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Summery 
Nickel is one out of 33 pollutants that the European countries have agreed on to prioritize in the 
water framework directive. Still, around 500 kg nickel is released in the sea just from Henriksdals 
sewage plant in Stockholm. Since existing treatment methods are too expensive, environmentally 
unfriendly, or inefficient at very low concentrations, it is a great need for new methods for nickel 
removal. Biosorption is a promising method that may be able to solve these problems.  

In this study recombinant E. coli O:17 has been investigated. The cells express a phytochelatin 
analogue called EC4-Gly on the cell surface, which is known for its ability to bind metals. The time-, 
temperature-, and pH dependencies were investigated and compared to the wild type of E. coli O:17. 
To examine the impact on nickel uptake of the cell surface, the wild type of E. coli O:17 was 
compared to E. coli ML380. For these strains an adsorption isotherm were made.  

The results show that the recombinant strain has the best nickel removal ability, even though E. coli 
O:17 also shows good results. The capability is in the range of existing techniques, which is above 
90%. It could also be seen that equilibrium is reached already within 15 minutes, and that neither pH, 
nor temperature, has a strong influence on nickel uptake in the investigated range. Experiments also 
showed that the adsorption is best described by the Freundlich isotherm for E. coli O:17 and E. coli 
ML380.  

To determine whether this method is suitable for nickel removal from municipal waste waters 
further studies are required to examine for example immobilization, regeneration, and how 
adsorption is influenced by real water. 

  



 

 

Sammanfattning 
Nickel är ett av 33 ämnen som de Europeiska länderna har kommit överens om att prioritera inom 
ramdirektivet för vatten. Trots detta släpper enbart Henriksdals reningsverk ut runt 500 kg nickel i 
havet varje år. Eftersom befintliga behandlingsmetoder är för dyra, omiljövänliga eller ineffektiva vid 
mycket låga koncentrationer finns ett stort behov av nya metoder för borttagning av nickel. En 
metod som är lovande och eventuellt kan lösa detta problem är biosorption.  

I denna studie studeras rekombinant E. coli O:17. Cellerna uttrycker en syntetisk fytokelator, kallad 
EC4-Gly, på cellytan. Denna är känd för sin goda förmåga att binda metaller. I studien undersöks hur 
tid, temperatur och pH påverkar adsorptionsförmågan hos rekombinant E. coli vilket jämförs med 
vildtypen av E. coli O:17. För att också utreda cellytans effekt på biosorption jämförs också de två 
vildtyperna E. coli O:17 och E. coli ML380 samtidigt som adsorptionsisotermen för de två cellerna 
undersöktes.  

Resultaten visar att den rekombinanta cellen, E. coli EC4-Gly, har den bästa förmågan att adsorbera 
nickel, även om också vildtypen E. coli O:17 visar goda resultat. Cellernas adsorptionsförmåga är i 
samma storleksordning som befintliga metoder inom området, vilket är över 90 %. Resultaten visar 
också att jämvikt uppnås redan inom 15 minuter och att varken pH eller temperatur har ett starkt 
inflytande på nickelupptaget i de undersökta intervallen. Från undersökningen av 
adsorptionsisotermen går också att se att  Freundlich modell är den som bäst beskriver adsorptionen 
av nickel för E. coli O:17 och E. coli ML380. 

För att säkerställa huruvida denna metod kan vara lämplig för borttagning av nickel från kommunalt 
avloppsvatten krävs fortsatta studier för att bland annat undersöka immobilisering, regenerering och 
hur adsorptionen påverkas av riktiga vatten.  
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Introduction 

Background 
Nickel is a natural occurring heavy metal, valuable due to its resistance to corrosion, which exists in 
air, soil and water. However, the industrial development has increased the nickel concentration in 
both rural and urban environments. Since nickel is considered as harmful to health, as for example 
carcinogenic to man, this increase is of greatest concern. Nickel is one of 33 prioritized pollutants in 
the water framework directive, established by the European member countries, to restore and 
protect European waters. (European Parliament, 2000) 

In aquatic environments nickel occurs most often as divalent cation, (Ni2+) together with anions such 
as OH-, SO4

2-, Cl-, CO3
2- and NO3

- (NiPERA). The free ion state is both the most bioavailable, and toxic 
form of nickel. Natural leakage from rocks and soil, deposition of nickel-containing particles from the 
air, and industrial and municipal waste waters, contribute to nickel in water. (EPA, 1986) 

In many countries worldwide, waste water treatment is insufficient or non-existing, which makes 
nickel and other heavy metals accumulate in water and the environment. In Vietnam, only 10 % of 
the sewage sludge water is treated and there is no existing technique for metal removal. In addition, 
many industries release their waste water into the water streams with high levels of remaining heavy 
contaminants. Often the water holds fish farms and is used as irrigation water, which contaminates 
food and soil.  

On the other hand, in large parts of Europe and the North America, the release of nickel into the 
environment is highly restricted and regulated, and high efforts are made to treat industrial and 
municipal waters. Still, just Henriksdal´s sewage plant in Stockholm releases around 500 kg nickel 
each year (Petersson & Wahlberg, 2010). 

Commonly used methods for heavy metal removal are for example chemical precipitation, ion-
exchange, adsorption and membrane filtration (Fu & Wang, 2011). The methods of today have many 
disadvantages as for example high costs, that makes it impossible for low- and middle income 
countries to afford them. The methods also suffer from incomplete removal, high energy demand 
and large quantities of contaminated sludge. The many disadvantages of existing treatment methods 
create a need for new methods that are cheaper and more environmentally friendly. A relatively new 
but promising technique, that may be able to solve these problems, is biosorption, where organic 
material like plants, bacteria and algae are used as adsorbents. Biosorption has good economical 
aspects, low energy demand and the need for chemicals is low. Moreover it has a potential to reach 
high efficiency, as well as being selective towards different metal ions. Biosorption also gives the 
possibility to release the metal from the adsorbent since the uptake is reversible, and thus gives the 
opportunity to regenerate both the adsorbent and the metals.  

Aim and strategy 
By letting cells, which are immobilized in a biofilm, surface express peptides that are well known for 
their ability to adsorb nickel, it is thought that it is possible to achieve such a high adsorption capacity 
that the method can be an important alternative to existing methods.   

