that only one aromatic ring is necessary [19]. He 
also formulates following hypothesis: “the affinity of cationic drugs to melanin is a 

Figure 1 - The structure of 
melanin [a] 
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function of their degree of ionization at physiological pH. Implicit in this hypothesis is 
the expectation that most basic compound would show a high affinity towards melanin”. 
This was then experimentally substantiated. Fukuda et al. demonstrates that 
fluoroquinolones, which are broad-spectrum antibiotics, has a high affinity for L-DOPA, 
L-tyrosine, L-tryptophan, L-phenylalanine, among others [21]. These compounds have 
the same functional groups as melanin, given that they are its’ precursors. They also 
showed that recovery of the bound drugs is possible with small, highly charged metal 
ions. Da Jeong Kim et al. showed that heavy metal ions have a high binding capacity for 
spherical nanoparticles, sizes ranging from 100-150 nm, of melanin. The nanoparticles 
are synthesized via oxidation of DOPA with KMnO4 [22]. Potts studied inorganic ions 
and showed that the alkali metals have low affinity for melanin whereas the heavy metal 
ions have a high affinity. The alkaline earth metals where shown to have a moderate 
binding affinity [23]. 
Since there seems to be a relatively high affinity of melanin for pharmaceuticals, it 
should be possible to employ this affinity to bind to pharmaceuticals in wastewater. 

Tyrosinase on E. coli using the AIDA autotransporter 
Tyrosinase is an oxidase containing an active 
copper center where two copper atoms is 
coordinated with six histidine residues. It 
employs oxygen to form a highly reactive 
intermediate that oxidizes a substrate [17]. In 
humans it is found in a kind of pigment 
producing cells called melanocytes where it 
oxidizes tyrosine to dopachrome via 
dopaquinone and further to melanin [24], see 
figure 2.  
It is possible to express tyrosinase on the surface 
of bacterial cells using the AIDA 
autotransporter [25]. The autotransport family is 
the largest family of Gram-negative transport 
proteins, which contains more than 700 
members [26]. The use of autotransporters is 
convenient when the objective is recombinant 
surface expression and specifically when 
wanting to express large molecules such as melanin. The general structure of an 
autotransporter protein is a N-terminal signal peptide, a passenger protein and a ß-barrel. 
One specific autotransport protein is the AIDA-I that stands for Adhesive Involved in 
Diffuse Adherence. Its wild-type function enables pathogenic E. coli to adhere to 
intestinal cells. The fact that it is a native protein of E. coli is why it’s considered useful 
in recombinant surface expression [26]. 
The overall mechanism of autotransport can be summarized as following: 

1. Protein synthesis. 
In which the molecule to be expressed are synthesized as a passenger protein in 
the autotransporter. 

Figure 2 - The conversion of L-Tyrosine to 
Melanin by Tyrosinase [b] 
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2. Transport to the periplasm. 
The protein is transported via the Sec system, which is why an N-terminal signal 
peptide resides within the autotransport protein, since it’s needed for targeting by 
the Sec system. This signal peptide is proteolytically removed after translocation. 

3. Insertion into the outer membrane. 
To transport itself over the outer membrane to the exterior of the cell, the 
autotransporter inserts its ß-barrel into the outer membrane creating a pore for the 
passenger protein to travel through. 

4. Translocation to the cell surface. 
The unfolded passenger protein travels through the ß-barrel pore to the surface of 
the cell where it associates with it. 

Using tyrosinase as the passenger protein will result in it being expressed on the bacterial 
surface. Then by introducing tyrosine to the cells the enzyme will convert the amino acid 
to melanin that in turn will be associated on its surface.  
This enables E. coli to be used as an adsorptive agent in water. The surface associated 
melanin will bind to dissolved pharmaceutical compounds in the water. By using a 
subsequent separating step, the cells could be used to essentially clean a water stream 
from pharmaceuticals. 
As stated before, Larsson and Tjälve reported that binding seems to be pH-dependent, 
which opens up the possibility of cell regeneration. By using metal ions [21] or pH-
adjustment [20] in a regenerating step, the process becomes renewable as well as its life 
span prolonged.  

Chloroquine as a model pharmaceutical 
Chloroquine (chloroquine diphosphate salt) is a 4-aminoquinoline, which means that the 
amino group binds to the fourth position in the 
chloroquine structure. The structure itself is a 
heterocyclic aromatic compound with the 
chemical formula C18H26ClN3 [27], see figure 3. 
Chloroquine is sold in Sweden under the 
commercial name Klorokinfosfat Recip and is 
used against rheumatoid arthritis as well as 
treating malaria [28]. The toxicology of 
chloroquine was studied by Calleja et al. where 
five ecotoxicological tests was performed [29].  
The results are summarized in the following table: 

Toxicological test and exposure time LC50 [µmol/L] 
Artoxkit M with 24 h exposure time 3,60 
Streptoxkit F with 24 h exposure time 1,34 
Daphnia magna test with 24 h exposure 
time 

1,92 

Rotoxkit F with 24 h exposure time 0,80 
Microtox test with 5 min exposure time 3,22 
 

Figure 3 - The structure of chloroquine [c] 
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Chloroquine is widely used in melanin binding studies and have a high affinity for 
melanin [19], [30]. This is the reason for using chloroquine as a “model pharmaceutical” 
in melanin binding experiments. A high affinity gives clear results that are reproducible 
and easy to interpret. Furthermore it gives a sense of how melanin will react with other 
aromatic pharmaceuticals although extensive experimentation will be necessary to 
establish complete melanin-drug-binding data. 

Aim 
Design, build and evaluate a process that can be used in a WWTP to treat 
pharmaceuticals in water; using melanin covered E. coli cells as adsorptive agents. 

Strategy 
The strategy of this project has been to first investigate suitable techniques in a literature 
study, for wastewater treatment. Then evaluate how they can be used for treatment of 
pharmaceuticals in water using E. coli-cells with melanin on its surface. 
Further, the suitability of any chosen technique will be studied by performing small-scale 
laboratory experiments. Finally, after evaluation of the laboratory experiments, a 
continuous system will be built and run in order to establish proof of concept. 

 

Limitations 
It was decided to limit the thesis work by using chloroquine, solved in water and PBS 
buffer, as the only pharmaceutical. Use of chloroquine makes results easily comparable to 
earlier experiments, which were also made with chloroquine. Also, the school had 
already purchased chloroquine diphosphate hence it was readily available for use. The 
use of chloroquine in water and PBS buffer instead of actual wastewater was motivated 
by the increasing difficulty of the analysis, due to the matrix in the wastewater, this 
would bring. 
A microfiltration cartridge were already purchased by the school for use during a 
biotechnology course and due to the large cost of buying a tailor-made membrane we 
decided to use the one already bought and to design the process based on the existing 
membrane.  

Literature	  
study	  to	  
investigate	  
suitable	  
techniques	  

Laboratory	  
experiments	  
in	  order	  to	  
evaluate	  the	  
suitablility	  
of	  a	  chosen	  
technique	  	  

The	  building	  
and	  testing	  

of	  a	  
continuous	  
"proof	  of	  
concept"	  
set-‐up.	  
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Theory 
Current techniques for waste water treatments 
In common WWTPs today there are several different techniques that are used. From old 
trickling filters to new advanced bioreactors. Current techniques are designed for 
reduction of mainly easily degradable organic material, suspended particles, nitrogen and 
phosphorus.  
The main reason for looking at current techniques is that if this new technique, using 
melanin covered E. coli, could be incorporated with old, tried and tested, techniques a 
great deal would be gained in terms of scalability, adaptability, usability, and so on. In 
this segment I will therefore briefly describe different water treatment techniques that are 
used in WWTPs today that I feel are interesting candidates for the process in question as 
well as their current efficiency for removing pharmaceuticals from wastewaters.  

Pre-, and post-treatment steps 
Here I will briefly describe two techniques that are somewhat common in wastewater 
treatment that could be used as a pre-treatment step to relieve the load of the E. coli cells 
or as a post-treatment control step to ensure that no harmful compounds escape the 
treatment process. 

Advanced	  oxidation	  processes	  (AOPs)	  

The concept of advanced oxidation techniques was first published by Glaze et al back in 
1987 [31] and is defined as “oxidation processes, which generate highly reactive radicals 
(especially hydroxyl radicals) in sufficient quantity to affect the water treatment.” The 
generated radicals are very reactive species that are capable of degrading most organic 
compounds.  
Advanced oxidation processes can be divided into four different techniques [32]: 

1. Fenton and photo-Fenton processes. 
Fenton processes uses hydrogen peroxide (H2O2) along with iron ions (Fe2+) in an 
acidic environment. By using UV light the reaction rate of the formation of the 
hydroxyl radical is increased manifold. 

2. Ozonolysis uses ozone (O3), which is a strong oxidant, to oxidize the desired 
compounds. It can either be used directly or indirectly to produce hydroxyl 
radicals. 

