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1.1 Nature: source of life and inspiration 

 

During evolution, in order to survive, humans had to adapt to their environment and 

learn from Nature, as a source of inspiration, how to better adapt to their environment and 

make their life easier and in some cases possible at all. A growing population is still in need 

to learn and adapt principles from Nature and employ Natures’ strategies in everyday life. 

Modern lifestyle and the increasing population lead to higher pollution of the environment, 

more energy consumption and therefore to the necessity for more sustainable and 

environmentally friendly approaches. Guided by such problems architects have applied bio-

inspired strategies in order to create  buildings with new structures inspired by Nature,
1, 2

 

e.g. the Eastgate Center in Zimbabwe which was inspired by termite mounds, having 

neither heating nor cooling equipment and just using principles of ventilation similar to that 

of termite mounds, Figure 1. 

 

 

 

Figure 1. Building inspired by Nature, the Eastgate Center in Zimbabwe, (image are taken from 

visualremodeling.com). 

 

This process of studying and imitating Nature’s best ideas followed by their translation 

into strategies to solve human problems is known as Biomimicry or biomimetics (from the 

Greek word bios- meaning life and mimesis- meaning to imitate).
3
 Biomimetics involves a 

wide diversity of different scientific fields such as electronics, physics, mathematics, 

biology, chemistry and medicine, all united with the common aim to improve human life by 

adapting approaches from Nature. Decades of research and learning lessons from Nature 

resulted in number of inventions in areas as diverse as robotics,
4
 sensing,

5, 6
 catalysis,

7
 

optics
8
 and medicine.

9
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Although an enormous effort is made to understand and mimic Nature, there are still a lot 

of unknown mechanisms applied by Nature to create composite materials with outstanding 

properties which humans can but rather incompletely reproduce in laboratories, such as 

pearls. Natural pearls are made by mollusks, via a process known as biomineralization. 

When a foreign material gets into a mollusk, to protect itself, the mollusk secrets a protein 

called conchiolin to isolate the foreign body and deposits layers of aragonite (one of the 

calcium carbonate polymorphs) on top of it. The mixture of conchiolin and aragonite layers 

form mother-of-pearl, which when it reaches a certain thickness becomes a mature pearl. 

Despite the fact that a lot is known about the process of pearl formation, it is still not 

possible to make pearl in the laboratory and therefore humans are using mollusks to grow 

pearls in their natural environment, by inserting foreign objects into mollusks to initiate 

mineralization and then wait until the pearl is formed. The structure of nacre and its 

mechanical properties have inspired scientist to mimic pearl formation.
10, 11

 Mimicking the 

processes involved in biomineralization has an enormous potential for the production of 

advanced materials and it is the topic of this theses. Therefore in this chapter the principles 

of biomineralization will be discussed. 

 

1.2 Biomineralization and biomimetic crystallization 

Biomineralization is the formation of organic and inorganic materials with often a complex 

structure and is a widespread biological phenomena that occurs in almost all groups of 

organisms from prokaryotes (e.g. magnetite crystals in magnetotactic bacteria) to humans 

(bone and teeth). The process of mineral formation involves selective extraction and uptake 

of elements from the local environment and their incorporation into complex functional 

structures.
12

 Well-defined interactions between bio-polymers and mineral components leads 

to the formation of particles with precisely controlled size, shape and crystallinity,
13-16

 

exhibiting optical,
17, 18

 mechanical,
19-24

 magnetic
25-27

 properties that are in many cases 

superior to their  synthetic, man-made, equivalents. The remarkable properties of 

biominerals have inspired scientists over decades to use proteins and bio-polymers to 

achieve biomimetic control over the formation of minerals. Understanding the mechanisms 

and principles of formation of such bio-composite materials from Nature and mimicking 

these in a laboratory environment is crucial for the development of new synthetic 

composite materials and their implementation in our daily life.
28, 29

 Although enormous 

progress  has been made in translating knowledge gained from studying bio-inspired 

processes to the development of bio-inspired hybrid materials, 
30-34

 we are still missing  a 

complete understanding of organic-inorganic interactions on the molecular level and 

therefore our ability to design  synthetic protocols based on bio-inspired strategies is still 
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limited.
35-37

 With joined forces chemists and biologist worldwide are trying to understand 

the mechanisms of mineral formation and to give answers to the remaining questions. 

Furthermore, research in the bio-inspired synthesis of technologically relevant composite 

materials is an enormously expanding field due to the promise of low cost, high efficiency, 

remarkable properties and sustainable character of such materials.  During the process of 

biomineralization, the unique properties of natural layered materials and nanocomposites 

are achieved through a precise control over the layer thickness, selection of the proper 

components, and manipulation of the organic-inorganic interface. Even though, made at 

about room temperature and from not so strong materials (e.g. carbonates), these structures 

possess properties which in many cases surpass the properties of synthetic, man-made, 

materials. One of the beautiful examples of such a structure made via a biomineralization, 

which has unique a mechanical properties is abalone nacre, Figure 3.
38, 39

 The fracture 

resistance of abalone nacre is 3000-fold higher than that of a single crystal of the pure 

mineral (aragonite) which comprises 95% of its weight. 
40-42

  

 

 

 

Figure 3. Schematic illustration of a vertical section of the outer edge of the shell and mantle of a red 

abalone. Enlargements are indicating thickness dimensions of the shell structure and structure of the 

nacreous aragonite layer.43  
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Thus, it is important to thoroughly understand the mechanisms and principles of 

biomineralization and use this knowledge to guide the design and in vitro synthesis of 

technologically advantageous advanced materials. Understanding the principles of 

biomineralization at the molecular level combined with innovative synthesis of amino acid 

based polymers is the main topic of this thesis. To be able to understand the 

biomineralization process we need to understand the theory of crystallization, crystal 

structure, nucleation, polymorphism, as well as the structure and properties of biominerals. 

Therefore, in next chapter of this thesis we will introduce and explain these topics followed 

with synthetic strategies applied in the synthesis of amino acid based polymers. Moreover, 

different strategies applied in biomineralization for control over shape, size, crystal growth, 

nucleation, polymorphism and morphology will be reviewed.  

 

1.3 Aim and outline of the thesis 

 

The main aim of this thesis is to apply concepts from Nature to gain more fundamental 

knowledge on the processes involved in biomineralization. More precisely, on the 

interaction between the organic and inorganic phase in the mineralization of the calcium 

carbonate. The full understanding of these processes may potentially lead to the production 

of synthetic hybrid materials with properties surpassing those of synthetic materials which 

we know today. In here, we investigate the influence of the total net charge of the polymer 

and its hydrophobicity in a CaCO3 mineralization assay. We have selected three different 

amino acids, glutamic acid (Glu, negatively charged), lysine (Lys, positively charged) and 

alanine (Ala, hydrophobic) to make random poly(amino acid)s. Through simply varying the 

ratio of those three amino acids within the chain we are able to precisely tune the total net 

charge and hydrophobicity of the poly(amino acid) chain. The fact that all poly(amino 

acid)s have random character allows us to assign interactions between crystal phase and 

poly(amino acid)s only to the composition of the additive, rather than to a specific 

sequence, secondary structures or specific geometric patterns.    

 

Chapter 2 starts with a background of the crystallization, nucleation and crystal growth 

followed by crystal morphology and parameters which can influence and control crystal 

morphology. Furthermore, the phenomenon of polymorphism is introduced and explained. 

An overview of biominerals present in Nature is given, with a focus on calcium carbonate 

and its physical and chemical properties. At the end a literature overview on biomimetic 

calcium carbonate formation, followed by synthetic approaches towards the synthesis of 

amino acid based polymers, is presented. 
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Chapter 3 describes the synthesis of random poly(amino acid)s with benzylamine 

induced ring opening polymerization (ROP) of the respective N-carboxyanhydrides 

(NCAs) yielding a series of poly(amino acid)s with different composition but similar 

degree of polymerization and comparable polydispersities. Those random poly(amino 

acid)s were used in calcium carbonate mineralization assays to investigate the influence of 

total net charge and hydrophobicity on the early stages of CaCO3 mineral formation. In 

these experiments we used a titration setup equipped with a calcium ion selective electrode 

(Ca-ISE) which allows us to measure the free Ca content in solution and compare those 

values with the added amount of Ca ions and therefore the total bound Ca in solution. The 

results obtained show that an increasing fraction of glutamic acid in the chain increasingly 

inhibits nucleation and at the same time decreases the size of the obtained particles. 

 

In Chapter 4 we present a novel, modified solid phase synthesis of random poly(amino 

acid)s. Instead of using traditional solid phase synthesis, which leads to polymers with a 

defined sequence, we dissolve all monomers in one jar and then add the mixture of 

monomers to the reaction medium allowing them to form random chains all with the same 

composition but all with a different sequence. This method allows us to synthesize a 

complete library of poly(amino acid)s with excellent control over the degree of 

polymerization and polydispersity. With acid/base titration we were able to determine the 

real net charge of those poly(amino acid)s in solution under the experimental conditions in 

which they were used, taking into account all parameters, such as the position of monomers 

in the chain and their inter- and intra-chain interactions. Moreover, we investigated the 

solution behavior of those poly(amino acid)s and showed that all poly(amino acid)s are 

largely present as dissolved molecules and that only the most hydrophobic ones showed 

slight signs of aggregation. The influence of those poly(amino acid)s on the early stages of 

CaCO3 formation was investigated as well, by using a titration setup with a calcium ion 

selective electrode (Ca-ISE). The results observed are in line with results from experiments 

with slightly longer chains produced by ring opening polymerization (ROP), proving the 

hypothesis we made in the third chapter of this thesis that the activity of those poly(amino 

acid)s increases with increasing content of glutamic acid present in the poly(amino acid) 

chain. 

 

In Chapter 5 we use the library of random poly(amino acid)s to investigate the 

interactions between additives with a random distribution of functional groups and a 

developing calcite surface. These poly(amino acid)s were used in a CaCO3 crystallization 

assay and yielded rhombohedral calcite crystals in all cases except for the poly(amino 

acid)s with a high content of glutamic acid monomer in the chain. These produced rosette 
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like particles and morphologies that were elongated along the c-axis, most likely through 

inhibition of the    ̅    faces. The obtained results demonstrated that the presence of Lys 

in the poly(amino acid)s had no effect on the calcite morphology, but that activity was 

driven by the Glu monomers. Furthermore, we demonstrated that the activity threshold for 

those sets of poly(amino acid)s was neither determined by the hydrophilicity of the 

poly(amino acid)s nor by their charge or the distribution of acidic monomers or the 

glutamic acid content, but by the average total number of glutamic acid moieties in the 

poly(amino acid) chain. Moreover, this threshold could be shifted by increasing the 

poly(amino acid) concentration. At the end cooperative interactions of those poly(amino 

acid)s were investigated by mixing active and non-active polymer in the same solution 

which resulted in significantly different morphologies indicating that although non-active 

poly(amino acid)s do not lead to habit changes, they do interact with the mineral surface or 

with the active polymer. 

Finally, in Chapter 6, we provide a summary and outlook of the thesis. 
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 2.1 Crystallization 

 

Crystallization results from the organization of atoms, ions or molecules into a regular 

crystal lattice forming a unique structure with characteristic physicochemical properties. 

Crystallization consists of two main steps: 1) Nucleation (formation of a critical nucleus) 

and 2) Crystal growth. 

 

2.2 Nucleation  

The concept of classical nucleation theory (CNT) was introduced  by Becker and 

Döring in the 1930s.
1
 The basis of this work was a quantitative study of nucleation by 

Volmer and Weber,
2
 who applied ideas of Gibbs.