The aim is to find out if selected method is as efficient as existing methods for nickel removal. For 
this reason peptides are expressed on the cell surface, and the nickel uptake is optimized in regard to 



 

 

time, temperature and pH. An adsorption isotherm is performed to investigate the maximum uptake. 
Performance of the system will be compared to reference cells and existing techniques for nickel 
removal. In this study only the binding capacity is examined at cells that exist free in solution.  

The report starts with a review of the existing methods for nickel removal and continues with deeper 
description of biosorption and performed experiments. The report ends with a discussion, where 
results, suitability and suggestions for implementation are discussed. Since parts of the study where 
performed in Vietnam, the present conditions for waste water treatment in the country can be seen 
in Appendix 1.  

Methods for nickel removal 

Ion exchange 
In ion exchange used for heavy metal removal cations in the resin can be exchanged by positively 
charged heavy metals. The material used for ion exchange can be either synthetic or natural solid as 
for example zeolites and silicate minerals. Solids abundant in nature are commonly used to treat 
aqueous solutions because of the low cost. The method is ionic charge- and pH dependent. Other 
parameters that affect the uptake of heavy metals are temperature, metal concentration and contact 
time. (Fu & Wang, 2011) 

Features and field of application 
The usage of ion exchange to remove heavy metals from wastewater is common, and the technique 
has the advantage of being very effective since it has high removal efficiency and high treatment 
capacity, due to among other, fast kinetics (Fu & Wang, 2011). Other areas where ion exchange is 
applied are for example water softening, hydrometallurgy, biomolecular separations and 
chromatography. The possibility of regeneration also makes the method environmentally compatible 
(Alexandratos, 2009).  

The technique shows good selectivity for heavy metals  (Fu & Wang, 2011). A study performed on 
clinoptilolite, a natural zeolite, shows a removal efficiency above 93 % when an initial concentration 
of 25 mg nickel/L was used (Argun, 2008). 

The use of cheaper, natural materials is still only in laboratory scale (Fu & Wang, 2011), which still 
makes the method very expensive, and thus not suitable for municipal waste waters, where large 
quantities need to be treated. It is also sensitive to particles that can cause stowing of the resin. 
(Volesky, 2001) 

Reverse osmosis 
Reverse osmosis is a membrane filtration technique that consists of a semi-permeable membrane 
that rejects the contaminants while letting the fluid that is to be purified, to pass. Naturally, the fluid 
diffuse from low solute concentration into higher to reach equilibrium. In reverse osmosis the fluid is 
forced to pass the membrane in the opposite direction by an applied pressure that is higher than the 
osmotic pressure.  



 

 

Features and field of application 
The technique is very commonly used to produce fresh water from brackish water and salt water 
since it is possible to separate ions. This feature also makes the technique suitable for heavy metal 
removal. Nickel removal efficiency above 99% has been shown when influent concentrations 
between 152-500 mg/L have been used (Mohsen Nia et al, 2007) (Ipek, 2005). The method is used to 
treat waste waters from for example electroplating industries, which makes it possible to reuse the 
metal and simultaneously clean the water. The suitability of reverse osmosis in treatment of 
municipal waste waters is however limited, since it requires extensive pre-treatment and periodic 
cleaning to maintain the flux. Another drawback is high energy demand because of the necessity of 
high pressure. This, together with restoration of membrane, makes the technique too expensive to 
be used in municipal waste water treatment plants.  

Nanofiltration 
Nanofiltration is a pressure driven, cross-flow membrane filtration technique, that separates both 
charged and uncharged solutes. Uncharged solutes are separated through size exclusion, while 
charged solutes can be retained by both size exclusion and electrostatic interactions. The 
electrostatic interactions occur since most nanofiltration membranes are charged. Counter ions 
create electroneutrality on the membrane surface, which rejects both negatively and positively 
charged ions (Schaep et al, 1998). Nanofiltration can also selectively reject single-valent and di-valent 
ions.  

Features and field of application 
Nanofiltration is often used for water softening and removal of micropollutants in drinking water 
(Schaep et al, 1998). It is also a promising technique to remove heavy metals from waste waters, 
among other nickel. Pilot scale experiments have shown an efficiency of 92 % when a nickel 
concentration of 200 mg/L was used. When the nickel concentration was decreased to 5 mg/L, the 
removal efficiency increased to 98 % (Murthy & Chaudhari, 2008). The method is easy to operate and 
reliable, and compared to reverse osmosis, the energy consumption is less because of reduced 
pressure. It also allows a higher permeate flux than reverse osmosis, which makes it seem more 
suitable for large-scale industrial usage, even though reverse osmosis has a higher rejection capacity 
(Feini et al, 2008). Despite all good qualities the method is not in use in waste water treatment 
because of the high cost (Björnlenius, 2012). 

Biosorption 
Biosorption is a rather new technique where dissolved contaminants are passively adsorbed by a 
solid organic material. The biosorption material is typically; non-living biomass like for example bark, 
crab shell and potato peels, algal biomass, or microbial biomass such as bacteria, yeast and fungi. The 
dissolved contaminants are adsorbed by the sorbent material until equilibrium is established, which 
is decided by the affinity for the solid material (Volesky, 2007). The amount of contaminants, 
measured in for example weight, retained by unit of sorbent, determines the quality of the 
biosorption material. This is often expressed in gram of metal per gram of biosorbant (dry weight).  

Mechanism of metal removal 
Interaction between heavy metal contaminants and biosorbant can occur in several different ways. It 
can be weak interactions based on van der Waals forces, like physical adsorption, or strong chemical 
interactions like ionic or covalent binding. Other ways for biosorbants to retain metal contaminants is 



 

 

complexation and microprecipitation. Often a combination of different mechanisms occurs, and it is 
very difficult to distinguish between them (Lacher & Smith, 2002). All different mechanisms are also 
very pH dependent since the pKa value differ between different functional groups, and decides if they 
are charged or neutral at a certain pH. The metal solubility also changes depending on pH, which 
influence the retention. (Volesky, 2007) (Lodeiro et al, 2006). 