3. Photocatalysis uses light and a catalyst that induces a chemical reaction. Upon 
absorption of light at the correct wavelength the energy of a photon will excite an 
electron that generates a “hole” which in turn has oxidizing properties. This hole 
will either react as a oxidizing species by itself or will generate a, usually, 
hydroxyl radical. 

4. Sonolysis-based processes can be derived from the words sonic and chemistry, 
meaning the chemistry of sound i.e. using sound, in this case ultrasound, to 
facilitate a chemical reaction. Ultrasound is defined as sound with a frequency 
higher than approximately 20 kHz, which is the upper frequency limit of the 
human ear. 
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Hey et al. investigated the removal of 40 different pharmaceuticals using ozonolysis. The 
results were very promising with a removal rate of approximately 100% for 31 of the 40 
compounds and >90% of additional 8, with only 1 compound showing a somewhat lower 
removal rate (approximately 85%). The ozone concentration used was from 1,5 to 10,5 
mg/L and the effluent came from Öresundsverket with an adjusted pH of 8,0, hence 
within the natural interval in Swedish waters [33]. These results supports earlier studies 
done by the same group on ozonolysis where the required ozone concentration to achieve 
>90% removal rate were found to be approximately 1,4 grams of O3 per gram dissolved 
organic carbon which corresponds to ~12 mg/L [34]. Interestingly, a lag phase was seen 
with some compounds probably because some APIs have low reactivity towards ozone 
coupled with compounds in the matrix competing over available ozone. The effluents 
came from different small WWTPs from the south of Sweden and were untreated during 
the experiments. 

Activated	  carbon	  filter	  

This technique uses processed carbon, often in the form of a powder or as granules, with 
a high specific surface, onto which APCs can readily adsorb. The carbons used are made 
of naturally occurring materials such as coal and wood. The processing consists of 
heating the carbon material to a temperature of 800 K. The “activation” consists of either 
a pre carbonizing treatment step where the carbon materials are treated with chemicals 
such as zinc chloride or a post carbonizing treatment step where the materials are re-
heated to 1000 K together with steam or carbon dioxide. This will generate pores in the 
carbon material that typically have a size of about 2 nm in diameter [35]. 
Wahlberg et al studied activated carbon as a treatment for pharmaceuticals in Henriksdals 
WWTP [2]. They found that the technique had high capacity for reducing APCs but 
required an impractically high amount of carbon. 

Conventional activated sludge (CAS) 
The conventional activated sludge process (figure 4) is one of the most common 
biological wastewater treatments and uses a suspended biomass to degrade the organic 
material in the influent wastewater stream [36]. By mixing of the sludge the 
microorganisms readily degrade the material and mechanical aeration provides sufficient 
oxygen for growth of the biomass. The mixture is pumped to a clarification step where 
the biomass settles. Sludge is recirculated to the aeration/mixing tank and excess sludge 

is pumped to a digester. Wahlberg et al. studied 
reduction of 46 different pharmaceuticals over an 
active sludge process in Henriksdalsverket in 
Stockholm. They concluded that a high sludge age 
had a positive effect on removal degree using a 
sludge age ranging from three to thirteen days. 
Further, they found that the average total reduction 
of all 46 compounds was just above 40% and that 
most of the 46 compounds were detectable in the 

effluent streams [2]. Thompson et al. studied the removal degree of the anti-bacterial 
agent triclosan in WWTPs in the United Kingdom [37]. With activated sludge, triclosan 
had a removal efficiency of 63-88 %. Stumpf et al. studied the removal of drug residues 

Figure 4 - Overview of a CAS process 
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using activated sludge in Ro de Janeiro in Brazil [38]. They saw a removal rate of 75 % 
for ibuprofen, 75% for diclofenac, 78% for naproxen and, at most, 83% for indometacine.   

Membrane Bioreactor (MBR) and hollow fiber membranes (HFM) 
A membrane bioreactor is built on the idea that the separation of biomass from treated 
water is achieved through a membrane with small enough pore size to ensure a particle 
free effluent stream but large enough to provide a sufficient flow rate [2], [36]. The 
membranes are aerated to minimize fouling and clogging. However the extensive aeration 
needed requires a high energy input. This technique eliminates the need for sedimentation 
steps as well as making it possible to obtain a very high sludge age, which increases the 
removal degree of pharmaceuticals [2]. Wahlberg et al. saw that a sludge age of 80 days 
was enough to ensure a promising removal [2]. For example, Furosemide, which is used 
to treat hypertension, had a removal rate of 88% in the MBR but only 13% with CAS. 
Atenolol (ß-blocker), ramipril (hypertension), losartan (hypertension) and atorvastatin 
(cholesterol) were drugs that saw a removal rate of >90%. 

There are two kind of membranes used, dead-
end membranes which requires frequent 
cleaning and regeneration [2], and hollow fiber 
membranes (see figure 5) which utilizes a 
cross flow to continuously clean the membrane 
[39]. Dlugolecka et al. evaluated two years of 
using a hollow fiber membrane as a last step at 
Himmerfjärdsverket, located south of 

Stockholm [40]. They saw a significant increase in reduction rates for total nitrogen, at 
the very least a 12% increase, and for the suspended materials, up to 100% increase. 

Techniques using biofilm 

Rotating	  Biological	  Contactors	  (RBC)	  

Rotating biological contactors offer a 
support medium for biofilm growth 
of desirable microorganisms to 
degrade pollutants in the water. The 
idea is that several partially 
submerged discs covered with 
biofilm are attached on a rotating 

axis, see figure 6. The result is that 
the biofilm covered discs spin 
around, partially in the air and partially in the water. This aerates the biofilm as well as 
giving it a decent surface to volume ratio. Using a bench top RBC system with a mixed 
culture biofilm, previously used in removing pharmaceuticals in wastewater under 
different conditions, treating a stream of artificially contaminated water, Vasiliadou et al. 
managed to obtain a removal rate of >85%, mainly with biodegradation [41]. The 
pharmaceuticals removed were caffeine, sulfamethoxazole, ranitidine and carbamazepine. 
However the mass of the biofilm seemed to be dependent on the incoming concentrations 

Figure 5 - Schematic drawing of a hollow fiber 
membrane 

Figure 6 – A rotating biological contactor 



 15 

of the drugs. The solid retention time increased with decreasing incoming concentrations, 
which indicates that the toxicity of the compounds affects the biofilm negatively. 
 

𝑆𝑅𝑇 =
𝑇𝑜𝑡𝑎𝑙  𝑏𝑖𝑜𝑚𝑎𝑠𝑠  𝑝𝑒𝑟  𝑑𝑎𝑦  𝑖𝑛  𝑠𝑦𝑠𝑡𝑒𝑚

𝑆𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑  𝑏𝑖𝑜𝑚𝑎𝑠𝑠  𝑝𝑒𝑟  𝑑𝑎𝑦  𝑙𝑒𝑎𝑣𝑖𝑛𝑔  𝑡ℎ𝑒  𝑠𝑦𝑠𝑡𝑒𝑚 

 
Thompson studied removal of the drug triclosan using RBC’s which exhibited a low 
removal degree of 25-30% [37]. 

Trickling	  filters,	  the	  packed	  bed-‐	  and	  the	  fluidized	  bed	  bioreactor	  

The trickling filter process consists of a rotating trickling flow system, a tank filled with 
inert filter medium, usually small rocks or synthetic 
carriers with biofilm grown upon it, pre- and post-
sedimentation tanks and a recirculation system, see figure 
7. The rotating flow system provides sufficient oxygen 
for the microorganisms as well as nutrients in the form of 
wastewater. The trickling system is energy efficient 
because aeration happens passively; energy is only 
needed to obtain a certain flow, neither agitation nor 
aeration consumes energy [36]. Falås et al investigated 
the reduction of a set of pharmaceuticals in Swedish WWTPs. They compared the 
reduction degree of plants using conventional activated sludge as well as trickling filters 
and found that trickling filters generally exhibited a lower reduction degree than the 
equivalent conventional activated sludge system [42]. Although several pharmaceuticals 
were readily reduced using trickling filters; fluoxetine, estriol, ethinyl estradiol, 
risperidone and paracetamol showed an almost complete (>95%) removal. 
 
The packed bed bioreactor (figure 8) is a similar 
concept to the trickling filter although somewhat 
condensed. The PBBR uses a tank filled with inert 
filter medium (same as the trickling filter) onto which 
biofilm can grow. However, because of the condensed 
composition of the PBBR, an active airflow is 
introduced at the bottom, to keep the microorganisms 
sufficiently oxygenated [36]. Anaerobic pre-treatment 
of wastewater using a packed bed bioreactor was 
studied by Chelliapan et al. [43]. They concluded that 

the PBBR can remove up to 90% of the COD of the 
influent steam, and that the technology holds promise 
although a post-treatment step is necessary. They also concluded that treatment efficiency 
is affected by the complexity of the influent pharmaceutical wastewater stream but that 
longer hydraulic retention time (HRT) might be able to counteract the fact. Another study 
showed great removal (>98% from startup to day 64 in all set-ups) when studying the 
efficiency of five different PBBR set-ups using sand, anthracite, two kinds of volcanic 
stone and finally granulated activated carbon as biofilm support medium (except the 
granulated active carbon) [44]. 