3, 4
 The concept was initially developed for 

the formation of nuclei from supersaturated water vapor and was transferred to the 

nucleation of crystals from solution. The CNT later assumes that even very small nuclei of 

a nascent phase can be described as if they were macroscopic, an assumption known as the 

“capillarity assumption”. In 1988 Oxtoby et al.
5
 introduced a quantitative approach 

avoiding this assumption leading to non-classical nucleation theory for the glass-liquid 

transition, which was later on modified a few times.
6-8

 Over decades CNT has provided a 

well-accepted description of the formation of a solid state phase from a saturated solution 

through atom or molecule additions to a growing cluster. However, while for a unary 

system the nucleus size is  estimated  reasonably, their rate of formation is often an order of 

magnitude from experimentally observed ones. Additionally, for multi-component CNT 

they may even provide qualitatively wrong results.
9
 Recently, this theory was further 

questioned by an increasing number of studies that reported so-called non-classical 

pathways of nucleation which involve either the aggregation of pre-nucleation clusters,
10, 11

 

amorphous particles,
12, 13

 or crystalline building blocks.
14

 However, it has also been 

suggested that pre-nucleation clusters have little impact on nucleation, and that amorphous 

nanoparticles are not the stable products of nucleation.
15

  Nevertheless, there are some 

attempts to unite these two concepts and propose a theoretical framework that bridges the 

gap between CNT and cluster-based models and uses the concept of CNT to explain non-

classical pathways.
16, 17

 

According to the classical nucleation theory there are two types of nucleation: 1) 

homogeneous nucleation that occurs in bulk solution and 2) heterogeneous nucleation that 

arises when nuclei get in contact with a substrate (as in biomineralization).   
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2.2.1 Homogeneous nucleation 

 

Homogeneous nucleation does not generally occur in biomineralization but the 

principles of homogeneous nucleation should be discussed to understand the principles of 

biomineralization. Crystallization of minerals starts with the association of ions into 

clusters, which then can grow or disintegrate because of the counter-play between the 

surface energy related to the newly formed surface ΔGs, and the reduction of the bulk 

energy because of the formation of a crystal lattice ΔGb. The formed cluster grows further 

until it eventually reaches the size of the critical nucleus, r*, (the point where surface 

energy becomes counterbalanced by the bulk energy, so that the change in Gibbs energy 

becomes negative upon further particle growth), Figure 1.  

 

 

 

Figure 1. The Gibbs energy versus the radius of the nuclei. The contributions of the surface energy, 

ΔGs (red line, which scales with r2) and the bulk energy, ΔGb (blue line, scales with r3) are plotted as 

well. The total Gibbs energy of nuclei (blue line) increases until the nucleus reaches a critical size r*, 

where the surface energy and bulk energy balance each other and thereafter decreases favoring 

further particle growth. Particles that have a radius larger than the critical radius grow further 

without limit, while smaller ones dissolve again. 

 

The Gibbs energy of nucleus formation, ΔGn, is equal to the difference between the Gibbs 

energy gained by the formation of nuclei from a supersaturated solution, ΔGb , and energy 

loss as a consequence of the formation of a new surface, ΔGs,:  

 

                                     ΔGn = ΔGs – ΔGb                                                                     (1) 

The contribution ΔGs, is always positive and depends on the surface area of the nuclei and 

for a spherical nucleus with radius r equals to 
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                                          ΔGs = 4πr
2
σ                                                  (2) 

where σ represents the surface Gibbs energy per unit surface area. 

The contribution ΔGb, is a function of the volume and is always negative. For the nuclei 

with radius r it reads, 

                                      ΔGb = 4πr
3
σ ΔGv / 3 υ                                    (3)      

where ΔGv represents Gibbs energy per mol associated with the solid-liquid phase change 

and υ is the molecular volume. It is important to note that both ΔGs and ΔGb are dependent 

on the radius r of the nuclei. Combining those two functions, leads to ΔGn, a maximum 

ΔGn
*
 at the critical nuclei size r

*
, Figure 1. For the critical radius  

                                           r
*
 = 2σ υ / kTlnS                                       (4) 

the activation energy, ΔGn
*
 , needed for homogeneous nucleation can be calculated as  

                                   ΔGn
*
 = 16πσ

3
υ

2
 / 3(kTlnS)                                 (5) 

where S represents the supersaturation of the solution, k is Boltzmann’s constant and T the 

temperature of the solution. The supersaturation S is determined from the solubility 

product, Ksp, and the ion activity product of the species involved (e.g. Ca
2+ 

and CO3
2-

): 

 

                                S = ln (a(Ca
2+

) a(CO3
2-

) / Ksp)
1/2

                      (6) 

The rate of homogeneous nucleation Jn is exponentially dependent on the activation energy, 

 

                                          Jn = A e 
(-ΔG

n
*/kT)

                                           (7) 

where A represent a pre-exponential factor. 

These equations indicate the factors which influence nucleation, therefore control over 

these parameters is essential for control over nucleation as in biological systems for 

biomineralization. 

 

2.2.2 Heterogeneous nucleation 

Heterogeneous nucleation is a phenomenon which occurs when nucleation is triggered 

by contact between nuclei and the surface of the substrate (which can be, e.g. a protein or a 

glass wall). The presence of a substrate leads to lowering of the Gibbs surface energy (σ) 

and an increasing rate of nucleation (Jn) at the same level of supersaturation.
18

 Compared to 

homogeneous nucleation, heterogeneous nucleation needs a lower supersaturation, as a 

consequence of the stabilization of nuclei by the foreign substrate. The Gibbs surface 
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energy, σhom, for homogeneous nucleation equals the cluster-fluid Gibbs surface energy, γcf, 

while in the case of heterogeneous nucleation the Gibbs surface energy, σhet, is the sum of 

the Gibbs energies for the cluster-fluid, γcf , and cluster-substrate interfaces, γcs , minus that 

for the fluid-substrate, γfs, Figure 2: 

                                   σhet = γcf  + ξ (γcs - γfs)                                         (8) 

where ξ represents the ratio of cluster-fluid area versus total nucleus area.   

 

 

Figure 2. Schematically illustrated 3D heterogeneous nucleation of a hemispherical cluster on a flat 

surface. Heterogeneous nucleation depends on the contact angle θ, which is determined by the 

surface areas and the Gibbs surface energies γ between the three different phases.19  

 

Considering the contact angle, θ, between cluster and substrate, Figure 2, one can show that 

the critical state activation energy for heterogeneous nucleation equals 

 

                                          ΔG
*

het = κƒ(θ)ΔG
*

hom                                  (9) 

The function ƒ(θ) depends on the shape of the nucleus and the contact angle between 

substrate and nucleus,
20

 while the function κ is dependent of the Gibbs surface energy, γcf , 

between the growing cluster and the fluid, and the molecular volume υ, and can be written 

as  

                                      κ =16 γcf
3
 υ 2 / 3(kT)

3
                                     (10) 

Taking into account all parameters, one can alternatively write  

 

                                     ΔGhet = β υ
2
 σ

3
 (kT ln S)

2
                                 (11) 

where β is a shape factor. From here, by using the Arrhenius rate equation with pre-

exponential factor A, one can calculate the induction time tind, as 
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                            ln tind = ln (N
*
/ A) + β υ

2
 σ

3 
/ (kT)

3
(ln S)

2
                        (12) 

where N
*
 is the number of nuclei formed per unit area (or volume) at the time tind. 

This process is nicely regulated in biomineralization by using organic surfaces controlling 

the activation energy for nucleation through specific interfacial interactions.
21

 

 

2.3 Crystal growth 

 

Once nuclei of critical size are formed, the growth of an inorganic phase (crystal) from 

supersaturated solution occurs by the continuous addition of ions to the surface and their 

incorporation into the crystal lattice. This process of crystal growth is dependent on the 

level of supersaturation of the solution and there are four main mechanisms occurring at 

different levels of supersaturation: two at high level, 1) mass transport and diffusion-limited 

growth; and 2) polynucleation of surface growth islands; one at moderate level, 3) layer by 

layer growth; and one at low level 4) the spiral growth. Generally, the process of crystal 

growth can be summarized in four steps: transport of atoms through solution, attachment of 

these atoms on the surface, their movement on the surface and finally attachment of those 

atoms to edges and kinks, Figure 3.
22, 23

  

 

 

 

Figure 3. (a) schematic illustration of the process of the crystal growth: (1) transport of the hydrated 

ion to a neighboring surface; (2) diffusion through the boundary layer; (3) release of water and 

adsorption of the ion onto the crystal surface; (4) diffusion over the crystal surface; (4)* desorption 

from the crystal surface; (5) attachment to steps or edges; (6) diffusion along the step or edge; (7) 

incorporation into kink or step vacancy. (b) representation of the energy requirements for each step 

described in (a).24     
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The slowest process is the one which is controlling the overall process of crystal growth. 

Crystal growth theories are based on considerations of the crystal surface structure. One of 

the most commonly used models of layer growth is provided by Kossel.
25

 This model is 

explaining crystal growth by representing the crystal surface as if it is made of small cubes, 

Figure 4a, which are forming layers of monoatomic height, limited with steps (or edges). 

The most important aspect is that the crystal surface has active sites with higher binding 

energy which drive the incorporation of ions. There are two main types of active sites, steps 

and kinks.
26

 The growth units attached to the kinks will have higher binding energies since 

they will form three bonds with the crystal while at steps they form two bonds with the 

crystal and one bond when attached to the crystal surface. As the result of a higher level of 

bonding, crystal growth will proceed faster on the surfaces which expose a large number of 

kinks. Because of the energy requirements associated with 2D nucleation, the layer-by-

layer mechanism occurs at the higher supersaturation levels. Nevertheless, in 1931 Volmer 

et al.
27

 have observed that crystallization can happen at the lower levels of supersaturation.  

Later, Frank postulated that this is possible because crystal surfaces are intercepted by 

dislocations,
28

 which create steps in the surface, precluding the necessity for 2D nucleation, 

Figure 4b. In the initial stage, the first step is made due to the inevitably present dislocation, 

Figure 4b-1. Growth units attach to the step making it grow further and thus generating a 

second step, figure 4b-2. This second step will not advance until its length equals size of 

critical radius of nucleus required for homogeneous nucleation (r*). The growth of steps 

with lengths smaller than r* is not thermodynamically favored. Once the second step is 

advancing, it will generate a third step, Figure 4b-3, which in turn will not start until it 

reaches length of  critical radius r*, then a fourth step will appear, Figure 4b-4, and so on. 

The theory of surface dislocation was further developed by Burton et al.
29

 creating a theory 

known as the BCF theory. 