In biosorption, complexation is known to play a great role. A complex is formed by one, or several 
metal ions, which acts as a center point, with ligands arranged around it. Ligands that contain several 
functional groups that can bind to a metal are called chelators. The functional groups often include 
oxygen, nitrogen or sulphur, which act as electron donors. Phytochelatins (PCs) is a family of cysteine 
rich peptides, and typical chelators important for detoxification in plants, as well as in some fungi and 
microorganisms (Vatamaniuka et al, 2002) (Cheng et al, 2005). 

Functional groups on the surface of the biosorption material are of greatest importance in 
adsorption of metal contaminants. These are for example carbonyl, carboxylate, hydroxyl, amine and 
amide groups (Volesky, 2007). To increase the capacity to bind metals, the number of functional 
groups on the biosorption surface can be increased by manipulation of microorganisms.  

Features and field of application 
Several studies show very positive results in removal of metal contaminants (Fu & Wang, 2011) (Kao 
et al, 2008) (Kao et al, 2009). For example immobilized Bacillus sp. showed efficiency above 97 % 
from waters that contained 116 mg nickel per L was (Tahir et al, 2009). Low cost for adsorption 
material and the possibility to selectively bind different metal ions are great opportunities. The 
technique is also suitable for treatment of waters with low concentrations of metal contaminants, 
like for example municipal waste waters. This is especially welcome since appropriate methods for 
treatment of diluted waters containing nickel are limited. (Naja et al) Biosorption is reversible which 
opens up for metal recovery and multiple reuse of the biosorbent, and is essential for the final cost 
calculation (Volesky, 2001). 

Unfavorable, this technique is yet not used in large scale and more research needs to done before 
usage. The technique may suffer from difficulties in separating the metals from the sorbent after 
adsorption (Fu & Wang, 2011). It may also be sensitive towards toxic compounds and place of 
implementation needs to be carefully considered. Since the method is pH dependent, adjustment of 
pH may be necessary, which creates a need for chemicals.  

Theory and experimental techniques  

Bacterial strains 
In this study recombinant E. coli K12 strain O:17 ΔOmpT is used as adsorbant, which is a fast growing, 
and well known organism. To be able to adsorb nickel in an efficient way, a synthetic phytochelatin 
analogue, EC4-Gly, is expressed on the cell surface. The cell is OmpT negative, which means that it 
lacks the possibility to express OmpT endoprotease. This has shown being important to avoid 
degradation of the expressed peptide (Gustavsson et al, 2011). 

In addition, the wild types of E. coli K12 strain O:17, and E. coli ML380, were used as reference 
systems.  



 

 

Expression system and gene construct 
Non-pathogenic E. coli K.12 originally lacks the possibility to export proteins to the cells surface 
because of a non-existing export system. Because of this, proteins expressed on the surface of 
recombinant E. coli have the advantage of being relatively pure (Gustavsson, 2011). To be able to 
express proteins on the cell surface, an expression system needs to be inserted in the bacterial strain. 
A surface expression system suitable for gram negative bacteria is AIDA (Adhesion Involved in Diffuse 
Adherence), which is an autotransporter derived from pathogenic E. coli. The original function for the 
host is to enable attachment to epithelial cells in the intestines. (Maurer et al 1997, 1999) 

At the N–terminal of the autotransporter domain there is a signal peptide which is responsible for 
transportation of the protein over the cell membrane, which after transportation is cleaved off. The 
signal peptide is attached to a passenger protein, which originally often is related to virulence of the 
host. The C-terminal consists of a linker region important for folding and translocation, and a β-barrel 
for anchoring in the outer membrane (Henderson et al, 1998).  

The gene construct, coding the autotransporter, is inserted in a plasmid for transformation of E. coli 
K12 and is controlled by a Lac UV5 promoter. The sequence coding the passenger protein is 
exchanged to a sequence coding a His6-tag, and a four times repetitive sequence of glutamate and 
cysteine, ending with glycine (EC4-Gly). Both His6 and EC4-Gly are well known for their ability to 
adsorb divalent metal ions, such as Ni2+ (Cheng et al, 2005) (Schmitt et al,1993). A simplified picture 
of the gene construct can be seen in figure 1.  

 

Figure  1 Schematic picture of autotransport vector inserted in E. coli K12 O:17. SP = Signal peptide 

 

Adsorption  
Adsorption of metal ions is highly dependent on pH, where several experiments with nickel show an 
optimum between pH 5 and 8 (Quintelas et al, 2009) (Öztürk, 2007) (Tahir, et al, 2009). When a low 
pH is used, the competition with hydrogen ions decreases the metal ion biosorption capacity. During 
too high pH, nickel forms insoluble complexes which also lower the level of adsorbed metal ions. The 
temperature also shows some impact on the adsorption capacity, (Öztürk, 2007) however, it is not as 
influential as pH. The maximum adsorption capacity is reached when equilibrium prevails, which 
makes the incubation time important. However, most studies show that biosorption, which is a 
passive uptake of metal ions, is rapid (Vijayaraghavan & Yun, 2008). 

Adsorption isotherm 
Two very common models for evaluation of adsorption results are the Langmuir model and the 
Freundlich model. The variables are metal concentration and the amount of biosorbents, where one 
or both can be varied (Volesky B. , 2007).  

For the Langmuir isotherm the following equation is normally used: 



 

 

 
𝑞 = 𝑏𝐶 𝑞 /(1+ 𝑏𝐶 )  Eq. 1 

Metal accumulation, qe is calculated from experimental data. Langmuir specific constants are b 
(L/mg) and qmax (mg/L), which are an equilibrium constant and maximum adsorption capacity, 
respectively. Ce is the Ni2+ concentration at equilibrium (Tahir et al, 2009). 

The Langmuir model assumes that adsorption is limited to a monolayer, where all sorption sites are 
equivalent, and no interaction between adsorbed molecules, or adjacent sites, does exist (Naja et al).  

The Freundlich isotherm assumes that the affinity for binding sites differs and the ones with the 
highest affinity, and strongest binding strength, are occupied first (Naja et al). For this model the 
following equation, which derives from empirical studies, is used: 

𝑞 = 𝐾 𝐶 /    Eq. 2 

Kf and n are constants and represent adsorption capacity and intensity of the biosorbent, 
respectively (Tamilselvan et al, 2012) (Wang & Chen, 2009). 