Figure 7 - The trickling filter 

Figure 8 - The packed bed bioreactor 
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The fluidized bed bioreactor is a continuation, of sorts, of the packed bed bioreactor.  
By increasing the fluid velocity the particles in the bed can begin to display pneumatic 
transport, which is called fluidization. By fluidizing the bed, smaller particles can be used 
without restricting airflow resulting in higher surface to volume ratio. As the bed 
fluidizes it’s volume increases, hence the density decreases which reduces the risk for 
clogging [36]. 

The	  Moving	  Bed	  Bioreactor	  (MBBR)	  

The MBBR utilizes suspended bio carriers, often made of HDPE, in various forms 
designed to optimize the surface to volume ratio. Biofilm is grown upon the carriers and 
constitutes the main biomass that digests the 
different compounds of incoming wastewater. See 
figure 9 for a simplified drawing. Biofilm is a, 
from a survival point of view, useful living 
arrangement in which the microorganisms work 
together to create a protective environment. The 
bio carriers are kept floating by aeration and/or 

agitation. It is possible to obtain a very high 
sludge age, i.e. a very efficient biomass, because 
of the protective and nourishing nature of the biofilm [2] as well as keeping the process 
condensed [45]. The use of biofilm on carriers eliminates the need for further 
sedimentation steps. The main reasons as to why a MBBR is a good choice for 
wastewater treatment are that it’s possible to keep the process compact as well a the 
effluent is much less dependent on sludge separation. The process can be used both 
aerobically as well as anaerobically [45]. 
This is a fairly new technique that was invented in Norway during the eighties in a 
collaboration between Norges Teknisk-Naturvitenskapelige Universitet (NTNU) and the 
company AnoxKaldnes AS (back then called Kaldnes Miljøteknologi [46]. 

Biofilm	  

Biofilm can be defined as an organized colony of microorganisms that adhere to a surface 
and eventually produce an encompassing matrix of cells and polymeric substances, called 
extracellular polymeric substance layer or EPS. Biofilm, in nature, seems to be the 
preferred way of living for bacteria [47]. For instance, immediately after the birth of a 
human child, the colonization of the gastrointestinal tract starts. About 300-500 different 
microbial species, in an amount that far exceeds the amount of eukaryote cells in the 
body [48], many of which exist as biofilms [49]. As far back as 1933 Arthur T. Henrici, 
professor of bacteriology and public health at the University of Minnesota and one of the 
first to study freshwater bacteria [50], said in his paper “Studies of Freshwater Bacteria”: 
“It is quite evident that for the most part the water bacteria are not free floating 
organisms, but grow upon submerged surfaces” [51].  
The main reason for this is that the bacteria can use basic nutrient sources which are 
accumulated as ions and macromolecules at the surface of the biofilm. This gives the 
bacteria a distinct ecological advantage in an otherwise unfavorable environment, from a 
nutritional point of view. In favorable environments biofilm is a way for bacteria to stay 

Figure 9 - The moving bed bioreactor 
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put and avoid being washed away to, perhaps, less favorable places. It also gives the 
bacteria a heightened resistance to physical stress as well as anti-microbial agents [52]. 
The formation of biofilm can be said to happen in three steps [47], [53], [54]: 

1. When the bacterium gets in contact with a surface it will attach to it using 
extracellular proteins and polysaccharides. 

2. Depending on numerous parameters such as availability of nutrients, a stabile 
cell/surface-interaction as well as cell/cell-interaction, eventually a micro colony 
will form. These colonies consist of a thin layer of cells, approximately three to 
five layers thick. 

3. When the colony is sufficiently large and stable, an extracellular polymeric 
substance will be secreted. This EPS is, depending on the surroundings and or the 
cells themselves, variously advanced. Some EPS has the structure of thick pads 
while others have a complex structure of pillars and channels that transports 
nutrients and abducts waste. The EPS also has adhesive functionality and will 
improve the adhesion of the cellular colony to the surface. 

Parameters	  affecting	  the	  formation	  of	  biofilm	  

Fletcher and Pringle [55] writes that the binding between bacteria and any given surface 
is determined by three different aspects: the surface of the bacteria, the surface it’s 
attaching to and the liquid medium. How the bacterial surface is composed will affect its 
binding ability to any surface. Gram-negative bacteria has a complex cellular wall with 
multiple proteins and LPS whereas gram-positive bacteria has a less complex cellular 
wall with less teikoic- and teichuronic acids, proteins and LPS. These compounds will 
influence the possibility of the bacteria to form ionic- or hydrophobic bonds with a 
surface and adhere to it. Even the morphology of the bacteria and its motility seems to 
affect its ability to attach to any given surface. Marshall [56] reported that small rods 
have a soft surface whereas filamentous bacteria have a hard surface. After seeing that 
small rods adhere to surfaces better than filamentous bacteria it was concluded that a soft 
surface is an advantage when it comes to biofilm formation. How the growth cycle 
affects bacterial adhesive capacity was studied by Allison et al., where the 
hydrophobicity of E. coli was examined [58]. They concluded that even if no significant 
difference in hydrophobicity between sessile and planktonic cells could be determined, 
the hydrophobic properties of the bacteria lessened with increasing specific growth rate, 
µ. For E. coli, the adhesive and hydrophobic capabilities lessened in early to mid log 
phase. The charge of the cellular surface became more electro negative when the cells 
were still growing. This indicates that binding to a surface happens early in the growth 
cycle and decreases with time. The reason for this, it was referred to, is that the cellular 
motility, change in numbers and quality of the surface specific polymer deteriorates with 
time. Kefford et al. studied the availability to nutrients and their impact on binding 
capacity amongst the bacteria Leptospira biflexa serovar Patoc [59]. The results showed 
that the binding capacity was considerably higher during low nutritional access, which 
indicates that cells during famine exhibit higher incentive for surface binding and biofilm 
formation. Teodósio investigated biofilm production regarding access to nutrients [60] 
using both a high and a low nutritional substrate mixture that were flowed over a flow 
cell consisting of ten compartments made of PMMA. The thickness and weight of the 
biofilm were measured daily and it was shown that no palpable significant disparity 
between the two different substrate mixtures could be determined. A heterogeneous 
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environment impacts the biofilm forming capacity of bacterial cells. Branding et al. [61] 
referred to Gantzer et al. who concluded that bacteria can degrade adjacent biofilms’ EPS 
and in this way counteract the formation of new biofilm. Different bacterial EPS, it was 
shown, could also be incompatible with each other upon which a break line can form 
between two different biofilms. This break on the surface of the biofilm can cause it to 
degrade. For example if water forces its way in through the break it can cause bacterial 
discharge. Nobili investigated the biofilm formation capacity of E. coli using two 
different carbon sources, glucose and glycerol, during shake flask cultivation [62]. He 
found that the E. coli strain exhibited higher biofilm forming capacity using glycerol as 
the main carbon source. To conclude, the main parameters affecting biofilm formation 
was: 

• How the bacterial surface is composed, its morphology and motility. 
• For E. coli it were indicated that biofilm forming capacity is high early in the 

growth cycle and decreases with time. 
• Cells during famine tend to exhibit higher incentive for surface binding and 

biofilm formation. 
• E. coli tends to produce biofilm more readily using glycerol as the carbon source.  

Choosing of technique 
When choosing the right technique for this specific type of wastewater treatment, the 
criteria that I deemed important to assess were that the system should be simple and easy 
to attach to a current process chain in a common WWTP. This means that it has to be 
based on conventional techniques that a WWTP readily can apply. The size of the system 
needs to be expedient. What this means is that the smaller it is, the easier it is to transport, 
move to different places in the process chain and easy to install. A small compact system 
also means low material usage. It has to be easy to evaluate under laboratory conditions 
but it also needs to be able to be big enough so that it can handle the flow rates common 
in WWTPs, meaning it has to be scalable. The outgoing concentrations of 
pharmaceuticals from WWTPs is in the range of ng/L [2], [4], [63]. This places high 
demands on the efficiency of the process. Due to poor sedimentation capability of the 
cells the conventional activated sludge method were deemed unsuitable. However using 
suspended cells with a separation step was desirable because the lack of knowledge of the 
cells’ biofilm forming capabilities. Also, no information on how a possible biofilm would 
perform when binding pharmaceuticals was found. Yet, a biofilm system would be 
advantageous because of its compactness. However, a separation step would be needed in 
the biofilm system because of the earlier stated high demands of efficiency for the 
process. If a small amount of cells dissociates from the biofilm and end up in the effluent 
stream, the removal degree could be negatively affected. Among the suitable biofilm 
techniques reviewed the moving bed bioreactor (or MBBR) seemed to be the most 
effective biofilm-process available. This due to the compact nature of the set-up as well 
as the up-scaling capabilities it presents. Initial experiments in order to evaluate biofilm 
forming capacity were made. Ultimately, microfiltration using a hollow fiber membrane 
was deemed most suitable because of its excellent separating capabilities and up scaling 
prospects [2], [40].  
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Materials and methods 
Sterility 
For cultivation, every chemical and nutrient, as well as equipment in the form of shake 
flasks and micro titer plates etc., were carefully autoclaved before use in order to 
eliminate possible contaminations. 
All small-scale binding experiments, regeneration experiments and continuous 
experiments were open system so the sterility was not as rigidly controlled, although 
every equipment used was made sure to be clean and without unnecessary 
contaminations. 