 

 

Figure 4. (a) schematic illustration of the layer-by-layer process of the crystal growth proposed by 

Kossel, composed of different steps: Bulk diffusion of the ions to the crystal surface, their adsorption 

on the crystal terraces, diffusion over terraces to the steps, moving over the steps to the kinks and 

incorporation on the kink sides.(b) spiral mechanism of crystal growth.24  
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2.4 Crystal morphology 

 

The morphology of a crystal represents its geometrical shape formed during the process 

of crystallization and is defined by a set of faces expressed to the external environment. The 

different faces can be distinguished according to their geometrical intersection with the 

axes of the unit cell, the latter being the smallest unit of the mineral that possesses the 

symmetry and properties of the crystal. The intersection can be summarized by Miller 

indexes, representing the orientation of an atomic plane in a crystal lattice. Usually, the 

Miller index comprises three integers hkl and it is written as {hkl} if one is referring to the 

general set of symmetry-related faces, or (hkl) when one refers to a unique face. In 

equilibrium only the most stable faces are expressed which can be determined from 

consideration of the surface Gibbs energies of the various crystallographic faces.
30

 The 

collection of crystal faces that are developed represent the crystal habit. Furthermore, it is 

possible that two crystals have different crystal habits but the same morphology and vice 

versa. There are three different crystal faces: flat faces, stepped faces and kinked faces.
31

 

The speed of growth of a certain face will depend on the number of different crystals faces 

(flat, kinks, stepped) as well as the energy associated with surface attachment and 

incorporation of ions. Moreover, these factors are influenced in different amounts in the 

presence of soluble additives. The faces with the lowest energy will grow slowly and will 

become expressed most dominantly, while fast growing faces become either small or 

disappear. There are four different mechanisms by which additives can modify crystal 

growth: 1) step pinning, 2) incorporation in the crystal lattice, 3) blocking kink sides and 4) 

adsorption on the step edge. Each of these mechanisms exhibits characteristic dependences 

of step speed, supersaturation and concentration of impurities.  

 

2.5 Polymorphism 

 

Polymorphism is the ability of a solid material to exist in more than one crystal 

structure. The differences in crystal structure are leading to different physical 

characteristics of a chemically identical material. In nature calcium carbonate exists in 

several crystalline polymorphs, calcite and aragonite as the most common ones, but also as 

the metastable form like vaterite and one amorphous form, amorphous calcium carbonate 

(ACC). Understanding and controlling polymorphism is very important e.g. in 

pharmaceutics  where one polymorph of a drug can be fully active while the other one is 

completely inactive.
32

 The formation of different polymorphs is guided by a combination of 

kinetic and thermodynamic factors. Generally, the final formed polymorph possesses the 

lowest Gibbs free energy.
33
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Figure 5. Thermodynamic and kinetic control over crystallization pathways of CaCO3 mineralization. 

Whether a crystallization will follow route A (thermodynamic pathway) or route B (kinetic pathway) 

to the final mineral phase will depend on the Gibbs free activation energy ΔG associated with 

nucleation (n), growth (g) and phase transformation (t).34 

 

A nice example to demonstrate the difference between thermodynamic and kinetic factors 

is provided by the two polymorphs of carbon, graphite and diamond. Graphite is the 

thermodynamically more stable phase but kinetic factors (e.g. a high activation barrier) 

make the rate of transformation from diamond to graphite infinitely slow.
35

  

In many crystallization experiments different polymorphs are encountered sequentially, 

often starting with the formation of an amorphous phase (least stable) and subsequently a 

number of different polymorphs with the same composition but with increasing 

thermodynamic stability, Figure 5. Ostwald’s Rules of Stages, states that under conditions 

of sequential precipitation, the first phase formed is not the most stable one but the one with 

the highest solubility followed by next polymorph with lower solubility and at the end the 

crystalline phase with the lowest solubility.
36

 Nevertheless, it is possible to achieve control 

over polymorph selection and to crystallize a thermodynamically less stable polymorph by 

using additives, e.g. a high concentration of Mg
2+

 leads to dominant crystallization of 

aragonite over more stable calcite.
37

  

 

2.6 Calcium carbonate and CaCO3 biominerals 

 

Calcium carbonate (CaCO3) is the most abundant mineral in nature and the main 

inorganic material produced in living organisms.
38

 Because of its importance in 

biomineralization processes, as well as in technological and industrial applications,
39
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together with the relative ease with which its crystals can be characterized, calcium 

carbonate became an attractive model mineral for laboratory investigation and therefore the 

most frequently investigated mineral. Calcium carbonate coexists in six different 

polymorphs with the same principal composition but different structures: calcite, aragonite, 

vaterite, calcium carbonate monohydrate, calcium carbonate hexahydrate and amorphous 

calcium carbonate (ACC). Calcite and aragonite (thermodynamically the most stable ones) 

are the most encountered in biological systems,
40

 vaterite is extremely rare in nature but 

still found in some species,
41-44

 while amorphous calcium carbonate can be found in various 

systems in Nature.
45, 46

  

 

  Table 2.1. Calcium carbonate biominerals, organisms, locations and functions.  

Mineral Organism Location Function 

Calcite Coccolithophores Cell wall scales Exoskeleton 

 Trilobites Eye lens Optical imaging 

 Mollusks Shell Exoskeleton 

 Crustaceans Crab cuticle Mechanical strength 

 Birds Eggshells Protection 

Aragonite Mollusks Shell Exoskeleton 

 Gastropods Love dart Reproduction 

 Cephalopods Shell Buoyancy device 

 Fish Head Gravity receptor 

Vaterite Gastropods Shell Exoskeleton 

 Ascidians Spicules Protection 

Amorphous Crustaceans Crab cuticle Mechanical strength 

 Plants Leaves Calcium storage 

  

Organisms have adopted and used calcium carbonate for many different purposes such 

as protection, mechanical strength, skeleton, gravity receptors and storage. An overview of 

calcium carbonate biominerals, their existence and purpose is given in Table 2.1. The 

biologically controlled interaction between the organic and the inorganic phase and their 

organization within the structure is the key factor in determining the advanced properties of 

many biominerals.
47, 48

 Therefore, further in this chapter a literature overview is given of 

different experimental strategies applied to achieve control over polymorphism, crystal 

shape, nucleation and morphology of calcium carbonate minerals, with focus on the soluble 

additives at the end.   
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2.7 Control over CaCO3 formation  

 

The first scientific interest in biomineralization dates back to 1872, when Pieter Harting 

gave an overview of attempts of scientist to synthetically produce certain calcareous 

structures found in animals as their skeleton,
49

 and since then,  especially in the last 

decades, significant progress was made in understanding the fundamentals of the principles 

of biomineralization. In spite of the fact that enormous efforts are made to understand the 

principles which Nature uses to control crystal growth and nucleation in biomineralization, 

a clear understanding of these processes is still lacking.
50

 The formation of CaCO3 in 

Nature is regulated in several key steps: space confinement (compartment completely 

isolated from environment where nucleation takes place), the organization of functional 

groups in ordered arrays (the nucleation sites), oriented nucleation, control over crystal 

growth and termination.
42, 51

 The process of biomineralization generally occurs under strict 

morphological and structural control through the interaction of a variety of 

bio(macro)molecules.
52

  

 

 

Figure 6. In this figure we schematically give a summary of the different possible roles of additives 

involved in control of crystallization presented in literature up to date.  

 

There are two types of components involved in biomineralization: 1) the insoluble matrix, 

which is composed of water insoluble molecules such as chitin and collagen (hydrophobic 

and often cross-linked), and 2) soluble additives (usually acidic). It is the combination of 
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both types of components that leads to the precise control over mineral formation which is 

generally found in biomineralization. In Figure 6, one can see a summary of the different 

roles of additives and matrixes in bio(mimetic) mineralization.  

In biomineralization of CaCO3 the soluble additives are mostly macromolecules rich in 

carboxylic groups and/or phosphorylated serine residues.
53, 54

 They form an intimate 

composite with the mineral phase and play an important role in control over nucleation and 

growth.
21, 42, 47

 The insoluble matrix creates a 3D framework, which defines the space where 

the mineral phase forms. There are three proposed models for the organic matrix mediated 

oriented nucleation, with a role for the molecular interactions in controlling oriented 

nucleation at the matrix mineral interface.
34

 The first model says that there is a structural 

and geometric match between lattice spacing in a certain crystal face and the distance 

between functional groups present at the surface of the macromolecular matrix.
55-57

 The 

complementary inorganic cations  bind to these functional groups and form a pre-organized 

2D array, followed by binding counter anions and cluster formation which results in 

oriented nucleation as result of the lowering of the activation energy for the specific 

crystallographic face (Figure 7, path A). A second model involves matrix binding of 

crystalline nuclei formed either directly from solution or by phase transformation of 

amorphous cluster formed in solution (Figure 7, path B). A third model proposes the 

formation of an amorphous phase via ion or cluster binding on the matrix surface, followed 

by the matrix-mediated transformation of such a phase into an oriented crystalline structure. 

 

 

Figure 7. Organic matrix mediated oriented nucleation in biomineralization. A) Ion-by-ion 

association with the template surface; B) matrix binding of crystalline nuclei; C) matrix-mediated 

amorphous phase transformation.34  

 

Nevertheless, it was demonstrated latter that an exact match between the structure of the 

template and the developing inorganic phase is not required for the control over the 
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formation of a mineral.
58-63

 Moreover, the ability of the template to adapt to the demands of 

the nucleating mineral phase was demonstrated as very important.
64-68

 There is a significant 

amount of literature showing different approaches in which scientists use nucleation 

templates to control CaCO3 crystal orientation and polymorph specificity: Langmuir 

monolayers,
63, 69-72

 self-assembled monolayers (SAMs),
73-79

 biological macromolecules,
80, 81

 

synthetic polymers,
82

 surfactant aggregates.
83, 84

 Since the use of an insoluble matrix is not 

the topic of this thesis, we will now focus on influence of soluble additives on CaCO3 

mineral formation.  

 

2.7.1 CaCO3 crystallization in presence of soluble additives 

 

Besides the insoluble matrix, which acts as a template, soluble additives can influence 

the mineralization reaction by influencing crystal morphology, size and polymorph 

selection. Soluble additives usually perform multiple roles in the process of crystallization. 

Gebauer et al. have investigated composition-activity relations of soluble additives in terms 

of their physicochemical characteristics in the CaCO3 crystallization system.
85, 86

 Moreover, 

from the results obtained they were able to define a nine different roles of  additives: type I: 

adsorption of calcium ions, type II: influence on soluble-cluster formation and equilibrium, 

type III: inhibition of nucleation of a precipitated nanoparticle phase, type IV: adsorption 

on nucleated particles and their stabilization, type V: influence on the local structure of 

nucleated particles, that is, type of amorphous phase or crystalline polymorph, type VI: 

influence on the nanocrystal shape by face-specific adsorption, type VII: influence on the 

oriented attachment and vectorial alignment of nanoparticles by modifying the mutual 

interparticular interaction potentials, type VIII: stabilization of the resulting mesocrystals
87, 

88
 against Ostwald ripening and re-crystalization, thus stabilizing the hybrid material, type 

IX: mechanical reinforcement or toughness increase of the crystal and modifier phase, to 

constitute a beneficial biomaterial hybrid.
89

 The first five occur in pre- and the last four in 

the post-nucleation stage.
90

 Hence, by a proper choice of additive one can promote, retard 

or inhibit crystal nucleation and therefore assist in polymorph selection or enable the 

development of a desired crystal habit. Based on molecular simulations studies Anwar et 

al.
91

 have pointed out the key factors which determine the ability of an additive to modulate 

crystal nucleation: strength of additive interaction with the solute, additive disruptive ability 

(which may be based on steric, entropic or energetic effects), interfacial properties and 

degree of self-association.  

 Furthermore, there is evidence of the presence of an amorphous phase in various 

biominerals such as sea urchin spicules
45

 and spines,
46

 shells of mollusks,
92

 skeletons of 

corals
93

 and crustaceans.
94

 The generation of an amorphous phase also seems to be an 
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important tool which nature uses for efficient transport of ions to the mineralization site and 

for the formation of skeletal materials with complex shapes.
95, 96

 Therefore, an important 

role of additives is the stabilization of amorphous phases as precursors for the crystalline 

phases. Stabilization of ACC can be effectively achieved in the presence of Mg
2+

 ions,
97, 98

 

biopolymers,
99, 100

 polyphosphates,
101

 polycarboxylates,
102

 alcohols,
103

 polyacrylates
104

 or 

DNA,
105

 Figure 8.    