Materials and methods 

Bacterial strains and plasmid 
E. coli K12 strain O:17 ΔOmpT, harboring plasmid pAIDA1, was used in this study, hereafter called E. 
coli EC4-Gly. The plasmid contains a N-terminal AIDA signal peptide, a passenger peptide with a His6-
tag and a metal binding sequence EC4-Gly, a C-terminal  linker region, and AIDA β-barrel for 
anchoring in the outer membrane. The expression of the peptide is controlled by the inducible Lac 
UV5 promoter. Also E. coli K.12 strain O:17 without plasmid, and E. coli ML380 was used in the study. 
They will later be referred to E. coli O:17 and E. coli ML380, respectively.  

Cultivations  
All cultivations were performed using autoclaved minimal salt medium (1L: 7 g (NH4)2SO4, 1.6 g 
KH2PO4, 6.6 g Na2HPO4*2H2O, 0.5g (NH4)2-H-citrate), supplemented with 1 mL/ L of 1M trace element 
solution (1L: 0.5 g CaCl2*2H2O, 16.7 g FeCl3*6H2O, 0.18 g ZnSO4*7H2O, 0.16 g CuSO4*5H2O, 0.15 g 
MnSO4*4H2O, 0,18 g CoCl2*6H2O, 20.1 g Na-EDTA) and 1 mL/L of 1M MgSO4. The cultivations were 
started as overnight cultures in 250 ml baffled shake flasks that were inoculated from agar plates. 
Inoculation of day cultures from overnight cultures occurred when the growth was logarithmic, and 
to an OD600 around 0.1.  

E. coli EC4-Gly, cultivated to be used in adsorption experiments, were grown at lactose as both 
carbon source and inducer to avoid usage of IPTG, which is both expensive and toxic for humans. 
Lactose was prepared with a concentration of 200 g/L and added to a final concentration of 10 g/L. 
10 mg/L of chloramphenicol was also added.  

For E. coli O:17 and E. coli ML380, glucose was used for the former, and glycerol for the latter. Both 
carbon sources had a concentration of 500 g/L and were added to reach a concentration of 10 g/L. 
When the cells were used in the adsorption isotherm experiment, they were harvested when 
stationary phase was reached.  



 

 

Trace elements, MgSO4 and glucose were sterilized by using sterile filter with a pore size of 0.2 µm if 
nothing else is stated. Baffled shake flasks, with sizes between 250 ml and 5000 mL, and a working 
volume of 10%, were used. To ensure a temperature of 37oC and shaking of 180 rpm of the shake 
flasks, an incubator was used.   

For FACS analysis, E. coli EC4-Gly were cultivated in 1500 mL shake flasks until stationary phase was 
reached. Here E. coli EC4-Gly were cultivated with both lactose, in the same way as mentioned 
earlier, and glucose, as carbon sources. The cultivation performed with glucose was induced with 
IPTG, to a final concentration of 0.2 mM, at OD600 = 0.7. Samples were regularly collected from both 
cultivations, from both logarithmic- and stationary phase. Collected samples were diluted to OD600 = 
2 and then mixed with 500 µL glycerol (50%) to a final volume of 1 mL. Samples were stored in -80 oC 
until analysis. 

Continuous cultivation 
Continuous cultivations of E. coli EC4-Gly and E. coli O:17 were performed in a chemostat (The Ant, 
Belach) to be able to harvest fresh cells for several days. Trace elements, MgSO4, and carbon source 
were autoclaved separately in 120oC for 15 min, and added to the autoclaved medium tank harboring 
minimal medium. In addition, anti foam and chloramphenicol were added. The cultivation was 
started with a batch and inoculated to OD600 = 0.1 from a shake flask cell culture in log phase. For E. 
coli EC4-Gly the feed rate, F, was calculated to 0.6 L/h from equation 3 and 4. The dilution rate was 
set to 0.4 h-1, which is approximately half the maximum growth rate. The working volume was set to 
1.5 L.  

 𝜇 = 𝐷    Eq. 3 

𝐷 =    Eq. 4 

The inlet lactose concentration, Si, was 10 g/L and was fed together with the minimal medium, trace 
elements, MgSO4 and chloramphenicol. The same proportions were used as in shake flask 
cultivations. 

The same set up was used for cultivation of E. coli O:17, except that glucose were used as carbon 
source, and no chloramphenicol was used. The feed rate was calculated to 0.72 L/h, since the 
working volume was set to 1.8 L.  

Cell concentration 
To examine the relation between OD600 and the actual cell concentration, 5 ml of fresh cells from the 
chemostat was collected in pre weighed tubes, and centrifuged for 10 minutes at 5000xg and 4 oC. 
The samples were dried at 105oC over night and weighed. OD600 was measured and compared to dry 
weight results.  

Protein expression 
Fluorescence-activated cell sorting, FACS, were performed to compare the surface expression level of 
the peptide EC4-Gly on E. coli EC4-Gly, cultivated in two different conditions: a) glucose as carbon 
source and IPTG as inducer and b) lactose as both carbon source and inducer. Samples for analysis 
were taken from the two different cultivations, at both exponential and early stationary phase. E. coli 
O:17 were used as negative reference and taken from storage in -80 oC. For labeling, mouse 



 

 

monoclonal antibodies (MsMAb to c-Myc Surelight Allophycyanin, AbCam) that bind to the Myc-tag 
on the EC4-peptide, were used. The protocol that was followed can be seen in appendix 2. Gallios 
Flow Cytometer from Beckman Coulter was used, and the intensity of the fluorescence was 
measured at 660 nm after being excited at 638 nm.  

Biosorption  
Batch experiments with nickel solution, PBS buffer (1L: 8.0 g NaCl, 0.20 g KCl, 1.4 g Na2HPO4, 0.24 g 
KH2PO4) and cell suspension that consisted of either E. coli EC4-Gly, E. coli O:17 or E. coli ML380, 
were performed in centrifuge tubes.  