Cell strain 
Cells cultivated and subsequently used in the experiments were E. coli O:17, ΔOmpT 
which lacks the gene coding for the outer membrane associated protease OmpT [64], 
[65]. It harbors a pAIDA-plasmid that codes for the AIDA transporter protein explained 
earlier, as well as a chloramphenicol resistance gene, which is used for selective growth 
[26]. 

Medium 
The medium used in all cultivations was a defined minimal medium that consists of: 
Chemical formula Concentration [g/L] 
(NH4)2SO4 7 
KH2PO4 1,6 
Na2HPO4*2H2O 6,6 
(NH4)2-H-citrate 0,5 
The chemicals were solved in water and pH is set to 7,5. 

Trace elements stock solution (1000x) 

Chemical formula Concentration [g/L] 
CaCl2 x 2 H2O 0,5 
FeCl3 x 6 H2O 16,7 
ZnSO4 x 7 H2O 0,18 
CuSO4 x 5 H2O 0,16 
MnSO4 x 1 H2O 0,11 
CoCl2 x 6 H2O 0,18 
Na-EDTA 20,1 

1 M MgSO4 stock solution (1000x) 

Chemical formula Concentration [g/L] 
MgSO4 x 7 H2O 246,46 
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Batch cultivation 

Batch cultivation was done in order to obtain a cell stock to be used in the small-scale 
binding experiments, regeneration experiments, as well as the continuous set-up. 
The medium used was the previously presented minimal medium with glucose as the 
carbon source, at a concentration of 15 g/L. Chloramphenicol, 0,1 mg/L, was used as the 
antibiotic agent. Trace elements and MgSO4, was added and diluted 1000 times. 
Isopropyl β-D-1-thiogalactopyranoside (IPTG), 380 mg, was sterile filtrated into the 
reactor to a concentration of 47,5 mg/L. It is used as the inducing agent for the pAIDA-
plasmid. For melanin production, L-tyrosine, to a concentration of 0,5 g/L, and CuSO4, to 
a concentration of 0,01 mM, was added.  
The batch cultivation was carried out on two different occasions.  

1. In December of 2014 a first cultivation were made using an 8 L fermenter (from 
Belach Bioteknik AB). The reactor was inoculated with 18 ml of a cell solution 
with OD=1,3. 
The cells were used for small-scale binding and regeneration studies. 

2. In April of 2015 a second cultivation were performed using a 20 L fermenter (also 
from Belach Bioteknik AB). 
These cells were used for experiments with the continuous set-up with a hollow 
fiber membrane. 

 
Harvesting was done using a Beckman Coulter Avanti J-20 XP centrifuge with a JLA 
10.500 rotor for volumes of 400 ml by spinning the cells at 3 000 g for 10 minutes. The 
centrifugate was re-suspended using 1x PBS buffer and pH set to 7,4. The cells where 
then stored in a cold storage room at T=4°C until further use. 

Spectrophotometrical analysis 
In order to obtain clear samples, cells, cell debris and other contaminations were 
separated using a small centrifuge (Biofuge Fresco from Heraeus). The samples was 
centrifuged at 13 000 g for 3 minutes each. 
The supernatant was then measured with a spectrophotometer (Cary 50 Bio UV-Visible 
Spectrophotometer from Varian).  
Optical density analysis of the cell density was done at 600 nm.  
Crystal violet optical density was done at 595 nm (according to Djordjevic et al. [66]) 
while chloroquine analysis was done at 343 nm according to earlier studies. 

Studies in biofilm formation 
Studies were made to assess the cells capacity for biofilm formation. As stated earlier 
(introduction, p. 17), a biofilm-based process is advantageous because of its compactness 
and due to the fact that a system based on immobilized cells would relieve stress on an 
eventual effluent filter. The studies were made without activating the pAIDA-plasmid; 
hence no surface associated melanin was present. This is because melanin could interfere 
with the cells inherent biofilm capacity [47]. The temperature and shake frequency as 
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well as choice of carbon source was based on previous research with biofilm formation 
capacity of E. coli [62], [67]. 

Micro titer plate cultivation 

• Two shake flask (250 mL each) was cultivated over night at 30°C and 100 RPM. 
Each having a volume of 25 mL MM.  

o One with a glucose concentration of 10 g/L.  
o One with a glycerol concentration of 10 g/L.  

The next morning the cultures were diluted to OD=1. Each solution was further diluted, 
then transferred, in triplicates, to a clear bottom, 96 well, PS micro titer plate from 
Sarstedt. For each well with cells, a well containing a negative control: only minimal 
defined media and corresponding carbon source, was added. The plate was then 
incubated at 30°C and 100 RPM for 96 hours.  

The following is a simplification of the micro titer plate and shows the calculated optical 
density values after dilution of the inoculum. To note is that the negative controls isn’t 
included in this picture.

 

Analysis	  

Analysis of the micro titer plate follows Djordjevic et al. [66] with some exceptions due 
to lack of a functioning plate reader at the time. 

• Medium was gently washed away from the wells with distilled water to eliminate 
loosely attached planktonic cells. 

• The plate was then dried for 45 minutes in room temperature. 
• Each well was stained with 370 µL 0,1% crystal violet for an additional 45 

minutes. 
• After the staining procedure, loose crystal violet was gently washed away with 

distilled water five times. 

Cells	  with	  glucose	  
OD=0,02	  
3	  wells	  

Cells	  with	  glucose	  
OD=0,04	  
3	  wells	  

Cells	  with	  glucose	  
OD=0,06	  
3	  wells	  

Cells	  with	  glucose	  
OD=0,08	  
3	  wells	  

Cells	  with	  glucose	  
OD=0,1	  
3	  wells	  

Cells	  with	  
glycerol	  
OD=0,02	  
3	  wells	  

Cells	  with	  
glycerol	  
OD=0,04	  
3	  wells	  

Cells	  with	  
glycerol	  
OD=0,06	  
3	  wells	  

Cells	  with	  
glycerol	  
OD=0,08	  
3	  wells	  

Cells	  with	  
glycerol	  
OD=0,1	  
3	  wells	  
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o Biofilm were shown as purple rings on the side of the wells. 
• The stained biofilm was then removed from the plate by washing each well with 

370 µL 70% EtOH, and stored in 1,5 ml Eppendorf tubes. 
• OD of the samples were then measured at 595 nm. 

Shake-flask biofilm cultivation with bio carrier 
In order to evaluate the cells’ capability to form biofilm on bio carriers, several shake 
flask cultivations was made together with a specific type of bio carriers obtained from an 
adjacent project within the school. The biochips came from AnoxKaldnes AB and are 
called Biochip M, they are made of polyethylene and have a specific surface of 1200 
m2/m3 [68]. Because the biochips were obtained from an adjacent MBBR project they 
were covered in old sludge biofilm and were heavily brown colored. To clean the bio 
carriers they were put in a stirred acid bath (~1M HCl) at 100ºC overnight. The cleansing 
was successful and the carriers were refined from all biofilm; color as well as smell. 
The protocol used for shake-flask experiments: 

• The bio carriers were marked with a number of cuts (1, 2, 3, etc.), washed with 
distilled water and then dried in an oven at 105°C for one hour. They were then 
cooled in a desiccator for an additional hour. 

• Each biochip was carefully weighed, and then, two biochips, one for weight 
measurement and one for crystal violet measurement, was added to each flask. 
Each biochip with a different cut. 

• Each set (48 h, 72 h and 96 h) had flasks with both glucose (10 g/L) as well as 
glycerol (10 g/L) as the carbon source. Each flask contained 25 ml minimal 
medium. Each set also had a negative control flask that was a shake flask with 
minimal medium and bio carrier but without cells.  

• The shake-flasks were incubated at 30°C and 100 RPM for 48 h, 72 h and 96 h.  
• Each 24 hours, medium, trace elements and carbon source was replaced; this was 

done in order to optimize cell cultivation in regards to nutrient availability for the 
sessile cells, because the planktonic cells were flushed out every 24 hours. 
 