 

 

Figure 8. SEM images of ACC films formed in presence of DNA on glass as a substrate, (a) after 5 

days; (b),(c) after 4 weeks of preparation.105 

 

 

Figure 9. Schematic illustration depicting the stages and features of the PILP process. Each of these 

pictures represents the aqueous crystallizing solution, in which the products accumulate on a round 

glass coverslip that is placed in the bottom of the crystallizing dish, or is placed above and in contact 

with the crystallizing solution (as is the case for the in-situ observations). (A) As a critical 

concentration is reached during the infusion of the carbonate species, isotropic droplets (∼2–5 μm in 

diameter) phase-separate from the solution and accumulate on the glass coverslip. (B) The droplets 

coalesce to form a continuous isotropic film; (C) Patches within the isotropic film become 

birefringent as crystal tablets nucleate and spread across the precursor film; (D) The tablets continue 

to spread laterally, while the transition bars are filled in, to form a continuous film.106  
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Moreover, Gower and coworkers introduced the Polymer Induced Liquid Precursor (PILP) 

phase and suggested that the PILP process can play a fundamental role in 

biomineralization, Figure 9.
106-110

 In the PILP process, negatively charged macromolecules 

(e.g. poly(aspartic acid) or poly(acrylic acid)) induce a highly hydrated amorphous phase 

through a liquid-liquid phase separation in the crystallization solution of mineral systems 

like CaCO3, while the same time delaying crystal nucleation.  

Stabilization of polymorphs other than calcite, by using different additives such as 

biopolymers,
111-114

 as well as low molecular weight additives
115-117

 has been accomplished 

by many scientists. Stabilization of aragonite generally requires the presence of Mg
2+

 

ions
118-120

 or non-ambient conditions, but there are several examples where aragonite was 

successfully stabilized with soluble additives.
121-123

 On the other hand, there are a huge 

number of studies which successfully stabilized vaterite. However, it is important to 

emphasize that the stabilization of vaterite is very dependent on the kinetics of the specific 

assay used, therefore it is very difficult to compare results from different groups which used 

different experimental conditions. Therefore, it is not surprising that two different groups 

use the same additive and get significantly different results due to the different 

experimental conditions used as in the case of glutamic acid
124, 125

 or lysine.
126

 Hou et al. 

stabilized vaterite through the addition of glycine to the reaction mixture and proposed that 

that glycine inhibits the formation of the calcite. By AFM they showed that glycine blocked 

the growth of calcite by adhering to the (441) or (481) sites.
121

 Furthermore, in an extensive 

study using several different amino acids by using semi-empirical molecular orbital 

calculations Kai et al. proposed that binding of acid groups to the calcium prevents the 

transformation of the vaterite to the more stable calcite.
124

 In addition, several studies 

showed that additives can also promote calcite formation under the conditions where 

aragonite would be formed when there are no additives involved.
127-129

 A systematic 

approach to control polymorph  formation was adapted by Naka et al., who demonstrated 

that it is possible to control polymorphism by interfering with reaction kinetics during the 

mineralization process.
130

 The same group used the so-called latent inhibitor approach, 

Figure 10.
131

 This approach involves the use of sodium acrylate which was polymerized to 

form PAA after different periods of time.
132

 When acrylate polymerization was started after 

the reaction had proceeded for 20 min, standard rhombohedral calcite was isolated after 24 

h. However, when the polymerization reaction was started after 3 min, vaterite was the 

predominant product. Moreover, starting initiation of the polymerization reaction after 1 

min, aragonite became the main product. 
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Figure 10. Schematic illustration of the control over crystal polymorph by a latent indicator. Product 

A, B and C represent aragonite, vaterite and calcite, respectively.131 

 

Control over the crystal shape also plays an important role since differently shaped crystals 

expose different properties, which may be of extreme importance for various technological 

applications.
133

 In 1901, Wulff postulated that the equilibrium morphology of a crystal 

formed is determined by its minimum surface energy.
134

 In other words, all crystals have a 

definite geometric shape, dominated by faces with low surface energies and slow growth 

rates. The interface energy of a crystal surface relies on the strength of surface dangling 

bonds and on its interaction with the solvent.
135

 Therefore, a crystal may form ionic faces 

with charges, coordinatively binding faces, electrical neutral but dipolar faces, or highly 

polarizable faces as well as hydrophobic faces. Moreover, hydrophilic and hydrophobic 

faces may also form in one and the same chemical crystal system.
88

  

The formation of CaCO3 in nature frequently occurs in the presence of metal ions, e.g. 

Mg
2+ 

and Li
+
, that significantly influence polymorph formation and crystal habit. Therefore, 

many attempts have been made to change the crystal habit by the addition of simple ionic 

additives.
136, 137

 Lithium is an alkali metal which exerts a significant influence on calcite 

and aragonite growth.
138

 Incorporation of the small Li
+
 ions into a calcite lattice causes 

distortion of the surface structure, retards the growth of calcite and influences the habit of 

precipitated CaCO3.
139, 140

 Also a number of divalent ions have been used to replace the 

Ca
2+

 ions in calcite. The most used divalent ion is Mg
2+

, which, when present in adequate 

concentration, decreasing the growth rate of calcite.
141

  

Control over shape and growth of the crystals has been achieved also by the use of 

additives that have affinity for specific crystallographic planes of the surface of the growing 

mineral phase. As a result certain crystal faces are promoted while other ones are inhibited 

and therefore crystal growth in a specific direction results in predefined shapes. The affinity 
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of additives to certain crystal faces is dependent on the physico-chemical properties of the 

additive. An example of using the secondary structure of a peptide to control the orientation 

of chemical functionality and therefore its binding to the targeted crystal face was reported 

by De Oliveira and Laursen.
142

 They have designed an α-helical peptide (CBP1) with an 

array of aspartyl residues for binding onto the {11.0} prismatic face of calcite. Under 

conditions where this peptide adopts an α-helical structure the peptide showed preferred 

interaction with the prismatic face of calcite, while under conditions where the peptide was 

mostly in a random coil conformation, no preferred interaction was observed. These results 

indicate that preorganization of functional groups may play an important role in specific 

binding between additive and mineral. Work of Evans and co-workers, on the influence on 

calcite growth for three different N-terminal mineral binding domains from 

biomineralization proteins AP7, AP24 and n16,
143, 144

 demonstrated that substitution of Asp 

to Asn and Glu to Gln changed the secondary structure of AP7 and n16 and took away their 

ability to modify the growth of calcite crystals.
145, 146

 This finding also indicated that the 

presence of acidic residues plays an important role not only in calcium binding of the 

sequence but also in its folding. Moreover, Ajikumar et al. have investigated a peptide 

sequence derived from a Ca-binding sequence in the goose eggshell matrix protein 

ansocalin.
147

 They have introduced a proline linker in the sequence and also substituted 

arginine for lysine. All these modifications adopted β-sheet conformations and were active 

in influencing CaCO3 precipitation, while the control sequence with a disordered secondary 

structure did not show any influence on CaCO3 precipitation. 

By the addition of aspartic acid to a CaCO3 mineralization solution, de Yoreo et al. have 

nicely demonstrated how the binding of aspartic acid to the growing calcite crystals can 

induce morphological changes.
148

 Addition of Asp leads to the formation of acute steps on 

a developing calcite crystal. The same group expanded this study by extending the length of 

oligoaspartate chain from 1-6 aspartic residues.
149

 By using AFM they found that all 

oligopeptides introduced the formation of roughened growth steps. Additionally, Asp1 and 

Asp2 inhibited the growth of acute steps, while the longer chains, Asp3-6, blocked the 

growth of the obtuse steps. The reason for such behavior is that shorter chains displaced 

more water on the obtuse steps than on the acute steps, while the reverse behavior was 

obtained for longer chains. Furthermore, Elhadj et al. showed that organic molecules can be 

used to control calcite growth not only by reducing growth rate but also by catalyzing 

growth in certain directions.
149, 150

  Moreover, the influence of total net charge and 

hydrophobicity of the additive were addressed.
151, 152

 The relation between net charge and 

step acceleration rate showed that net charge was not sufficient to cause differences in 

growth rates of the obtuse steps obtained for different peptides while hydrophobicity 

showed a linear relation with the step growth acceleration. It was further proposed that 
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hydrophobicity of the additive may influence the rate of dehydration of the growth units 

and thereby influence the rate of the step growth. These experiments demonstrate that 

organisms could regulate mineral growth by inhibition of specific crystal faces but also by 

accelerating the growth of certain other faces. 

  

2.8 Synthesis of amino acid based polymers 

 

Living organisms are using proteins as a main tool to control crystal formation, 

polymorphism and morphology.
153, 154

 Therefore, it is essential to gain more knowledge 

about the role of proteins involved in biomineralization.
155-157

 But to find the correlation 

between the protein and crystal growth appears to be very complex because of their specific 

order, the high number of amino acids per protein and the protein structure itself. In order 

to minimize complexity scientists have synthesized peptide structures based on protein 

sequences found in Nature. The most common sequences are derived from the N or C 

terminus of the relevant protein with lengths of approximately 30 amino acids.
158, 159

  Many 

of these peptides are able to recreate the mineralization results obtained in the presence of 

the whole protein, while being easy to synthesize by conventional synthetic methods. More 

importantly, with this approach it is possible to gain knowledge on the role of specific 

amino acids present in the sequence.
160, 161

 For the synthesis of peptides the most commonly 

used technique is solid phase synthesis, Figure 11.
162

  

 

 

Figure 11. Schematic illustration of Solid Phase Synthesis (SPS) cycle. 

 

This method has been shown as the best choice for synthesizing small quantities of 

large libraries of different peptides with a relatively low or moderate degree of 
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polymerization (DP),
163, 164

 and has been widely used for synthesis of peptides relevant to 

biomineralization.
147, 165, 166

 Moreover, when a specific sequence is not required, ring 

opening polymerization (ROP) is a powerful approach for synthesizing poly(amino acid)s, 

Figure 12.
167-173

  

 

 

Figure 12. Schematic illustration of Ring Opening Polymerization (ROP) reaction. 

 

The ROP method is a very suitable method for the production of gram scale yields and high 

degree of polymerization poly(amino acid)s. Therefore, it is not the best choice when 

significant libraries of poly(amino acid)s with different compositions are needed (e.g. for 

screening approaches), and it is a rather poor method when precise control over 

polydispersity and degree of polymerization is essential.
174

 Apart from these two most 

commonly used methods, it is possible to use enzymatic polymerization (enzyme-catalyzed 

synthesis) to synthesis poly(amino acid)s but this method can be used only for low 

molecular weight poly(amino acid), with max. upper limit of degree of polymerization of 

20.
175, 176

  

  

2.9 Structures of amino acids and description of nomenclatures used  

 

This section is meant to help reader to easier understand the content of the thesis regarding 

the structures of the monomers used and the nomenclatures applied to distinguish the 

various polymers synthesized using two different synthetic approaches. In order to be able 

to mimic parameters such as total net charge and hydrophobicity, which is the main aim of 

this thesis (see Chapter 1), we have selected three different amino acids possessing different 

properties to make the desired random poly(amino acid)s. These are: glutamic acid (Glu 

(E), negatively charged), lysine (Lys (K), positively charged) and alanine (Ala (A), 

hydrophobic), Figure 13A. Furthermore, these amino acids were mixed in the desired ratios 

to make sets of poly(amino acid)s with the same composition but with different monomer 

ratios, Figure 13B. As a result we were able to synthesize different sets of poly(amino 

acid)s applying two different synthetic approaches, Ring Opening Polymerization, Table 

2.2 and Solid Phase Synthesis, Table 2.3 Sample codes used for different poly(amino acid)s 

are explained in detail in Figure 14.  
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Figure 13.  A) Monomer structures of the amino acid used; B) Schematic illustration of the 

poly(amino acid) set in which the amount of glutamic acid in the chain was increased from 10 to 80 

mol.% while the amounts of lysine and alanine were kept the same, thus ranging from 45- 10 mol.%. 