Fresh cells were harvested by centrifugation for 20 min at 4000xg and 4oC. The cells used for 
investigation of time-, temperature- and pH dependencies were washed in PBS buffer with pH 6.5. 
Cells used for investigation of the adsorption isotherm were washed in PBS buffer with a pH of 7.5. 
After washing, the cells were resuspended in PBS buffer with desired pH, ranging from 5 to 8. OD600 
of the cell suspensions was carefully measured to enable a correct volume of cell suspension to be 
pipetted to the sample tube. The same PBS buffer as the cells were resuspended into was also 
pipetted to the sample tube, to reach a volume of 9900 µL, if nothing else is stated.  

A stock solution of NiCl2 with a concentration of 1000 mg/L was prepared in PBS buffer (pH6.5). To 
the volume of 9900 µL, 100 µL from the Ni(II) stock solution was added to each sample tube. 

The samples were placed in an incubator to secure desired temperature and a continuous stirring at 
180 rpm. After incubation, all samples were centrifuged at 5000xg for 15 min at 4oC to separate the 
biomass from the suspension.  

Reference samples with only PBS buffer and 1% of the Ni(II) stock solution were analyzed for each 
PBS buffer, with pH ranging from 5 to 8.  

Experimental conditions 

Time dependence 
The experiments were performed at 22oC, with a pH of 6.5. The cell density was measured after 
washing and centrifugation, before pipetted to the sample tube, to be able to acquire OD600 = 100 for 
both E. coli EC4-Gly and E. coli O:17. The total sample volume was 60 ml. From the sample, 8 ml was 
taken after 15, 30, 60, 120, 250 and 480 minutes, and centrifuged for separation. 

Temperature dependence 
The temperature dependence was investigated by incubation of samples at 10, 16, 22, 28, 34 and 
40oC. pH, incubation time, and cell density were kept constant at 6.5, 2h and OD600 = 100, 
respectively, for both strains of E. coli O:17.  

pH dependence 
Seven points, with pH ranging equally distributed between 5 to 8, were performed to test the pH 
dependence. Incubation time and temperature were kept constant at 2h and 22oC, respectively. The 
cell density was set to OD600 = 100. Adsorption of E. coli EC4-Gly and E. coli O:17 were compared.  

Adsorption isotherms  
To acquire the Langmuir- and Freundlich isotherm constants, the cell concentration was varied while 
the Ni(II)-concentration was held constant. OD600 was measured after washing and centrifugation and 



 

 

a volume of cell suspension was pipetted to the sample tube to reach a final OD600 of 1, 5, 10, 20, 40, 
65 and 100. pH, temperature, and incubation time were kept constant and chosen in regard to earlier 
experiments. The selected values were: pH7.5, temperature = 22oC, and an incubation time of one 
hour. In this experiment the nickel uptake of E. coli O:17 and E. coli ML380 were compared.  

The relative amount of Ni(II) that was adsorbed was related to the cell concentration. In this case the 
Langmuir equation could be simplified (Copeland, 2000): 

=    Eq. 5 

L is the cell concentration (g/L), y is the amount of adsorbed Ni(II) (mg/L) and ymax is the amount of 
Ni(II) that was added(mg/L).  

To deliver the Freundlich constant n, following equation was used: 

= 𝐾𝑥 /    Eq.6

   

K is a constant.  

Data were fitted to both equations by nonlinear least-squares best fit. 

Analysis of nickel content 
The Ni(II) concentration in the solutions was analyzed by inductively coupled plasma optical emission 
spectrometry (ICP-OES) using ICAP 6500. Each sample was measured as triplicate at three different 
wave lengths. Prior to adsorption, all tubes, tips and other equipment used in the experiment were 
treated with 0.5 M H2SO4 for at least 4 h.  

Results  

Surface expression of EC4-Gly 
FACS analysis was performed on shake flask cultivations of E. coli EC4-Gly, grown with either glucose 
and IPTG, or lactose, at both stationary- and early exponential phase.  E. coli O:17 was used as 
reference system. The analysis confirms that the peptide EC4-Gly is successfully expressed on the 
surface of E. coli EC4-Gly, see figure 2 and 3. It can also be seen that lactose can be used as both 
carbon source and inducer, when compared to E. coli EC4-Gly grown on glucose where IPTG is used 
as inducer. The FACS analysis shows that the expression of EC4-Gly is good both when cells are 
collected in exponential phase, figure 2, and in early stationary phase, figure 3. It is a relatively small 
amount of cells that lack EC4-Gly which shows that the expression is stable.  



 

 

 

Figure  2  FACS analysis of E. coli that express EC4-Gly. Samples collected of E. coli EC4-Gly grown in exponential phase. 
Cells grown on lactose as carbon source and inducer are shown in blue. Cells grown on glucose as carbon source and IPTG 
as inducer are shown in green.  E. coli O:17 is the reference system shown in red. The black ring shows the fraction of 
cells that lack peptides on the surface.  

 
Figure  3 FACS analysis of E. coli that express EC4-Gly. Samples collected of E. coli EC4-Gly grown in early stationary phase 
and compared to the wild type E. coli O:17. The wild type is shown in red, while E. coli EC4-Gly grown on lactose is 
showed in blue, and E. coli EC4-Gly grown on glucose is showed in green. Cells that lack peptides on the surface are 
circled in black.  

 



 

 

Cell concentration 
Dry weight samples were taken from the chemostat to be able to relate OD600 to a cell concentration. 
The results show that an equal concentration (g/L) of E. coli EC4-Gly and E. coli O:17 corresponds to a 
slightly different OD600-value, where E. coli EC4-Gly and E. coli O:17 have a conversion factor of 0.36 
and 0.44, respectively. However, E. coli ML380 has a conversion factor equal to E. coli EC4-Gly.  

Biosorption 
Batch biosorption experiments, where nickel was added to reach a concentration of 10 mg/L and 
OD600=100, were performed to investigate the effect of time, temperature and pH on the adsorption 
capacity of E. coli EC4-Gly. In addition, the experiments were used to compare E. coli EC4-Gly to E. 
coli O:17. The comparison between the cells shows that E. coli EC4-Gly adsorbs almost 20% more 
than E. coli O:17, see figure 4, 5 and 6. This shows that the peptide EC4-Gly influences Ni(II) 
biosorption.  