An overview of the experiments is shown in the following table: 
Growth 
experiment 
# 

Total 
cultivation 
time [h] 

Incubation 
temperature 
[°C] 

Incubation 
shake 
frequency 
[RPM] 

Medium 
change 
after [h] 

Carbon 
source 

Number 
of shake 
flasks  
# 

1 48 30 100 24 Glucose 1* 
2 48 30 100 24 Glycerol 1* 
3, NC 48 30 100 24 Glucose 1 
4, NC 48 30 100 24 Glycerol 1 
5 72 30 100 24, 48 Glucose 2 
6 72 30 100 24, 48 Glycerol 2 
7, NC 72 30 100 24, 48 Glucose 1 
8, NC 72 30 100 24, 48 Glycerol 1 
9 96 30 100 24, 48, 

72 
Glucose 2 
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10 96 30 100 24, 48, 
72 

Glycerol 2 

11, NC 96 30 100 24, 48, 
72 

Glucose 1 

12, NC 96 30 100 24, 48, 
72 

Glycerol 1 

Analysis	  

To assess whether or not any biofilm had been formed on the biochips, two methods were 
used: 

1. Weight measurement. 
The bio carriers were weighed before cultivation and then, after gently washing 
them with water to eliminate planktonic cells, put in an oven at 105° for 12 hours. 
After excess water had been evaporated the carriers were put in a desiccator for 
approximately one hour before weighing them. The net weight were thought to 
primarily consist of stationary cells i.e. biofilm, that had formed on the surface of 
the bio carriers.  

2. Crystal violet coloring. 
The bio carriers were put in a solution of 0,1% crystal violet for 45 minutes, and 
then analyzed according to Djordjevic et al. [66]. 

Small scale chloroquine-melanin binding experiments 
These studies were aimed at evaluating the kinetic properties of the cells as well as how 
the binding capacity changes with time. Each experiment was made with three different 
cell concentrations; ~10 g/L, ~8 g/L and ~4 g/L, and each cell concentration was made 
with relatively newly harvested cells (3> weeks old) as well as relatively “old” cells (8< 
weeks old). The binding reactor was a 100 mL glass bottle containing 50 mL of the cell 
solution.  
The reactor had a magnet stirrer, set to as high stirrer speed as possible, to obtain 
maximum mixing. The cells, as well as the chloroquine solution, were dissolved in 1% 
PBS. Before any chloroquine was added, three reference-samples á 1,5 mL were 
collected. At t=0 a solution of chloroquine was added to the reactor to a total chloroquine 
concentration of cchloroquine=0,1 mM. Then samples were collected in triplicates every 5 
minutes for 30 minutes and then centrifuged for 3 minutes at 13 000 g. Finally OD of the 
supernatant was measured, at 343 nm.   
The total chloroquine concentration of 0,1 mM was chosen because it is a relatively high 
concentration that corresponds to ~52 mg/L (Mchloroqine=515,86 mg/mmol) which is well 
above normal pharmaceutical values in effluent streams from WWTPs [4] but also 
because earlier binding experiments had used this concentration to satisfactory results. 
These previous binding experiments had been made using 1,5 ml Eppendorf-tubes and 
consisted, basically, of mixing cells (stored in 1% PBS) with chloroquine solved in 1% 
PBS, to a known total pharmaceutical concentration (0,1 mM). The sample was vortexed 
and spun at 13 000 g for 3 minutes in the centrifuge. Finally OD of the supernatant was 
analyzed at 343 nm. 
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The temperature for all following experiments was not controlled, and they took place in 
room temperature. 

Regeneration of cells using pH-control 
The aim for these experiments was to investigate the possibility for regeneration using 
pH-control. The studies were done on the same cells that were used for the binding 
studies although with only one cell concentration of 10 g/L. The cell concentration was 
chosen because of its’ sufficient binding capability as well as straightforward analysis of 
the supernatant. The binding studies showed that the spectrophotometrical analysis 
suffered when using higher cell concentrations. The experiments were done in a similar 
fashion as the binding studies, that is, a glass bottle (in this case 50 mL) was filled with 
20 mL of cell solution in which a chloroquine solution was added, to the total 
concentration of 0,1 mM.  
Previous regeneration studies had been made adding cells to a buffer of a known pH and 
then subsequently adding chloroquine to a total concentration of 0,1 mM. Therefore no 
information was obtained on how already bound chloroquine would disassociate from the 
cellular surface.  
To investigate this, the chloroquine was first given time to bind to the cellular surface for 
5 minutes before the pH was lowered by titrating acid (0,12 M HCl (aq)). Five minutes of 
binding time was thought to be sufficient due to results from earlier experiments that 
suggested the binding to happen instantaneously. Several regeneration attempts were 
made using different pH values: pH=2, pH=3, pH=4, pH=5 and pH=6. The procedure is 
summarized below:

 
The “low pH”-reference samples were obtained because of difference in absorption 
between supernatant from cell solution with pH=7,4 and “low” pH. 
 
A repeated regeneration experiment was made in order to establish if the binding 
capabilities of the cells would decrease due to regeneration with low pH≈3. In this 
experiment the same cell concentration was used as the previous experiments, that is 10 

20	  mL	  MM,	  pH=7,4,	  10	  
g/L	  cell	  solution	  in	  50	  

mL	  glass	  bottle.	  
Collecting	  triplicate	  
reference	  samples.	  	  

Additional	  triplicate	  
reference	  samples	  were	  
obtained.	  These	  were	  
titrated	  to	  the	  same	  pH	  
as	  the	  main	  reactor,	  
hence	  constituting	  the	  
"low	  pH"-‐reference	  

samples.	  	  

Adding	  chloroquine	  
solution	  to	  a	  total	  
concentration	  of	  0,1	  

mM.	  

After	  5	  minutes	  of	  
binding,	  samples	  were	  

collected.	  	  

Titrating	  solution	  with	  
0,12	  M	  HCl	  to	  lower	  pH	  
and	  Yinally	  obtaining	  

samples.	  
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g/L. Four regeneration cycles were performed with the same cell solution. Chloroquine 
was added to the solution to a total concentration of 0,1 mM before each lowering of pH 
was performed, again using 0,12 HCl solution. After each cycle the cells were spun at 13 
000 g for 5 minutes, triplicate of samples collected and then the cellular cake was re-
suspended twice, first in 10x PBS buffer and then in 1x PBS buffer to pH=7,4. 
The repeated regeneration experiment is summarized below: 

 

Lab scale continuous process using a hollow fiber membrane 
The continuous process was built in April of 2015 and tried and tested during late April 
and early May, see figure 11.  
The hollow fiber membrane used 
was a microfiltration cartridge 
from GE Healthcare Life Science 
(CFP-2-E-3MA), with a cartridge 
length of 31,7 cm and outer 
diameter of 0,9 cm. It contains 13 
pores which has an inner lumen 
diameter of 1 mm and a pore size 
of 0,2 µm. The membrane is an 
autoclavable polysulfone 
membrane with 0,25 inches (0,635 
cm) tube nipples as permeate-
connections and tri-clamp 
connections for feed and retentate streams. Since there was only one suitable membrane 
available for use, the process had to be adjusted to fit the membrane.  

20	  mL	  cell	  solution,	  	  
10	  g/L	  with	  pH=7,4.	  

	  Collect	  reference	  samples.	  

Add	  chloroquine	  to	  total	  
concentration	  of	  0,1	  mM.	  	  

Collect	  samples.	  	  

Lower	  pH	  by	  titration	  of	  
0,12	  M	  HCl	  to	  pH≈3.	  
	  Collect	  samples.	  	  

Spin	  the	  cell	  solution	  at	  
4500	  RPM	  for	  15	  minutes.	  	  
Re-‐suspend	  the	  cells	  in	  PBS	  
buffer	  twice	  so	  pH=7,4.	  	  

Figure 10 - The air pressure "pump" constructed out of the 
pressurized bioreactor 
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The main concern when using a hollow fiber membrane is the trans-membrane pressure, 
TMP: 

𝑇𝑀𝑃 =
𝑃!"#.!"#$ + 𝑃!"#$.!"#$

2 − 𝑃!"#$"%&" 

The HFM that was used had a maximum TMP specified as TMPmax=1 barg and a 
maximum feed pressure of Pmax.feed=1,7 barg.  
 
Because the peristaltic pumps gave a very fluctuating flow, hence a very fluctuating 
pressure, it was decided to circumvent this problem by constructing a pressure stabilizer 
using a pressurized bioreactor, see the figure 10. 