 

 

 
Table 2.2. Overview of poly(amino acid)s synthesized by Ring Opening Polymerization (ROP).  

Sample 

Code 
c 

Feed 

Composition 

Experimental 

Composition
b
 

Mn 

(g/mol)
b PDI

a 
DP

b
 

ROPE33 [E]14[K]14[A]14 [E]8[K]7[A]9 2685 1.20 24 

ROPE41 [E]18[K]12[A]12 [E]12[K]8[A]10 3413 1.60 30 

ROPE51 [E]22[K]10[A]10 [E]15[K]6[A]8 3378 1.57 29 

ROPE59 [E]26[K]9[A]9 [E]21[K]7[A]8 4202 1.45 36 

ROPE77 [E]34[K]4[A]4 [E]26[K]3[A]5 4230 1.61 34 

 
a Measured by Size Exclusion Chromatography (SEC) using PMMA standards; b Calculated using 

proton 1H NMR of deprotected poly(amino acid)s; c Sample code: ROP = Ring opening 

polymerization, E = glutamic acid and number represents mol% of glutamic acid in the chain.  
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Table 2.3. Overview of random poly(amino acid)s synthesized by one pot SPS synthesis. 

Sample 

Coded 

Feed composition 

(mol%) 

Experimental 

composition 

(mol%) 

  Monomer     

compositionc 

Mn 

g/mola 
PDIa DPb 

SPSE10 [E]10%[K]45%[A]45% [E]10%[K]41%[A]49% [E]2.2 [K]8.7 [A]10.3 2146 1.005 21.2 

SPSE19 [E]20%[K]40%[A]40% [E]19%[K]36%[A]45% [E]4.2  [K]8.0  [A]9.8 2288 1.005 22.1 

SPSE31 [E]33%[K]33%[A]33% [E]31%[K]31%[A]38% [E]7.0 [K]6.8 [A]8.6 2402 1.004 22.4 

SPSE39 [E]40%[K]20%[A]20% [E]39%[K]28%[A]33% [E]8.6 [K]6.3 [A]7.4 2468 1.003 22.4 

SPSE48 [E]50%[K]25%[A]25% [E]48%[K]22%[A]30% [E]10.9[K]5.1 [A]7.0 2580 1.003 23.0 

SPSE59 [E]60%[K]20%[A]20% [E]59%[K]19%[A]22% [E]13.3[K]4.3 [A]5.0 2650 1.003 22.7 

SPSE67 [E]70%[K]15%[A]15% [E]67%[K]18%[A]15% [E]15.7[K]4.1 [A]3.5 2810 1.003 23.2 

SPSE76 [E]80%[K]10%[A]10% [E]76%[K]14%[A]10% [E]18.1[K]3.4 [A]2.3 2946 1.002 23.7 

SPSK10 [E]45%[K]10%[A]45% [E]41%[K]10%[A]49% [E]9.4 [K]2.3 [A]11.3 2329 1.006 23.0 

SPSK18 [E]40%[K]20%[A]40% [E]36%[K]18%[A]46% [E]8.2 [K]4.1 [A]10.7 2360 1.004 23.0 

SPSK31 [E]33%[K]33%[A]33% [E]32%[K]31%[A]37% [E]7.1 [K]6.8 [A]8.4 2409 1.005 22.3 

SPSK37 [E]30%[K]40%[A]30% [E]29%[K]37%[A]34% [E]6.5 [K]8.2 [A]7.5 2433 1.005 22.1 

SPSK45 [E]25%[K]50%[A]25% [E]27%[K]45%[A]28% [E]6.3[K]10.6 [A]6.5 2647 1.007 23.3 

SPSK56 [E]20%[K]60%[A]20% [E]20%[K]56%[A]24% [E]4.8[K]13.7 [A]5.8 2801 1.004 24.3 

SPSK69 [E]15%[K]70%[A]15% [E]14%[K]69%[A]17% [E]3.5[K]16.9 [A]4.0 2923 1.002 24.4 

SPSK81 [E]10%[K]80%[A]10% [E]9%  [K]81%[A]10% [E]2.2[K]20.2 [A]2.5 3065 1.001 24.9 

SPSA05 [E]45%[K]45%[A]10% [E]49% [K]46%[A]5% [E]11.8[K]11.3[A]1.1 3064 1.000 24.2 

SPSA20 [E]40%[K]40%[A]20% [E]41%[K]39%[A]20% [E]9.8[K]9.3 [A]4.7 2810 1.004 23.8 

SPSA37 [E]33%[K]33%[A]33% [E]32%[K]31%[A]37% [E]7.5 [K]7.2 [A]8.7 2529 1.008 23.4 

SPSA44 [E]30%[K]30%[A]40% [E]28%[K]28%[A]44% [E]6.6 [K]6.4 [A]10.3 2417 1.010 23.2 

SPSA59 [E]25%[K]25%[A]50% [E]21%[K]20%[A]59% [E]5.0 [K]4.9 [A]14.1 2300 1.008 24.1 

SPSA61 [E]20%[K]20%[A]60% [E]18%[K]21%[A]61% [E]4.1 [K]4.6 [A]13.6 2096 1.003 22.2 

SPSA68 [E]15%[K]15%[A]70% [E]13%[K]19%[A]68% [E]2.8 [K]4.1 [A]15.1 1978 1.002 22.0 

SPSA75 [E]10%[K]10%[A]80% [E]8%  [K]17%[A]75% [E]1.7 [K]3.8 [A]16.6 1906 1.002 22.1 

[EKA]8 [E]33%[K]33%[A]33%
# [E]33%[K]34%[A]33%

# [E]8 [K]8  [A]8 2644 1.000 24.0 

 
All the random poly(amino acid)s contain C-terminus amide and N-terminus free amine. a): 

determined from MALDI-ToF-MS data (see also Appendix A, Figure A1), b): calculated combining 

MALDI-ToF-MS and 1H NMR data, c): Calculated from the experimentally obtained mol% and 

degree of polymerization, d): The sample code is a short notation for the poly(amino acid)s, with the 

letters representing the symbol for the amino acid and numbers representing the experimentally 

obtained mol% of the amino acid (e.g. Sample code SPSE19: SPS = Solid Phase Synthesis, E = 

glutamic acid and number represents mol% of glutamic acid in the chain. #: Poly(amino acid) with 

defined sequence [EKA]8. 
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Figure 14.  Detailed explanation of one example of a sample code used in nomenclature.  
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Chapter 3 

 

Random Poly(amino acid)s Synthesized by Ring Opening 

Polymerization as Additives in the Biomimetic 

Mineralization of CaCO3 

 
Abstract 

 

Biominerals such as bones, teeth and seashells, very often have advanced material 

properties and are a source of inspiration for material chemists. As in biological systems 

acidic proteins play an important role in regulating the formation of CaCO3 biominerals, 

we employ poly(amino acid)s to mimic the processes involved in a laboratory environment. 

Here we report on the synthesis of random amino acid copolymers of glutamic acid (Glu), 

lysine (Lys) and alanine (Ala) using the ring opening polymerization (ROP) of their 

respective N-carboxyanhydrides (NCA). The synthetic approach yields a series of polymers 

with different monomer composition but with similar degrees of polymerization (DP 24–35) 

and comparable polydispersities (PDI 1.2–1.6). Using random copolymers we can 

investigate the influence of composition of the polymers on CaCO3 crystal formation 

without having to take into account the effects of secondary structure or specific sequences. 

We show that variation of the Glu content of the polymer chains affects the nucleation and 

thereby also the particle size. Moreover, it is shown that the polymers with the highest Glu 

content affect the kinetics of mineral formation such that the first precipitate is more 

soluble than in the case of the control experiment without poly(amino acid)s. 

 

 

 

 

 

 

 

 

 
Results presented in this chapter have been published as: 

 

V. Dmitrovic, G.J.M. Habraken, M.M.R.M. Hendrix, W.J.E.M. Habraken, A. Heise, G. de With and 

N.A.J.M. Sommerdijk, Polymers, 2012, 4 (2), 1195-1210. 



Chapter 3             

42 

 

3.1 Introduction 

 

Living organisms employ inorganic minerals and biocomposites with complex 

structures to fulfill biological functions including skeletal support and protection of soft 

tissue
1-4

. The acidic proteins existing in these mineralized tissues play an important role in 

controlling mineral formation, including the control over nucleation, growth and polymorph 

selection
5-8

. This has been documented most extensively for calcium carbonate, the most 

abundant crystalline biomineral. Biogenic calcium carbonate exists in several polymorphic 

forms of which calcite and aragonite are the most common ones, but also the metastable 

forms vaterite and amorphous calcium carbonate (ACC) are observed.
9, 10

 

Several acidic proteins have been demonstrated to interact with growing calcium 

carbonate crystals in vitro, not only changing polymorphism, but also leading to 

modifications in the shape of the crystals
11, 12

 as well as to their occlusion within the 

crystalline matrix.
13, 14

 This is of immediate importance for the mechanical properties of 

these materials: Where single crystals of synthetic calcite cleave easily along the (10.4) 

planes, most biogenic calcite is much more resistant to fracture due to the presence of the 

acidic proteins occluded within the crystals.
15, 16

 Acidic macromolecules are therefore 

considered to play a key role in biomineralization processes.
17-19

 Nevertheless, there are 

other characteristics of proteins which play important roles in biomineralization such as the 

total net charge of the chain, hydrophobicity and hydrogen bonding capacity.
20

 To date 

however, despite many years of research, little information is available about the structure-

activity relationships in the proteins that control the formation of calcium carbonate in 

nature. 