From analysis of Ni(II) content in reference samples, with only PBS buffer and 1% of the Ni(II) stock 
solution, it can be seen that the measured concentration is lower than the expected 10 mg Ni(II) per 
liter. Analysis for each PBS buffer with pH ranging from 5 to 8 also show that the initial Ni(II) 
concentration decrease with pH, see table 1. One explanation could be that nickel forms insoluble 
complexes when pH is increased, which lowers the concentration of free nickel ions.   

Table 1 Initial Ni(II)-concentration without treatment with cells, for each PBS buffer with pH between 5 to 8. 1% of Ni(II) 
stock solution was added.  

pH Ni(II)-
concentration 

5  8.78 
   5.5  8.52 

6  8.44 
   6.5  8.36 

7  8.30 
   7.5  8.23 

8  8.13 
 

Effect of time  
The incubation time was varied between 15 to 480 minutes to examine the time dependency. As can 
be seen in figure 4, the time it takes to reach equilibrium is very fast. For both strains of E. coli K12 
equilibrium is reached within 15 minutes. This confirms the fast procedure of biosorption and is 
important for implementation.  

 

 

 

 



 

 

Effect of temperature  
The temperature was varied between 10 and 40 oC to examine temperature dependence. The effect 
of temperature seems to be minor for both cell types, see figure 5. Maybe a tendency can be seen 
that the uptake decreases with higher temperatures.  
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Figure  5  Ni(II) uptake plotted against temperature. 

 

Figure  4 Ni(II) uptake plotted against time. The curve shows how 
adsorption is related to time. 

 



 

 

 

Effect of pH  
Batch adsorption experiments were performed where pH was varied between 5 and 8 to examine 
how adsorption is affected by pH changes. The results show that no major effect on adsorption 
capacity can be seen in the investigated pH range, except for E. coli EC4-Gly that shows a decrease in 
uptake at pH 7 and pH 7.5, figure 6. However, that could be out liners since the samples are made as 
singlettes, and may have been avoided by performance of repeats. Usually, pH has a great influence 
on adsorption. However, absence of strong pH dependence is not a big surprise if the amino acids in 
the peptide are taken into consideration. It is only the His6-tag, with a pKa-value of 6.6 that alter its 
charge in the chosen pH interval. Glutamate has a pKa-value of 4.4 and Cysteine has a pKa-value of 
8.6, which means that their state should be unchanged. The absence of a strong pH dependence 
decreases the need for chemicals to adjust pH of the water.  

 

 

Adsorption isotherm 
To provide information about the binding mode, and the adsorption capacity, adsorption isotherms 
were performed. A nonlinear curve fitting, originated from the Langmuir equation, see equation 3, 
were fitted to experimental data. From this, the constant b could be quantified and compared 
between E. coli O:17 and ML380. The constant b is 1.74 L/mg and 1.23 L/mg, respectively. Figure 7 
shows data and model fitting for E. coli O:17. Corresponding figure for E. coli 380 can be seen in 
figure 8.  
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Figure  6 The plot shows how Ni(II) uptake is influenced by pH. 
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Figure  7 Experimental data and model fitted to the Langmuir isotherm by 
least-squares best fit. Data comes from experiment with E. coli O:17 where 
the Ni(II)-concentration is held constant, while biomass is varied. 

Figure  8 Experimental data and model fitted to the Langmuir isotherm by 
least-squares best fit. Data comes from experiment with E. coli ML380 
where the Ni(II)-concentration is held constant, while biomass is varied 
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A nonlinear curve fitting was also performed to the Freundlich isotherm. This gave n-values of 9.6 
and 8.2 for E. coli O:17 and ML380, respectively. A favorable adsorption is characterized of n-values 
between 1 and 10 (Tamilselvan et al, 2012). Experimental data and fitted curves can be seen in figure 
9 and 10 for the two different cells.  

 

To existing data, the Freundlich isotherm seems to be a better description of the binding mode than 
the Langmuir isotherm. The curve fitting to the Langmuir model may have been improved if more 
data points in the lower region were investigated. In addition, more dry weight points at different 
ODs would be preferred to ensure the conversion factors. Keeping the Ni(II) concentration constant 
while cell concentration is varied, as performed in this study, is one possible way of performance 
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Figure  9 Experimental data and model fitted to the Freundlich isotherm by 
least-squares best fit. Data comes from experiment with E. coli O:17 where 
the Ni(II)-concentration is held constant, while biomass is varied. 

 

Figure  10 Experimental data and model fitted to the Freundlich isotherm 
by least-squares best fit. Data comes from experiment with E. coli ML380 
where the Ni(II)-concentration is held constant, while biomass is varied. 

 



 

 

(Volesky B. , 2007). However, most studies do the other way around, and would have enabled 
comparison to other experiments by being able to compare the maximum adsorption capacity, qmax. 
Yet, it can be seen that the lower the cell concentration is in regard to the constant Ni(II) 
concentration, the higher adsorption capacity is reached. To obtain qmax the best method is probably 
to raise the Ni(II) concentration 

Since the first comparisons between both types of E. coli K12 were based on OD values, and these 
calculation did not show a difference in Ni(II) uptake, the above experiment compares the two wild 
types; E. coli O:17 and E. coli ML380, respectively. Because of this, the adsorption isotherm 
experiment was also used to investigate whether two different cell strains, with different cell surface 
structure, have differences in nickel adsorption ability. On the other hand, calculations based on dry 
weights shows that there is a difference between E. coli EC4-Gly and E. coli O:17, see figure 4, 5 and 
6, and thus these two cell types should be compared too.  

When E. coli O:17 and E. coli ML380 are compared it can be seen that the former has a slightly higher 
uptake than the latter, see figure 11. The high uptake of above 90% for both of the strains shows that 
the adsorption capacity of the cell surface is very potent itself.  

Discussion 
From experiments performed at different pH, time and temperature it can be seen that E. coli EC4-
Gly adsorb almost 20 % more than E. coli O:17 when the adsorption capacity (q) is compared. In the 
isotherm experiments, E. coli O:17 adsorb 93% of the nickel content, and since the recombinant cell 
has shown to have a higher capacity, E. coli EC4-Gly should be able to adsorb at least equal amount 
of nickel  when the same amount of biomass is added. 93% of nickel removed is in the same range as 
exiting methods mentioned previously.  