For the specified HFM (CFP-2-E-3MA) the following nominal flow rate data was given by 
GE [69]:  

Lumen i.d. 
[mm] 

Q [ml/min] 
(at 2000 s-1) 

Q [ml/min] 
(at 4000 s-1) 

Q [ml/min] 
(at 8000 s-1) 

Q [ml/min] 
(at 16000 s-1) 

1 150 300 600 1200 
It relates the recommended flow rate to shear rate, which is defined as the velocity 
gradient in a flowing material. It is measured in reciprocal seconds and a high shear rate 
suggests a low viscosity liquid. Hence, the denser the cell solution, the lower shear rate, 
the lower flow rate would be required. In accordance to earlier binding studies, a cell 
solution consisting of 10 g/L, which is a very low cell density in HFM applications, was 
chosen. This would constitute a high shear rate, since shearing would not, by any 
significance; influence the viscosity of the solution. An example was given by GE [70], 
where a cell density of 60 g/L constituted a shear rate of approximately 11 000 s-1, hence 
a cell density of 10 g/L would constitute a much higher shear rate. Therefore the flow rate 
was chosen to be dictated by controlling the feed pressure which in turns was controlled 
by the defined maximum feed pressure of 1,7 bar [69]. The feed pressure was set to 

Pfeed=0,65 bar, which gave a 
sufficient permeate flow. The 
permeate flow, as shown in the 
schematic drawing, was not 
controlled in any way, neither by 
the use of a retentate valve or by 
the use of a permeate pump. The 
transmembrane pressure, however, 
was monitored during each run, but 
because of the low viscosity of the 
fluid, and sufficient permeate flow, 
the practical limit was the feed 
pressure since both permeate and 
retentate pressure showed zero 
pressure built up due to the lack of 
the need to control the retentate 

Figure 11 - A simplified schematic drawing of the set-up 
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valve. 
The chloroquine solution that was pumped into the system had a concentration of 0,5 
mM, which constitutes a mass concentration of 257,93 mg/L. The cell solution used was 
concentrated to 10 g/L, although dry weight measurements showed an actual density of 
approximately 13 g/L. Due to lack of available cells a maximum solution volume of 1 
200 mL was prepared. Hence the total volume of the system was 1 200 mL. The set-up 
was run for 110 minutes and duplicate samples were collected every fifth minute. The 
samples were then spun for 1300 g for 3 minutes and the OD of the supernatant was 
measured at 343 nm.  

Membrane fouling 
Previous handling of the melanin covered cells had shown extensive fouling to equipment 
with the results being that they were hard to clean. Concerns were voiced about the 
possibility of the membrane to become instantly clogged due to the sticky melanin. 
To assess permanent fouling the membrane was first calibrated with distilled water 
during different feed pressures. The TMP and the normalized permeate flux were then 
calculated for each case.  
After each run with actual cells, the membrane was cleaned with distilled water and then 
put in a 0,1 M NaOH solution over night. Then a new calibration was done in order to 
evaluate the permanent fouling of the membrane. This procedure was repeated using, first 
reference cells without the surface associated melanin, and then melanin covered cells of 
different cell densities. For a complete table of the normalized fouling experiments, see 
Appendix – Membrane fouling p. x. 

Pumps 
The pumps used in the process is summarized below: 
Type of pump Use Brand and id 
Peristaltic Chloroquine solution to binding reactor Watson Marlow 120 U 
Peristaltic Chloroquine/cell mixture to pressurized 

bioreactor acting as “air pressure” pump. 
Watson Marlow 624 U 

Air pressure Pumping of chloroquine/cell mixture to 
HFM and back to binding reactor. 

10 L fermenter from 
Belach Bioteknik AB. 

Scales 
The scales used in the process is summarized below: 
Use Brand and id 
Logging the weight of the total amount of 
chloroquine solution pumped into the 
system. 

Precisa 6200 D Swiss Quality 

Control of the influent pump using the 
WebAnt™ control unit to maintain a 
constant volume within the system. 

Kern FCB 16K 0,2 
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Tubing 
The tubing used in the process is summarized below: 
Type of tube Use Brand 
Silicone tube, 8 mm From chloroquine vessel to binding reactor and 

from HFM to collect vessel and samples 
- 

Silicone tube, 20 mm From HFM to binding reactor - 
Norprene, 15 mm From binding reactor to HFM. Masterflex® 
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Results 
Micro titer plate cultivation 
After cultivation in the micro titer plates each well was washed with distilled water and 
biofilm occurred as purple rings on the walls. As stated earlier, each well was then 
washed with 370 µL EtOH and OD of the samples measured at 595 nm. The results can 
be seen below. 

 
Figure 12 - Biofilm formation studies 

From figure 12, one could argue that the highest amount of biofilm was obtained using 
glycerol. However, the distinction of biofilm formation between the two carbon sources 
could just as easily be due to differences in sample preparation and common errors in 
handling, as well as contamination in the wells prior to incubation. The negative control 
samples showed no detectable biofilm formation. 
Since there was a shortage of plate readers, the analysis protocol had to be adapted to the 
current situation, which is why the wells were first washed with ethanol in order to 
dissolve stained sessile sells and secondly, after additional dilution, OD was measured at 
595 nm, sample by sample. This individual sample handling is prone to error both in 
physical handling as well as the individual dilutions.  

Shake-flask biofilm cultivation with bio carrier 
Each shake-flask contained two bio carriers, one for weight measurements and one for 
crystal violet staining. 
From earlier studies made with bio carriers, indications were that it was hard to quantify 
biofilm using crystal violet staining. This is due to the fact that the crystal violet solution 
will bind tightly to the bio carriers, making it hard to distinguish between negative 
control and sample. This was also the case here. When a crystal violet solution of 0,1% 
was added to the bio carriers they were heavily stained, making the analysis somewhat 
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impossible. After the staining of two carriers from each of the two first experiments it 
was decided to only perform weight measurements with the remaining bio carriers.  
The net weight on each carrier is presented here in figure 13. 

 
Figure 13 - Net weight of bio carriers after cultivation 

Since the bio carriers were carefully washed with distilled water and dried in an oven at 
105C for approximately 12 hours, in order to remove any planktonic bacterial cells and/or 
other contaminations, before weighing, the resulted positive net weight is proposed to 
consist solely of biofilm. 
Experiment numbers 3, 4, 7, 8, 11 and 12 are the negative controls.  
From these results it’s hard to make any conclusive statement as to whether any biofilm 
was form on the bio carriers. Though it is easy to state that a negative net weight means 
no biofilm formation. As to why many carriers exhibited a decrease in weight could be 
due to contamination of the bio carriers that was removed somewhere along the 
experiment and subsequent washing.  

Small scale chloroquine-melanin binding experiments 
The initial experiment with drug binding was done using a cell density of 18 g/L. Even 
though earlier studies of drug binding had been with lower cell densities, the guess was 
that the drug binding capacity would be higher with higher cell density. The results are 
summarized below, in figure 14 and figure 15. 
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Figure 14 - Concentration vs. time for 18 g/L 

 
Figure 15 - Percentual "increase" of chloroquine due to matrix effects for the binding studies using 18 g/L 

To note is that the “total” concentration of chloroquine is lower than the final dissolved 
concentration, which suggests that there was a “production” of chloroquine during the 
process. This was probably due to melanin dissociation from the cell surface. A higher 
cell density will result in higher surface protein dissociation. Therefore there will be a 
higher concentration of melanin in the solution. Since it is not possible to concentrate, via 
centrifugation, the dissolved melanin down to a pellet, the melanin will be present in the 
supernatant thus interfere with the spectrophotometrical analysis due to the fact that 
melanin will absorb light in the same wavelength as chloroquine, which is 343 nm. Hence 
it was chosen to use lower cell densities to avoid these matrix effects. The results of the 
binding tests for 18 g/L exposed problems for analyzing higher cell densities. 
A summarized diagram for all the binding experiments except for the one using a cell 
density of 18 g/L, is presented in figure 16. 
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Figure 16 - Reduction rate vs. time for all binding experiments except c=18 g/L 

To note is that the reduction rate axis (y-axis) ranges from 40% to 90%. What can be said 
about the results is that the cell density of 8 g/L seems to give a somewhat better 
reduction rate over all than the use of 10 g/L. This is interesting since one would think 
that a higher cellular density would constitute a higher amount of binding sites thus 
resulting in a higher reduction rate. The problem is that the cells are individuals and 
different to one another. During batch cultivation the inducing of the pAIDA-system will 
theoretically generate a given amount of surface associated protein. However, practically, 
there will always be a real difference due to cultivation factors, gradients as well as 
handling, which will produce a heterogeneous collection of samples. This could very well 
manifest itself in the results, where, due to previously proposed reasons, the cells of the 8 
g/L solution could have a higher amount of well functioning cells. Without further studies 
it is hard to definitely explain the differences but one could argue that the matrix effects 
are higher in the 10 g/L samples, which is why the reduction rate seems to be lower. 
The analytical method is also a point of question. The melanin will absorb light in the 
same wavelength as chloroquine, although not in the same high amount. This will require 
reference samples containing cells without dissolved chloroquine. The difference 
between the reference sample and the actual sample will constitute the “real” chloroquine 
concentration. As long as the chloroquine will absorb a substantial amount of the 
incoming light from the spectrophotometer, the results will be somewhat accurate. But in 
the case that the matrix effects are very high, the amount of absorption done by 
chloroquine will diminish, and come to a point where it is negligible, as seen in the 
results for the 18 g/L samples. The high concentration of cells in the 18 g/L sample 
resulted in a very high matrix effect that generated a false signal of chloroquine formation 
with time.  
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Regeneration of cells using pH-control 
Regeneration vs. time for five different pH-values is shown in picture X. At t=-10 
minutes, the pH of all reactors was pH≈7,4. At t=0 minutes the pH was titrated to the 
given value using 0,12 M HCl solution after which samples were collected at t=0, 30 and 
60 minutes. The results are summarized in figure 17.