Already for decades poly(amino acid)s and their copolymers (generally referred to as 

synthetic copolypeptides) have attracted interest as models for natural polypeptides and 

proteins.
21-23

 A convenient way to prepare these amino acid based polymers is the ring-

opening polymerization (ROP) of amino acid N-carboxyanhydrides (NCAs).
24-26

 Recently, 

the increased demand for biodegradable and biocompatible polymers has renewed the 

interest in this class of polymers and thus the chemistry of amino acid NCAs. With the 

development of new approaches towards controlled NCA polymerization, it has become 

possible to synthesize high molecular weight polypeptides with control over polydispersity 

index (PDI) and polymer architecture.
27-38

 

In previous work,
39

 we demonstrated that ROP is a powerful tool to synthesize 

poly(amino acid)s with random composition and without secondary structure (we use the 

term “polyamino acids” to emphasize the random polymer character of these 

macromolecules and to differentiate them from peptides with a specific sequence). The 

influence of negative charge and hydrophobicity in copolymers of aspartic acid (Asp), 
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glutamic acid (Glu) and alanine (Ala) on CaCO3 crystallization was investigated. It was 

demonstrated that the Glu/Asp/Ala ratio has a significant influence on the crystal 

morphology. Furthermore, by fluorescent labeling of the poly(amino acid)s their inclusion 

in the final product could be demonstrated. Here we show that ROP is a convenient 

technique to synthesize sets of random poly(amino acid)s with a composition tuned to their 

function. The poly(amino acid)s presented here were synthesized with different mol 

percentages of Glu (negatively charged), Lys (positively charged) and Ala (hydrophobic) in 

the chains. Furthermore, we used a limited set of these polymers with increasing relative 

amounts of Glu in the chain to address the influence of negative charge and the amount of 

acidic residues within a chain on the crystallization of CaCO3. Depending on the monomer 

composition of the polymers we found that they can inhibit nucleation, change polymorph 

selection as well as the size and morphology of the crystals. We discuss the composition-

activity relations and assign specific changes in nucleation of crystals to the amino acid 

composition and therefore to the physicochemical characteristics of the poly(amino acid)s. 
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3.2 Results and discussion 

The NCA monomers used were synthesized according to literature procedures by 

reacting γ-benzyl-L-glutamate, Nε-benzyloxycarbonyl-L-lysine or L-alanine with 

triphosgene using α-pinene as HCl scavenger.
40

 During the reaction the initially turbid 

solutions in all cases became clear, indicating the conversion of the poorly soluble 

(protected) amino acids into the more soluble NCA monomers. The NCA monomers could 

be purified by repeated recrystallization from n-heptene and ethylacetate, resulting in white 

crystals for all monomers.  

While the syntheses of NCA-Glu and NCA-Lys were performed with an acceptable 

yield (84% and 86%, respectively), for NCA-Ala only a low yield was obtained, which was 

attributed to the low solubility of L-alanine in ethyl acetate. To improve the surface 

reactivity of L-alanine the crystals were ground to a fine powder, which indeed resulted in 

an approximately threefold increase of the yield to ~ 63%. The conversion of L-alanine to 

NCA-Ala was monitored through the evolution of the C=O IR stretch vibration at 1810 

cm
−1

.
41

 FTIR measurements showed that after 6 h of reaction time indeed no further 

increase in the peak intensity was observed. At this point also the alanine powder at the 

bottom of the flask had dissolved and the reaction was terminated.  

Random co-poly(amino acid)s were prepared by performing the ring opening 

polymerization of varying amounts of the different NCAs in a Schlenk tube under argon 

atmosphere using DMF as the solvent and benzylamine as the initiator. The reactions were 

performed at 0 °C as it was shown previously that this lower temperature avoids side 

reactions at the chain ends, which commonly lead to in-ring structures and chain-end 

termination, as well as “in-main-chain” reactions.
42, 43

 After isolation of the polymers the 

benzyl protecting groups of the Glu and Lys side chains were removed by dissolution in 

TFA and by reaction with 33% HBr in acetic acid, Scheme 1. 

The amount of Glu (E) in the polymers was varied from 33 to 80 mol% while keeping 

Lys (K) and Ala (A) at equal ratio 1:1 (33–10 mol%, Table 1). The monomer composition 

of the polymers was determined from 
1
H NMR spectra in TFA, integrating characteristic 

resonances for the different amino acids (Glu, 2.80 ppm, 2H; Lys 2.15 ppm, 2H; Ala 1.70 

ppm, 3H) using the initiator benzyl group as a standard, Figure 1, Table 1. 
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Scheme 1. NCA polymerization and deprotection of random poly(amino acid)s. 

 
The polydispersity index (PDI) was derived from size exclusion chromatography of the 

protected polymers using PMMA standards and HFIP as solvent and degrees of 

polymerization (DP) were calculated from NMR analysis of the deprotected ones by using 

deuterated TFA as solvent. Table 1 show that only a moderate control over DP and PDI 

was obtained. The DP varied from 24–36 and the PDI between 1.20 and 1.61. Nevertheless 

a series of polymers with increasing relative Glu content and decreasing Lys and Ala 

content, which can be used to study the influence of total net charge and hydrophobicity on 

the nucleation and growth of calcium carbonate, were successfully synthesized. 
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Figure 1. 1H NMR spectra of poly(amino acid) E28K9A7 before and after deprotection. Arrows 

indicate characteristic peaks, which were used for the determination of the poly(amino acid) 

composition. Black (7.50 ppm) initiator benzyl group, blue (2.15 ppm) Lys, red (2.80 ppm) Glu and 

purple (1.70 ppm) Ala. Deuterated TFA was used as a solvent. 

 

Table 1. Overview of poly(amino acid)s synthesized by NCA amino acid (a) Measured by Size 

Exclusion Chromatography (SEC) using PMMA standards; (b) Calculated using proton 1H NMR of 

deprotected poly(amino acid)s; (c) Sample code: ROP = Ring opening polymerisation, E = glutamic 

acid and number represents mol% of glutamic acid in the chain. Some of poly(amino acid)s were 

used for experiments described in Chapter 5 of this thesis. 

Sample  

Code 
c 

Feed  

composition 
DP 

b
  

Mn 

 (g/mol)
b 

PDI 
a Experimental  

Composition 
b
  

ROPE33 [E]14 [K]14 [A]14 24 2685 1.20 [E]8 [K]7 [A]9 

ROPE41 [E]18 [K]12 [A]12 30 3413 1.60 [E]12 [K]8 [A]10 

ROPE51 [E]22 [K]10 [A]10 29 3378 1.57 [E]15 [K]6 [A]8 

ROPE59 [E]26 [K]9 [A]9 36 4202 1.45 [E]21 [K]7 [A]8 

ROPE77 [E]34 [K]4 [A]4 34 4230 1.61 [E]26 [K]3 [A]5 
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3.2.1. Random Poly(Amino Acid)s in CaCO3 Mineralization 

To investigate the influence of the polymer composition on the formation of calcium 

carbonate, mineralization experiments were performed using three polymers with 

increasing relative Glu content: E12K8A10 (ROPE41), E15K6A8 (ROPE51) and E26K3A5 

(ROPE77). The early stages of mineral formation were studied with titration experiments as 

described by Gebauer et al. 
44

 by titrating a 50 mM CaCl2 solution (10 µL/min) containing 

10 mg of the respective polymers to a 10 mM carbonate buffer (pH 9.75). During this 

process the free Ca
2+ 

concentration was measured using a calcium ion-selective electrode 

(Ca-ISE) while the pH of the solution was kept constant by automated addition of 10 mM 

NaOH solution. It should be noted that in our experiments the polymers are added to the 

CaCl2 solution rather than to the carbonate buffer as we observed from similar studies that 

the calcium ions interact with the polymers. As this interaction changes over time, we 

choose to equilibrate the polymers in the calcium chloride solution, even though this 

precludes the possibility to probe the polymer-Ca
2+

 interaction during the titration 

experiment. 

The control reaction (without polymer additives) showed that the measured calcium 

concentration (the free calcium concentration, [Ca
2+

free]) initially increases proportionally 

with the amount of calcium added, Figure 2a, but only accounts for approximately 40% of 

the total calcium concentration ([Ca
2+

tot]). This difference between the added and measured 

calcium concentrations has been attributed to the formation of nanometer sized pre-

nucleation clusters. After ~ 1200 s a sudden drop in [Ca
2+

free] is observed marking the 

nucleation point of the first precipitated phase. After the drop the calcium level stabilizes 

and the associated free ion concentration product ([Cafree
2+

] [CO3
2−

]) can be related to the 

solubility of the precipitate, which in the work of Gebauer et al. was ACC. It was observed 

that under different conditions the precipitated ACC had different solubilities, which were 

related to the crystalline phase that formed from the ACC in a later stage of the reaction. In 

our experiments only crystalline products were isolated from the reaction medium. As 

expected under these conditions PXRD and Raman spectroscopy revealed that the mineral 

phase consisted of vaterite, Figure 3, while SEM analysis revealed the formation of 

particles with an almond-like morphology and an average size of ~ 2 µm, Figure 4.  
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Figure 2. a) Titration experiments showing the development of free calcium concentration in time in 

the absence of poly(amino acid)s (control, black) and in the presence of ROPE41 (red), ROPE51 

(purple) and ROPE77 (blue). Dashed line represents total amount of Ca2+ titrated in solution; b) Time 

development of free ion concentration product without poly(amino acid)s (control, black) and in 

presence of ROPE41 (red), ROPE51 (purple) and ROPE77 (blue). 

 
Figure 3. a) X-Ray Diffraction (XRD) data collected from crystals precipitated in the experiment in 

the presence of ROPE41, ROPE51 and ROPE77 clearly proving that these crystals were vaterite. The 

appearance of a small calcite peak in presence of ROPE77 (arrow) is due to the presence of a few 

calcite crystals in mixture; b) Raman data collected from experiments in the absence of additive 

(control) and in presence of ROPE41, ROPE51 and ROPE77 showing that crystals were vaterite 45. 

The peak at around 380 cm−1 (red arrow) could be assigned to the glass slide background on which 

crystals were placed for the measurements. 

 
In contrast to the work of Gebauer et al. 

44
, activity coefficients were used to account for 

the difference in ionic strength, I, between the Ca
2+

-Calibration in water (where I = max. 

0.003 M) and the titration of Ca
2+

 in an excess of CO3
2−

 during the reaction (where I ≈ 0.014 

M, γCa
2+

 ≈ 0.61). The plateau that is observed after nucleation represents an ion concentration 

product of 7.0 × 10 
−8

 M
2
. When the contribution of the activity coefficients is neglected, an 
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ion concentration product of 4.0 × 10
−8

 M
2 

is obtained. This value agrees well with the value 

of 3.8 × 10
−8

 M
2 
found by Gebauer et al. 

44
  

Compared to the control, the presence of polymers leads to a delay in the nucleation 

point of 300, 400 and 800 seconds going from ROPE41 and ROPE51 to ROPE77, 

respectively. The different compositions of the polymers also had a significant effect on the 

particle size going from ~ 1.0 μm for ROPE41, to 800 nm for ROPE51 and finally to 500 

nm for ROPE77, Figure 4. 

The inhibition of nucleation associated with the presence of the polymers, Figure 2, 

appears to scale with their Glu content. It is well known from the literature that increasing 

the negative charge in the polymer chain results in the inhibition of CaCO3 nucleation 
46, 47

 

and stabilization of a less stable polymorph of CaCO3, i.e., vaterite 
48, 49

. However, 

positively charged polymers have also been demonstrated to stabilize vaterite.
50, 51

 Hence, 

one may expect that the net charge of the polymer, rather than the amount of negatively 

charged monomers, would play a decisive role in the inhibition of nucleation. It can be 

calculated that at the pH of the experiment (pH 9.75) the theoretical total net charge of the 

polymers is − 3 for ROPE41, − 8 for ROPE51 and − 22 for ROPE77. From the observation 

that the inhibition effect is stronger for ROPE51 (total net charge = − 8) than for ROPE41 

(total net charge = − 3) we therefore must conclude that the effect of the negatively charged 

Glu is stronger than that of the positively charged Lys and that in fact it is the amount of 

negatively charged residues that determines the inhibition power of these polymers. 