To be able to calculate the fraction of peptides that are occupied it is assumed that each cell has a 
dry weight of 3.0*10-13g (Sundararaj & Guo, 2008), and express 105 copies of the peptide (Jose et al, 
2009), and that each peptide can bind up to 5 Ni(II) molecules. This gives that only 25% of the binding 

0,5 

0,7 

0,9 

0 10 20 30 40 50 

y/
y m

ax
 

Biomass (g/L) 

E. coli 0:17 

E. coli ML380 

Figure  11 Relative amount of adsorbed nickel plotted against biomass for 
E. coli O:17 and ML380, respectively.  



 

 

sites are occupied. This may be explained by a short distance between the cell surface and the 
adsorption site. The reliable surface expression, confirmed by the FACS results, should enable 
modification of the gene construct, and by adding a linker to the peptide the Ni(II) uptake may 
increase. Another solution may be to repeat EC4-Gly several times, or insert a gene encoding another 
metal binding peptide, since EC4-Gly has a better affinity for cadmium and copper (Cheng et al, 
2005). Also high specificity is desirable due to the very low concentrations of nickel in municipal 
waste wasters and the use of recombinant bacteria allows a possibility to further modify the cell and 
increase the specificity if additional experiments show that it is necessary.  

Even though the results show that E. coli EC4-Gly has the highest adsorption capacity and the 
possibility to an increased selectivity, using a recombinant cell has its drawbacks. Today, 
chloramphenicol is used so that the cells maintain their plasmids. If the cell is going to be 
implemented in waste water treatment plants, another system must be used to avoid the risk of 
antibiotic resistance to be spread in the environment. Another challenge that was discovered with 
the recombinant cell was the unpredictable growth performance, since it sometimes, without any 
obvious reason, did not grow.  

Due to these challenges relevant for E. coli EC4-Gly, the wild type is also still interesting because of 
the high removal capacity and the easier growth conditions that are required.   

Future investigations 
Additional experiments needs to be performed to fully understand and evaluate the system’s 
suitability as a method to treat municipal waste waters. The influence of ionic strength is one 
investigation that should be performed since it is known to affect adsorption. Since minimal growth 
medium contributes with rather high ion strength, this may inhibit the nickel uptake of the peptides 
due to cations that are bound to the binding sites. To decrease the influence of cations, other than 
Ni(II), EDTA could be used in a pretreatment step.  

For implementation in waste water treatment plants, the price is of greatest importance and an 
optimized regeneration is therefore necessary. For regeneration many aspects needs to be taken into 
consideration, for example impact of added desorption chemical on the environment and the cells. It 
is desirable that the elution volume is little, but at the same time large enough to dissolve the 
released metal ions (Vijayaraghavan & Yun, 2008).  

Other questions are how, and where, should the method be implemented? Immobilized cells would 
be to prefer to be able to retain the cells, and simultaneously have a high cell density. However, very 
high cell densities have shown a decrease in metal uptake due to electrostatic interactions (Tahir et 
al, 2009). For immobilization a suitable carrier material is necessary. Examples of materials that have 
been used as carriers are sand and granulated active carbon (Dianati-Tilaki & Mahmood, 2004). Even 
though the cells are immobilized on a carrier material, release of cells is possible and should be taken 
into consideration. 

Regarding implementation, two possible points could be either in the beginning of the waste water 
treatment plant or in the end at the outgoing water. Phosphorus is a finite material and it is of 
greatest interest to reuse it. To achieve this, many plants utilize the sludge to create biogas and the 
remaining sludge is used on the fields as a fertilizer. However, this is only possible if the sludge fulfills 



 

 

the requirements set up by Revaq (Svenskt Vatten), which limits the amount of heavy metals that are 
allowed. Implementation of a biofilm that removes nickel on ingoing water would help to fulfill these 
requirements. However, ingoing water has higher amount of toxic substances and research on the 
effect on the biofilm must be performed to be able to tell if the method is possible to implement 
early in the process. To avoid the highest levels of toxic substances, one idea is to implement nickel 
removal with biofilm at the very end, on outgoing water. Neither is the biofilm tested on this water, 
and further tests need to be performed. A main drawback of this solution is that a little part of the 
nickel will be collected in sludge that has fields as its final destination.  

Since the method is aimed to treat municipal waste waters it is desired to investigate the method at 
Ni(II) concentrations in close proximity to those waters. In this case, this was not possible due to a 
detection limit of 0.1 mg nickel/L of the ICP-OES, and instead a concentration around 10 mg/L was 
used. It is important to examine how well the method performs at very low concentrations, either by 
continued usage of synthetic waters, or investigate how the method reacts on real waters. To detect 
the low levels, ICP-MS can be used.  

Conclusion 
Both E. coli EC4-Gly and E. coli O:17 achieves a high removal efficiency, comparably to existing 
methods, which makes these systems interesting for usage in municipal waste water treatment 
plants. However, before it is possible to tell if the systems could be important alternatives, further 
experiments needs to be performed.   
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Appendix 1 

Waste water treatment in Hanoi, Vietnam 
Hanoi is a very fast growing city, with a population increase of about 30 % between the years 1995 
and 2003 (Ngo, 2009). Today the number of inhabitants is more than 6.5 million (Hanoi Population 
Structure Changes in the Process of Modernization and Industrialization). A growing population 
consumes more resources, and the waste and drainage system need to be expanded to meet the 
demand. An increasing population also means a growing industrial sector, with the consequence of 
heavy pollution. Unfortunately, the infrastructure for waste water treatment cannot yet fulfill the 
needs.  

Until recently, the city lacked domestic waste water treatment plants, but still only 10% of the 
municipal waste water is treated. In addition, only 10 % of the industrial parks have centralized 
treatment systems. (Thuc Anh, 2011) A questionnaire given to craft villages around the Red - Thai 
Binh river delta in northern Vietnam shows that not even 1% of the craft villages have treatment 
facilities (Nguyen, 2007). Instead the polluted waters are discharged into nearby lakes and rivers, 
which become heavily polluted by organic and inorganic substances, even though a law, that strictly 
prohibits release of contaminated waters, was ratified in 1999. Since the water holds fish farms, and 
is used for irrigation of crops, this severe pollution is ominous.  