 
Figure 17 - Regeneration vs time for the regeneration of cells using pH-control 

You can clearly see that the regenerative ability of the cells increased with increasing 
hydronium ion concentrations. Some interesting result is seen when pH=2, since the 
percentually bound chloroquine assumes a negative value. This could be due to 
precipitation-effects caused by the acid environment. 
The results of the repeated regeneration experiments, where the pH in each regeneration 
cycle was lowered to pH≈3, are presented in figure 18. 
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Figure 18 - Reduction rate vs. number of cycles of the repeated regeneration of cells. 

Important to note is that the reduction rate-axis ranges from 50 - 85% and to clarify, the 
reduction rate is the percentual amount of 0,1 mM chloroquine that is bound to the 
membrane. Even though a dip in the reduction from cycle one to cycle two, the reduction 
rate seems to stabilize somewhere around 75%.  
The dissociation rate, that is the percentual amount of the bound chloroquine that will 
dissociate from the cells during the lowering of pH, for each cycle is presented below in 
figure 19. 

 
Figure 19 - Dissociation rate for the repeated regeneration of cells 

To note is that the dissociation rate-axis ranges from 80-100%. 
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From these results you see that the reduction rate and the dissociation rate seems to 
decrease with time, which is to be expected since repeated cycling between low and high 
pH will put a strain on the cells and their surface.  

Lab scale continuous process using a hollow fiber membrane 

The mass balance of the process is presented in figure 17.  

 

 

Figure 20 - Schematic drawing of the continuous process set-up 

Where the relation 𝑄!" = 𝑄!"# is automatically regulated using a scale and a peristaltic 
pump connected to the controlling unit. 
A detailed description of the process is presented below, with accompanying color-
coding for the following picture of the process (figure 21). 

• A glass reservoir for the chloroquine solution (yellow) to be fed through the 
process. 
This glass reservoir stood on a scale (scale B) connected to the main bioreactor 
computer, so the weight of chloroquine solution pumped into the system could be 
monitored and logged.  

• A peristaltic pump A (red) that pumped the chloroquine solution into the binding 
reactor. It was coupled to scale A and controlled by the controlling unit mentioned 
above. 
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• A binding reactor (green) in which the cell solution was mainly kept, via steady 
state conditions concerning the working volume. This glass vessel stood on a 
magnetic stirrer plate. A magnet was placed in the jar in order to obtain a mixing 
as good as possible. The mixing is critical because high mixing diminishes the 
effects of concentration gradients i.e. good binding conditions and reliable 
analytical results. 

• A peristaltic pump B (purple) that pumped the cell/chloroquine mixture into the 
main bioreactor (blue). The bioreactor worked solely as an air pressure pump. The 
volume of the cell/chloroquine mixture inside the bioreactor (air pressure 
“pump”) was kept to a minimum since there wasn’t an abundant amount of cells 
available, and because of the will to keep the process condensed. There wasn’t 
any possibility to use the built in stirrer in the bioreactor, which would require a 
cell solution volume of at least 4 L, which was more cell solution than was 
available at the time. Because of this, as much volume as possible needed to 
remain in the binding reactor. Yet a small volume needed to be contained in the 
bioreactor (air pressure “pump”) in order to prevent air to be pumped out of the 
vessel and into the membrane, and further into the binding reactor, which could 
cause serious foaming. The incoming and outgoing flow from the bioreactor was 
set equal to each other, by hand, so that a steady state condition with regards to 
volume appeared inside the container. The pressure was controlled via the main 
computer. 

• The mixture was then pumped through the HFM (white) to be separated in two 
streams. One permeate stream consisting of a “clear” PBS solution (it was 
somewhat brown, caused by solved melanin) cleaned of chloroquine. And one 
recirculating stream that was fed back into the binding reactor (green) consisting 
of the cell/chloroquine mixture. 

• During the run the sampling tube was used to collect permeate samples (1,5 ml 
Eppendorf tubes).  
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Figure 21 - Color coded picture for the continuous set-up 

The results of the spectrophotometrical analysis of the samples are presented in the 
figures below: 

 
Figure 22 - Reduction rate for the continuous process 
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Figure 23 - The concentration of chloroquine in the permeate related to the total concentration in the system 

 
Figure 24 - Calculated linear trend lines for the concentration of bound cells plotted vs. total concentration 

For the first 15 minutes of running the continuous set-up the reduction of chloroquine 
was shown to be complete, that is 100%. For the whole run, that is 110 minutes, the 
reduction rate was still 80%, however the reduction rate will probably drop considerably 
when the cells become saturated. The experiment was only set up for 110 minutes and the 
cells was discarded after the run. The saturation of cells will show itself as when the data 
line of the permeate concentration of chloroquine is equal to the data line of the total 
concentration of chloroquine in the system. In the plot for permeate concentration vs. 
time you can clearly see that the slope is changing with time for the permeate 
concentration. To explain this further, the diagram where bound chloroquine is plotted 
against the total concentration of chloroquine pumped into the system is investigated. 
With increasing total concentration eventually, as saturation sets in, the concentration of 
bound chloroquine will not increase. 
After 60 minutes, there is clearly a nick in the plotted line with a clear slope change. The 
line was divided into two data sets and a linear trend line was calculated for each data set. 
The slope of the data from t=0 to t=60 minutes was calculated to 0,8475 and the slope 
from t=60 to t=110 minutes was calculated to 0,6711. This coincides with previous 
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speculation that the slope should level out to eventually reach zero, when the cells are 
saturated. The information this will give would be an overall process time for the system 
and specific cells that tells you when an eventual regenerative step, i.e. pH control, would 
need to be implemented. 
 
During the run, extensive foaming formulated in the binding reactor, this was thought to 
be due to the small volume of mixture inside the air pressure pump, and therefore, air was 
continuously pumped to the membrane and over into the binding reactor. 
This was problematic because the tube for the influent flow of chloroquine solution to the 
binding reactor was initially positioned above the surface of the liquid. Hence when the 
foaming began to build, the process was run for an unknown amount of time with the 
chloroquine solution dripping onto the foam. As soon as this was discovered, the tube 
was placed below the surface of the liquid. Since the primary focus was on the sampling 
procedure, it’s difficult to say for how long this occurred. It is also difficult to evaluate 
the effect could would have on the results but some chloroquine-solution was probably 
trapped in the foam, and subsequently trapped in the reactor, which is why the process 
may have shown a higher efficiency than it would if this hadn’t occurred.  
 
  



 40 

Discussion 
Common deviations 
During batch cultivation of the bacterial cells the time of when to induce the pAIDA 
system as well as the time of when to introduce tyrosine to the system, may vary. This 
has been found to cause a difference in the amount of expressed protein. Since cells from 
two different batch cultivations were used, the induction time varied, which is why, the 
amount of surface expressed protein may have varied. Therefore it is hard relate the 
binding and regeneration studies to the continuous process since the amount of surface 
expressed melanin probably was considerably different between the two. 
Another limitation of the experiments has been the lack of available cell solutions. One 
major batch-cultivation was made in the beginning of the project and one was made in 
the end, prior to the continuous process experiments. Therefore careful handling and a 
limited amount of runs with a limited amount of cells have been necessary. A lot of cell 
solution is spent just trimming and setting up the system. In the end, the maximum cell 
concentration that was possible to use, with a somewhat useful volume, 1,2 L, for the 
final verifying experiment, was 10 g/L. Using higher cell concentrations is something that 
is interesting to try because it will probably result in a higher reduction rate. However the 
analytical method will have to be replaced by high performance liquid chromatography to 
separate the desired compound from those that gives matrix effects. 
After the final experiment a large batch cultivation using the 600 L reactor was made in 
order to have an abundance of cells for future studies. This will be very useful since it 
will be possible to experiment with considerably higher cell concentrations. 
Another limitation of the set-ups is the trail-and-error aspect. Since there isn’t any pre-
determined protocol to use for any of these experiments, one has had to improvise and 
carefully plan the strategies in which to obtain the best possible results. Even though, 
during initial experiments and runs of the different tests, things will go wrong and later 
turn out to be unreliable which will require the experiment to be re-done and adjusted. 
This will essentially waste cells, since cells that has been used in one experiment for all 
that is worth is not viable for future studies, unless the studies expressively is done to 
evaluate used cells. Which is something that definitely is interesting, just not within the 
confines of this thesis work. Wasted cells reduces the options for the remaining cells, and 
without an abundance of cells and an abundance of time to produce new cells, this has 
been a huge problem.  

Biofilm studies 
Biofilm formation using the micro titer plate cultivation showed promise since the 
negative control wells were obviously void of any biofilm whereas the cell containing 
wells showed clear biofilm formation. The distinction between the two carbon sources is 
harder to evaluate. The difference in resulting biofilm formation between them could just 
as easily be due to deviations in handling the plate and during analysis. More time and 
more studies would need to be properly conducted in order to clearly point out any 
significant differences in biofilm formation using the two carbon sources. 
For the shake flask cultivations with bio carriers, the results showed ambiguous results, at 
best, since 40% of the samples showed positive value with 60% showing a negative 
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value. Half of the results, negative control and actual samples alike, except 8 cases, were 
within 1 mg. The other 8 cases were within 4 mg. The negative controls showed both a 
positive weight as well as a negative weight. These results indicate that the difference in 
weight is an inherent property of the biochips due to cultivation, washing and drying, or 
due to error of the analysis method, rather than actual biofilm formation. The biofilm 
studies, overall, indicated that biofilm is a viable method and could possibly be 
incorporated into a successful set-up, but the formation is intricate and time consuming 
and the binding capacity is uncertain. 