 

 
Figure 4. SEM images of particles isolated from solutions. 
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It is well known that the proteins involved in calcium carbonate biomineralization 

generally are rich in acidic amino acids 
52

, nevertheless it has recently been emphasized that 

also positively charged residues may play a significant role. However for poly(allyl 

hydrochloride) this was attributed to a microphase separation phenomenon rather than to a 

specific interaction between the polymer and the growing crystal.
53

 In previous work, 
39

 we 

could see that in similar copolymers containing Asp, Glu and Ala the activity of Asp in 

modifying calcium carbonate formation is dominant over the activity of Glu. In the present 

study, we have replaced Asp by Lys in the copolymers. The results obtained show that the 

activity of the Glu monomers is stronger than that of Lys. Taking into account the 

respective control experiments we assign the fact that the end products in the current 

studies are different from the previous study 
39

 to the different experimental conditions used 

rather than to a difference in polymer composition. Hence, based on the results from both 

studies we can speculate that within a (bio)polymer chain, the activity of the above residues 

(monomers) in modifying calcium carbonate formation follows the order Asp > Glu > Lys.  

The observed decrease in particle size from the control to ROPE41, ROPE51 and 

ROPE77 implies an increase in nucleation sites going through this sequence of polymers. 

This observation can be related to the fact that in the titration experiment the [Ca
2+

tot] 

continuously increases and that the inhibiting action of the polymers causes nucleation to 

occur at a higher supersaturation which is known to lead to decreased particle sizes, Figure 

5a. 

 

Figure 5. a) Summary data from titration experiments. Particle size and time at which nucleation 

occurred without poly(amino acid)s (control) and in the presence of ROPE41, ROPE51 and ROPE77; 

b) Calculated theoretical total net charge of the same poly(amino acid)s for different pH values. 
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3.3 Conclusions 

       ROP polymerization of NCA monomers under argon flow at 0 °C was used, for the 

first time, to synthesize random poly(amino acid)s composed of Glu, Lys and Ala. The 

resulting polymers were prepared with different compositions but with comparable degrees 

of polymerization (DP 24-34) and polydispersities (PDI 1.2-1.6). Three selected 

poly(amino acid)s with different Glu content were used in a vaterite forming mineralization 

assay in which calcium ions, containing the poly(amino acid)s, at a constant pH of 9.75 

were added to a carbonate buffer. These results showed that increasing the Glu fraction in 

the polymer chain leads to an increased inhibition of the CaCO3 nucleation and to a 

decrease in particle size. This effect was attributed to the Glu content rather than to the 

concomitant variations in the net charge of the poly(amino acid).  
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3.4 Experimental section 

Materials: Triphosgene, α-pinene, benzylamine, trifluoroacetic acid (TFA), HBr/acetic acid,  

N-dicyclohexylcarbodiimide, N-hydroxysuccinimide and deuterated TFA were purchased 

from Sigma-Aldrich (USA). L-Alanine, γ-benzyl-L-glutamate, and Nε-benzyloxycarbonyl-L-

lysine were purchased from Bachem (Switzerland). DMF, THF, ethylacetate, n-heptane and 

diethylether were ordered from Biosolve. For the titration experiments, NaOH Pellets (≥ 98%, 

anhydrous, Sigma S8045), HCl 25% (Merck 100316), Calcium Chloride Dihydrate (≥ 98%, 

Sigma-Aldrich 22350-6) sodium carbonate (anhydrous, Merck 106392), sodium bicarbonate 

(GR for analysis, Merck 106329) were applied. 

 Synthesis of N-Carboxyanhydride (NCA) of γ-Benzyl-L-glutamate: In a round bottom 

flask γ-benzyl-L-glutamate (15 g, 63 mmol), α-pinene (25.6 g, 187 mmol) and ethyl acetate 

(120 mL) were added and stirred under reflux for 30 min at 90 °C in an oil bath. In a 

separate beaker triphosgene (9.36 g, 30 mmol) was dissolved in 60 mL of ethyl acetate. 

After 30 min the triphosgene solution was slowly added to the glutamic acid solution (one 

drop per second). When all the triphosgene solution was added and there was no solid 

glutamic acid remaining at the bottom of the flask, the reaction was stopped (approx. 3h). 

By using rotary evaporation the volume of the solution was reduced to approximately 30%. 

The polymer was precipitated by dropping in n-heptane (120 mL). After recrystallization 

from the mother liquor, white crystals of glutamic acid were obtained. Yield: 13.7 g; 57.9 

mmol; 84 mol%. 
1
H-NMR (400 MHz, CDCl3, δ, ppm): 2.20 (m, 2H, CH2), 2.59 (t, 2H, CH2, j 

= 6.8 Hz), 4.37 (t, H, CH2O, J = 6.1 Hz), 5.14 (s, 2H, CH2O), 6.57 (s, 1H, NH), 7.36 (m, 5H, 

ArH).  

Synthesis of N-Carboxyanhydride (NCA) of Nε-Benzyloxycarbonyl-L-lysine: In a 

round bottom flask Nε-benzyloxycarbonyl-L-lysine (10 g, 26.6 mmol), α-pinene (11 g, 81 

mmol) and ethyl acetate (80 mL) were added and stirred under reflux for 30 min at 90 °C in 

an oil bath. In a separate beaker triphosgene (6.4 g, 22 mmol) was dissolved in 40 mL of 

ethyl acetate. After 30 min the triphosgene solution was added to the lysine solution (one 

drop per second). Further steps were done using the procedure described for γ-benzyl-L-

glutamate. Yield: 9.4 g; 33.5 mmol; 86 mol%. 
1
H-NMR (400MHz, CDCl3, δ, ppm): 1.54 

(m, 4H, CH2CH2), 1.90 (m, 2H, CH2), 3.20 (q, 2H, CH2, J = 6.4 Hz), 4.25 (t, 1H, CH, J = 

5.1 Hz), 4.90 (s, 1H, NH), 5.10 (s, 2H, CH2O), 7.05 (s, 1H, NH), 7.36 (m, 5H, ArH).  

Synthesis of N-carboxyanhydride (NCA) of L-alanine: In a round bottom flask ground 

L-Alanine (6 g, 67 mmol), α-pinene (35 g, 257mmol) and ethyl acetate (250 mL) were 

added and stirred under reflux for 30 min at 90 °C in an oil bath. In a separate beaker 
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triphosgene (38 g, 128 mmol) was dissolved in 100 mL of ethyl acetate. After 30 min the 

triphosgene solution was added to the alanine solution (one drop per second). Further steps 

were done using the procedure described for γ-benzyl-L-glutamate. Yield: 5.1 g; 42.96 

mmol; 63 mol%. 
1
H-NMR (400MHz, CDCl3, δ, ppm): 1.57 (d, 3H, CH3, J = 7.0 Hz), 4.46 

(q, 1H, C, J = 7.0 Hz), 6.0 (s, 1H, NH). 

Random NCA Copolymerization: Polymerization reactions were done in a Schlenk tube 

under argon flow at 0 °C. The NCA monomers of γ-benzyl-L-glutamate (1.2 g 4.5 mmol), 

Nε-benzyloxycarbonyl-L-lysine (0.7 g, 2.3 mmol) and L-alanine (0.3 g, 2.4 mmol) were 

added in the Schlenk tube and dissolved in 21 mL of N,N-dimethylformamide. After all 

NCAs were dissolved benzylamine (20 mg, in 1 mL DMF) was added from the stock 

solution to activate the reaction. The reaction was stirred for four days and then quenched 

by precipitating the reaction mixture in 200 mL of diethyl ether. After reprecipitation by 

diethyl ether a white powder was filtered and dried overnight in a vacuum oven at 30 °C. 

The quantities given above are used for the synthesis of the E16K17A13. Quantities for the 

other poly(amino acid)s were calculated corresponding to the desired polymer composition.  

Deprotection of Polyamino Acids: The protected poly(amino acid) (0.5 g) was dissolved 

in 9 mL of trifluoroacitic acid. When the polyamino acid was completely dissolved, 33% 

HBr in acetic acid (7 mL) was added to the solution and the mixture was left to stir for 24 

h. After 24 h the solution was precipitated in diethyl ether. The polypeptide was allowed to 

settle on the bottom and the solution was decanted. Diethylether (200 mL) was added and 

the mixture was stirred for 10 min, after which the solvent was removed by decantation 

again. This procedure was performed five times to get a clear diethylether solution. After 

filtration, residual solvent was removed by drying overnight in a vacuum oven at 30 °C. 

Yield: 0.27 g; 55 wt%.  

Size Exclusion Chromatography (SEC): Size exclusion chromatography in 

hexafluoroisopropanol (HFIP) was performed on a system equipped with a Waters 1515 

Isocratic HPLC pump, a Waters 2414 refractive index detector (40 °C), a Waters 2707 

autosampler, a PSS PFG guard column followed by 2 PFGlinear-XL (7 µm, 8 × 300 mm) 

columns in series at 40 °C. 1,1,1,3,3,3 Hexafluoro-2-propanol (HFIP, Apollo Scientific 

Limited) with potassium trifluoro acetate (3 g L
−1

) was used as eluent at a flow rate of 0.8 

mL min
−1

. The molecular weights were calculated against polymethyl methacrylate 

standards (Polymer Laboratories, Mp = 580 Da up to Mp = 7.1 × 10
6
 Da). 

1
H-NMR: 

1
H-NMR analyses were performed on a Bruker 

1
H-NMR spectrometer type 

Mercury 400. For measuring the poly(amino acid)s spectra deuterated TFA was used. The 
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composition of poly(amino acid)s was determined by comparing the peak intensities 

corresponding to the signals characteristic for L-glutamate (2.80 ppm, 2H), L-lysine (2.15 

ppm, 2H) and L-alanine (1.70 ppm, 3H). 

Titration Experiments: A Metrohm
®
 commercial titration setup was used in all 

experiments. The setup contains a computer, which runs the software Tiamo 2.1 that 

controls two 809 Titrando tritrating units, three 2 mL Dosino dosing units and a magnetic 

stirrer plate. A double junction micro pH glass electrode (6.0234.100) and a polymer 

membrane (PVC) calcium ion selective electrode (Ca-ISE, 6.0508.110,) were utilized to 

measure the pH and concentration of free Ca
2+

 ions in solution, respectively; each 

connected to one of the Titrando 809 stations. The pH electrode was calibrated daily using 

Metrohm buffer standards at pH 4.0 (No. 6.2307.100), pH 7.0 (No. 6.2307.110) and pH 9.0 

(No. 6.2307.120), while the Ca-ISE was calibrated before each experiment. All solutions 

were freshly prepared for each experiment utilizing fresh Milli-Q water (resistivity 18.2 

MΩ·cm at 20 °C), degassed overnight with N2. A sodium hydroxide solution of 10 mM 

was prepared by dissolving NaOH pellets in water, 10 mM hydrochloric acid was prepared 

by the dilution of HCl 25%. Calcium chloride solutions (50 mM) used for titrations and 

calibrations were obtained by dissolving calcium chloride dihydrate in CO2 free water. To 

achieve the desired pH value a 10 mM carbonate buffer was prepared consisting of a 

mixture of 10 mM sodium carbonate and 10 mM sodium bicarbonate. Experiments were 

performed in a 80 mL beaker containing a 25 mL 10 mM sodium carbonate/sodium 

bicarbonate solution set at pH 9.75. Fifty millimolar calcium chloride solution set at pH = 

9.75 was dosed at a rate of 10 μL/min. In experiments with poly(amino acid)s, 10 mg of 

poly(amino acid) was dissolved in 100 mL of 50 mM calcium chloride solution before 

starting the experiment. The pH was kept constant by titrating 10 mM 

sodiumhydroxide/hydrochloric acid solutions and measured by the pH electrode at 20 ± 1 

°C in all cases. The stirring rate in all performed experiments was 600RPM. All beakers, 

electrodes and burette tips were cleaned with 10% acetic acid and rinsed with distilled 

water after every experiment. To convert measured Ca
2+

 activities into concentrations for 

the calculation of the activity coefficients the Davies-extended Debye-Hückel Equation 

(with a constant for the linear term a value of 0.3) was applied.
54

 

Scanning Electron Microscopy (SEM): SEM studies of the CaCO3 crystals were 

performed on a Quanta 3D FEG (FEI Company) with a field emission electron gun as 

electron source at an acceleration voltage of 10 kV and a current between 10 – 14 pA. For 

this, precipitated crystals were centrifuged, washed with acetone and air-dried for a day and 
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then placed on a SEM stub with carbon tape. Subsequently, the samples were sputter-

coated with a layer of gold applied using a current of 20 mA for 3 min. 