Most rivers in Vietnam suffer from high levels of organic substances and suspended solids. Research 
of water quality within Hanoi shows that COD, BOD5 and coliform are alarmingly high, with values 
that exceeds the Vietnamese standard several times (Nguyen, 2007; MOSTE, 1995). Heavy metals 
and chemicals released from industries and mining activities are also a problem. Unfortunately, the 
local monitoring programs do not measure these substances, which make the values very uncertain. 
Sediment analysis of To Lich and Kim Nguu rivers in Hanoi show high concentrations of As, Cd, Cu, Ni 
and Zn, which is a sign of heavy metals being discharged into the water streams (Marcussen, 
Dalsgaard, & Holm, 2008). Even though the heavy metal pollution is not as wide spread as the 
pollutions mentioned above, it is of greatest concern due to the high pollution effect.  

Major reasons why the pollution continuous are weak enforcement because of insufficient 
monitoring and inadequately trained staff, and low penalties for infringement of environmental laws 
(Thuc Anh, 2011).  

To improve the water quality the government of Vietnam has, among others, set up long term 
objectives, improved the legislation and the inspection of law enforcement, and a strategy to 
increase the public participation and responsibility. They also focus on international cooperations 
and technical solutions to enhance the water quality. Because of the governments more restrictive 
water pollution policies and laws, there are several centralized waste water treatment plants in 
industrial parks under construction, or planning. In Hanoi, the larger Bac Thang Long-VanTri, and the 
smaller units Kim Lien and Truc Bach, are the only waste water treatment plants today. To increase 
the treatment capacity two large facilities are under construction; Ho Ba Mau and Yen So. Two other 
plants are also planned for; Yen Xa and Phu Do. (Thuc Anh, 2011) 

The existing treatment plants mainly focus on removal of organic substances, nitrogen and 
phosphorous. Methods for heavy metal removal are not existing in municipal waste water plants 



 

 

(And, 2012). A schematic view representing Kim Lien and Truc Bach can be seen in figure 1 (Tran & 
Tran, 2011).  

 

Figure 1 Schematic view that represent two sewage plants in Hanoi; Kim Lien and Truc Bach. 

  



 

 

Appendix 2 

FACS Labeling protocol for Abcam Myc 
1) Transfer cells to a Eppendorf tube with 800µL PBS buffer. The volume of cells is given by V 

(µL)=50/OD600. 
2) Centrifuge at 4500rmp, in 10 min and 4oC. Orientate the tubes in a known position since the 

pellet is very small and may not be visible. Keep the pellet by carefully remove the 
supernatant with a pipette.  

3) Resuspend the pellet in 100µL of antibody solution (MsMAb to c-Myc Surelight 
Allophycocyanin diluted 10x in PBS buffer). Keep the tubes covered with tin foil to avoid 
bleaching of the fluorophore.  

4) Incubate at room temperature for 60 min in rotamix. 
5) Centrifuge at 4500rmp, in 10 min and 4oC. 
6) Wash with 100µL PBS buffer and centrifuge at 4500rmp, in 10 min and 4oC. 
7) Resuspend in 500µL ice cold PBS buffer. Transfer the cell suspension to a flow cytometer 

tube. Keep on ice until FACS analysis. 

  



 

 

Appendix 3 
 

Table 1  Results after investigation of time dependency for E. coli EC-Gly and E. coli O:17. The table shows the amount of 
nickel that is left after adsorption and the amount of nickel that is removed. The start concentration of nickel is 8.36 
mg/L.  

 EC4-Gly  O:17  

Time 
(min) 

[Ni] After adsorption 
(mg/L) 

Removal 
(%) 

[Ni] After adsorption 
(mg/L) 

Removal 
(%) 

  15 0.96 88.5 0.99 88.1 
  30 0.93 88.8 0.93 88.9 
  60 0.91 89.1 1.02 87.8 
120 0.93 88.9 1.10 86.9 
250 1.01 87.9 1.09 86.9 
480 1.48 82.3 1.33 84.1 

 

Table 2  Results after investigation of temperature dependency for E. coli EC-Gly and E. coli O:17. The table shows the 
amount of nickel that is left after adsorption and the amount of nickel that is removed. The start concentration of nickel 
is 8.36 mg/L.  

 EC4-Gly  O:17  

Temperature 
(oC) 

[Ni] After adsorption 
(mg/L) 

Removal 
(%) 

[Ni] After adsorption 
(mg/L) 

Removal 
(%) 

10 0.91 89.2 1.03 87.6 
16 0.87 89.6 1.12 86.6 
22 0.93 88.9 1.09 86.9 
28 1.11 86.7 1.12 86.6 
34 1.65 80.3 1.20 85.7 
40 1.53 81.7 1.48 82.4 

 

Table 3  Results after investigation of pH dependency for E. coli EC-Gly and E. coli O:17. The table shows the amount of 
nickel that is left after adsorption and the amount of nickel that is removed. The start concentration of nickel is pH 
dependent.  

  

 

 EC4-Gly  O:17   

pH [Ni] After adsorption 
(mg/L) 

Removal 
(%) 

[Ni] After adsorption 
(mg/L) 

Removal 
(%) 

[Ni(II)] Before 
adsorption (mg/L) 

5 1.42 83.8 1.24 85.9 8.78 
5.5  1.37 84.0 1.19 86.0 8.52 
6 1.44 83.0 1.33 84.3 8.44 
6.5 0.93 88.9 1.10 86.9 8.36 
7 2.54 69.4 0.96 88.4 8.30 
7.5 2.08 74.8 0.80 90.3 8.23 
8 0.92 88.7 0.83 89.9 8.13 



 

 

Table 4  Results after adsorption isotherm experiment. The start concentration of nickel is 8.23 mg/L. 

 O:17  ML380  

OD [Ni] After adsorption 
(mg/L) 

Removal 
(%) 

[Ni] After adsorption 
(mg/L) 

Removal 
(%) 

100 0.58 0.93   
100 0.54 0.93 0.75 0.91 
  65 0.65 0.92 0.91 0.89 
  40 0.83 0.90 1.11 0.87 
  20 1.22 0.85 1.71 0.79 
  10 1.78 0.78 2.37 0.71 
    5 2.47 0.70 3.09 0.62 
    1 3.52 0.57 3.87 0.53 
 