Binding and regeneration of cells 
The results from the small-scale binding experiments show no significant increase in 
reduction rate over time that can’t be explained by handling and inherent physical as well 
as analytical differences. The regeneration studies evaluated the regenerative possibilities 
and lifetime of the cells. The cells seem to perform well on high pharmaceutical 
concentrations and relatively low cell concentrations. Hence they are a good alternative 
to use as adsorptive agents in a treatment step. 

Process development and proof-of-concept 
The design of the process was done using a literature study to theoretically evaluate 
different possible techniques. However, a literature study will only show theoretical 
results. In order for the process to be completely developed, every feasible technique 
would need to be experimentally evaluated. For this project, initial biofilm studies show 
that the cells will form biofilm, but that the process is slow and tedious. To disregard this 
technique completely, extensive experiments need to be done and properly evaluated. 
The MBBR-techniques show considerable theoretical promise. These techniques are 
cheap to develop and easy to maintain, and requires no periodical downtime for cleaning, 
as would a membrane system. However the membrane system is used in municipal 
WWTPs in Sweden today and seems to be a technique for the future. Among the 
membrane techniques, the hollow fiber membrane are a good alternative to the classical 
dead end filtration-systems with extensive aeration because it will, to some degree, clean 
itself due to the tangential flow, which will require less aeration. 
The set-up used a peristaltic pump to pump the cellular mixture to a secondary air 
pressure pump in order to level out the fluctuating pressure. This extra step introduced 
several challenges due to a small amount of mixture as air would escape the air pressure 
pump and result in extensive foaming in the binding reactor. Moving of the binding 
reactor into the pressurized bioreactor (air pressure pump) would eliminate the need for a 
peristaltic pump. However this requires a somewhat higher mixture volume of 
approximately 4 L (if using a 8 L fermenter from Belach AB) to ensure the stirrer would 
reach the liquid so that good mixing could be obtained and to ensure no air would escape 
the reactor. This would probably also eliminate the foaming problem, which introduced 
uncertainties to the process and subsequent analysis. 
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Conclusions and future prospects  
Conclusions 
It’s been shown, by the designing and performing of a concept validation experiment of a 
continuous hollow fiber membrane process, that melanin covered E. coli cells is a viable 
system with which it is possible to reduce the pharmaceutical chloroquine completely.  
Batch experiments investigating the chloroquine binding to the cellular surface was made 
and it is suggested to happen instantaneously. During 30 minutes, no substantial increase 
in binding was shown. Regeneration of the cells, that is dissociation of bound 
chloroquine using pH control, has been shown to work remarkably well. Performing four 
regenerative cycles on the same cell solution showed no significant decrease of 
chloroquine-cellular binding capacity. Further biofilm studies were initially made; in 
order to assess the possibility to use a biofilm based technique. However the biofilm 
formation is time consuming and the resulting biofilms capacity to remove chloroquine is 
uncertain. 

Recommendations for future studies 
A complete experimental evaluation of biofilm techniques should be performed, as well 
as a possible implementation of the conventional activated sludge process using 
flocculation and sedimentation steps. Both of these techniques show considerable 
promise and could very well be used for this purpose, or perhaps as pre- and post-
treatment steps together with the hollow fiber membrane. 
In order to further develop and optimize the process a complete investigation of optimal 
cellular density, relating to sufficient permeate flow should be performed. The increase in 
cellular density of the solution will require an additional analysis step using high 
performance liquid chromatography to first separate the chloroquine from the matrix and 
then finally analyzing it using a spectrophotometer. This would be in order to find the 
true chloroquine concentration without extensive matrix effects. The incorporation of a 
regenerative step in the process would prove very useful when investigating regenerative 
properties of the cells. This would basically be a pH-electrode in the binding reactor that 
controls two pumps, one which pumps acid and the other which pumps base in order to 
adjust the pH. 
Performing an experiment using optimal cellular density until saturation of the cells is 
achieved would be very valuable information. This would help determine when the 
regenerative step needs to be performed and thus the life span of one process cycle could 
be determined. To investigate sedimentation capabilities of the cells using higher cellular 
densities would give valuable information since a pre sedimentation step before any HFM 
would lessen the load of the membrane considerably and potentially making it possible to 
obtain higher flow rates and a longer process cycle. 
Further the implementation of an adjacent HFM-cleaning system, which basically could 
consist of a parallel tube connected to the HFM in one end and, via a pump, a 0,1 NaOH-
container in the other, would prove useful. When the permeate flow decreases noticeably, 
it will indicate that the membrane is clogged, and the HFM could be flushed with NaOH 
until sufficient cleansing is achieved. 
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Finally, the system should be used for investigating the binding capabilities of the cells 
and how they work towards other, in WWTPs effluent streams, common compounds. 
Interesting compounds could be heavy metals, for example cadmium, and other common 
pharmaceutical compounds. Since the system is somewhat automated in terms of flow 
regulation, the only thing one needs to do is to basically collect samples and analyzing 
them. This makes it easy and fast to obtain an extensive library of how the system works 
in treating many different contaminations. 
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Appendix 
Chloroquine standard curves 
The standard curves that was used to calculate the concentration of chloroquine in the 
supernatant of all samples. 

 

 
The 10x standard curve was made because of trial runs of the continuous process, using a 
high concentration of chloroquine in the influent solution. 
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Continuous hollow fiber membrane process 

Dry weight measurements during the proof of concept-run. 

Before	  run	  
#	   Weight	  tube	  

[g]	  
Weight	  tube	  +	  cells	  
[g]	  

Weight	  cells	  
[mg]	  

Volume	  
[ml]	  

Density	  of	  cells	  
[g/L]	  

1	   13,5366	   13,6144	   77,8	   5	   15,56	  
2	   16,593	   16,6747	   81,7	   5	   16,34	  
3	   13,669	   13,7486	   79,6	   5	   15,92	  

After	  run	  
4	   14,7071	   14,7636	   56,5	   5	   11,3	  
5	   15,5884	   15,6453	   56,9	   5	   11,38	  
6	   14,6755	   14,7301	   54,6	   5	   10,92	  
The dry weight of the cell mixture is the mean value of all the measured cell densities, 
hence: 
𝜌!"##$ =

!",!"!!",!"!!",!"!!!,!!!!,!"!!",!"
!

= 13,57  𝑔/𝐿  

Membrane fouling 
The results of the fouling experiments are presented in the following table:  
Date Air 

pump 
[bar] 

T  P 
feed 
[bar] 

P 
permeate 
and 
retentate 
[bar] 

TMP 
[bar] 

Permeate 
flow [l/h] 

Permeate 
flux 
[l/hm2] 

Normalized 
permeate 
flux 
[l/hm2*TMP] 

17/4 0,5 RT 0,3 0 0,15 4,74 430 2870 
 “ 0,7 RT 0,5 0 0,25 8,04 730 2920 
 “ 1,0 RT 0,75 0 0,375 10,02 910 2460 
20/4 0,5 RT 0,3 0 0,15 2,34 212 1410 
 “ 0,7 RT 0,5 0 0,25 3,12 280 1120 
 “ 1,0 RT 0,75 0 0,375 5,4 490 1310 
 C L E A N I N G 
20/4 0,5 RT 0,3 0 0,15 4,8 440 2930 
 “ 0,7 RT 0,5 0 0,25 8,4 760 3040 
 “ 1,0 RT 0,75 0 0,375 13,2 1200 3200 
 C L E A N I N G 
22/4 0,5 RT 0,3 0 0,15 5,5 500 3330 
 “ 0,7 RT 0,5 0 0,25 9,48 860 3440 
 “ 1,0 RT 0,75 0 0,375 14,1 1280 3410 
24/4 0,5 RT 0,3 0 0,15 2,54 230  1530 
 “ 0,7 RT 0,5 0 0,25 5,76 650 2600 
 “ 1,0 RT 0,75 0 0,375 11,4 1040 2773 
 C L E A N I N G 
28/4 0,5 RT 0,3 0 0,15 7,2 650 4330 
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 “ 0,7 RT 0,5 0 0,25 12,3 1120 4480 
 “ 1,0 RT 0,75 0 0,375 18 1640 4370 
To note is that the normalized flux is increasing with time and the last calibration showed 
the highest normalized flux. This is thought to come of insufficient cleaning of the 
membrane from earlier usage. Concerns were that the membrane had suffered some kind 
of damage to these pores and that it was the cause of the increasing permeate flux. But 
when real cells were used impeccable filtration was observed, hence no damage to the 
pores was assumed. 
 