Powder X-ray Diffraction (PXRD): XRD measurements were performed on a Rigaku 

Geigerflex powder diffractometer with Bragg-Brentano geometry, using copper radiation at 

40 kV and 30 mA and a graphite monochromator on the detector side to eliminate the CuKβ 

radiation. The samples were prepared in a glass capillary. The XRD scans were measured 

from 10 till 60 (°) 2-theta with a step size of 0.02 (°) and a dwell time of 25 seconds. 

Raman Microscopy: The Raman spectrometer (Dilor Labram) was equipped with a 

Millennia II doubled Nd:YVO4 laser with an excitation wavelength of 632.81 nm operated 

at a power of 200 mW, 1800 grooves/mm holographic grating and a 1024 × 256 pixel CCD 

camera. Spectra were recorded in the region 50 – 1500 cm
−1

. Depth profiles, i.e., spectral 

intensity as a function of the distance of the sampled spot to the surface, were performed by 

manually adjusting the distance between sample and objective. A 100x magnification, 

(Olympus, numerical aperture 0.8) ultra-long working distance objective was used. The 

Labram was equipped with a built-in camera, enabling the visualization of the reflected 

laser light from the inner side of the glass plate. Focal depth zero was determined by 

minimizing the spot size of this reflected light.  
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Chapter 4 

 

Polymeric Mineralization Control Agents: A Library of 

Random Poly(amino acid)s by Solid Phase Synthesis 

 
Abstract 

Random poly(amino acid)s are promising and versatile additives of minimal complexity for 

studying the influence of different functional groups - as well as combinations thereof – on 

the formation of minerals in biomimetic crystallization experiments. They provide the 

opportunity to investigate the role of, e.g. total net charge and hydrophobicity through 

simply changing the monomer composition, without interference of effects of specific 

sequences or secondary structure. However, synthesizing large libraries of these polymers 

so far was prohibited by the time consuming preparation methods available (ring opening 

polymerization (ROP) of amino acid N-carboxyl anhydrides, enzymatic polymerization of 

amino acids). Here we report the automated solid phase synthesis (SPS) of a complete 

library of poly(amino acid) of glutamic acid, lysine and alanine monomers with excellent 

control over the degree of polymerization and composition and with polydispersity indices 

(PDIs) between 1.01 and 1.001, which is impossible to achieve by other methods This 

method provides access to a library of polymers with a precisely defined total charge which 

can range from ~ − 15 to + 15 per chain and with a disordered conformation almost 

completely devoid of any secondary structure. In solution the polymers are largely present 

as unimers, with only the most hydrophobic poly(amino acid) showing slight signs of 

aggregation. The prepared polymers meet the activity of the longer polymers previously 

prepared by ROP in biomimetic CaCO3 crystallization assays when molecular weight and 

number of active monomers is accounted for. Our new approach provides convenient 

access to libraries of this versatile class of polymers with tunable composition which can 

be used in a wide variety of physiochemical studies as a tool that allows systematic 

variation of charge and hydrophobicity, without the interference of secondary structure or 

aggregation on their performance. 
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4.1 Introduction   

 
Interactions between proteins and crystals are thought to be of great importance in 

biomineralization. Those interactions may be responsible for the nucleation of crystals in 

mineralizing tissues,
1
 inhibition of crystallization in soft tissue,

2
 polymorph selection,

3
 

biological control over crystal orientation,
4
 crystal habit

5
 and texture.

6
 Because of their 

unique ability to control many aspects of crystal formation, additives are increasingly being 

used in nanotechnology to produce materials with desirable mechanical, optical, electrical 

and other properties.
7-10

 Although beautiful examples of bioinspired hybrid and 

nanomaterials exist,
11-15

 at present the understanding of organic-inorganic interactions at the 

molecular level is still limited, which hampers the rational design of synthetic protocols 

based on biomimetic strategies.
16-18

 In order to effectively apply bio-inspired mineralization 

strategies to the synthesis of hybrid and nanomaterials it is essential that we understand and 

ultimately control the interactions between the organic and inorganic components at the 

molecular level.  

However, some general strategies used in biomineralization have become clear.
19

 These 

include the use of temporarily stabilized precursor phases, additives and pre-organized 

templates and compartmentalization with localized regulation of reaction conditions.
20

 The 

interactions of the developing mineral with organics such as membranes, soluble 

macromolecules and gels provides control over the mineralization kinetics
21-23

 and leads to 

occlusions
24-27

 and is therefore of fundamental importance for the physical properties of 

biominerals.
28-35

 

Proteins that direct the shape and structure of minerals are important tools in the 

orchestration of biomineralization.
36-38

 These proteins often have intrinsic structural 

disorder
39-41

 and an enriched anionic composition.
42

 The structure-activity relations for 

peptide sequences involved in biomineralization are very sensitive to small modifications in 

the primary structure,
43

 but also to changes in the secondary structure
44

 and post 

modification (phosphorylation, glycosylation).
45

 Nevertheless, model systems without a 

defined conformation or structure are able to mimic essential aspects of the 

biomineralization process, e.g. by controlling the amorphous-to-crystalline transition 

(polyelectrolytes),
 42, 46-49

 by the selective nucleation of oriented crystals (surfactant 

monolayers), 
50-54

 and by directing nanoparticle assembly (polyelectrolytes,
55, 56

 double 

hydrophilic polymers
57, 58

), respectively. Hence, aiming at the understanding of generic 

principles of biomineralization we choose to avoid studying model systems with specific 

structures and conformations, but focus on their general physiochemical characteristics. For 

this we have designed a library of poly(amino acid)s with a random monomer distribution 

and without specific secondary structures rather than peptides with a precise sequence. 
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With systematic variation of the composition (disregarding the sequence) the overall effects 

of net charge, charge density and hydrophilicity - which have been indicated as important 

parameters in bio(mimetic) mineralization
59-62,

 - can be assessed.  

Random polyamino acids have been synthesized by enzymatic polymerization of amino 

acids,
63

 and by ring opening polymerization of amino acid N-carboxy anhydrides.
64

 Ring 

opening polymerization (ROP) has been demonstrated effective for the synthesis of high 

molecular weight random polypeptides
64-72

 and conveniently yields gram scale quantities of 

the desired polymers. In our first studies we used ROP, but found that the procedures 

involved are not suited to easily produce a significant library of polymers with different 

composition. On the other hand, solid phase synthesis
73

 has been shown to be an extremely 

effective method for the production of a large variety of peptides of low to moderate 

molecular weights.
72, 74, 75

 Here we describe the synthesis and characterization of a library 

of random poly(amino acid)s produced through a modified solid phase synthesis protocol 

and compare their activity with that of similar polymers prepared by ROP in the biomimetic 

mineralization of calcium carbonate. 
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4.2 Results and discussion 

4.2.1 Design of a poly(amino acid) library 

To efficiently investigate the influence of different functional groups and their 

combinations in the polymer-directed mineralization we aim to synthesize a library of 

random poly(amino acid)s. We designed such a library from three different monomers 

(glutamic acid, Glu/E; lysine, Lys/K; alanine, Ala/A) composed of sub-sets of random tri-

copolymers in which the relative composition of one amino acid is systematically varied 

from 10 to 80 mol% while keeping the other two residues at equal ratio. Previously we 

have reported the successful synthesis of such random poly(amino acid)s using ring 

opening polymerization (ROP),
76

 however this method is too elaborate and time consuming 

for the efficient synthesis of such a large polymer library. Moreover, ROP yields only 

moderate control over the degree of polymerization (DP) and polydispersity index (PDI). 

Therefore we developed a new synthetic approach based on the traditional solid phase 

synthesis of peptides using Fmoc chemistry. Conventionally this method is used for the 

synthesis of peptides with an exact predefined amino acid sequence and length. 

However, in our new approach we will synthesize peptides with identical length, but 

with a different amino acid sequence in every chain, Figure 1. The modification used the 

same feed mixture of activated E, K and A for each of the 24 monomer addition steps in the 

synthesis of a given polymer, in contrast to using a different activated amino acid for each 

individual addition step in conventional SPS. This modification aims at producing random 

poly(amino acid)s rather than polymers with specific sequence (i.e. peptides), but also at a 

precisely determined DP. The resulting peptide polymers are denoted [E]10-80%[K]45-

10%[A]45-10%, [E]45-10%[K]10-80%[A]45-10% and [E]45-10%[K]45-10%[A]10-80%. 

Ideally this procedure produces a batch in which all polymer chains, on average, have the 

same length and composition but every chain is unique in the sequence and in the 

distribution of the three monomers within the chain. 
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Figure 1. Difference between conventional solid phase synthesis (SPS) and the newly designed one 

pot SPS. Used amino acids were mixed and dissolved all in one pot instead of the conventionally used 

routine of one pot per amino acid solution. 

 

4.2.2 Automated synthesis of random poly(amino acid)s 

 

Random co-poly(amino acid)s with a DP of 24 were prepared at the scale of 0.1 mmol, 

using solid phase synthesis with standard Fmoc-derivatized amino acid on a fully 

automated parallel peptide synthesizer. For every coupling step the resin was reacted with a 

4 equivalent mixture of the three amino acids, for 45 min at room temperature, using DMF 

containing 1 g/L LiCl as the solvent. Fmoc deprotection was performed with piperidine 

(40%, v⁄v in DMF) and amino acids were activated with HCTU–DIEA (1:2, see Appendix 

A for details). After completion of the synthesis the resulting poly(amino acid)s were 

cleaved and deprotected from the resin for 3 hrs using a mixture of TFA, TIS and water 

(95:2.5:2.5, v⁄v⁄v). After precipitation and drying the polymers were obtained as C-terminal 

amides in quantities of typically 150-200 mg; typically 8 polymers were prepared in 

parallel with a total synthesis time of ~ 40 hrs. As a first step we compared our random 

solid phase synthesis procedure with the conventional SPS procedure, synthesizing 2 

different batches of random E33%K33%A33% along with the control peptide  
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EKAEKAEKAEKAEKAEKAEKAEKA ([EKA]8) which has the same amino acid 

composition but a specific amino acid sequence - and analyzed these macromolecules by 

MALDI-ToF, Figure 2. 

 
Figure 2. Experimental and calculated MALDI-ToF patterns for different batches of poly(amino 

acid)s: a) Experimental MALDI-ToF pattern for [EKA]8, showing a major peak at the expected mass 

of 2644 g/mol and a minor peak at 2626 g/mol ( -18 g/mol), indicating the poly(amino acid)s can split 

off H2O by amide bond formation between E and K side groups during the MALDI-ToF analysis. b, c) 

Experimental MALDI-ToF patterns for SPSE31 and SPSK31. The major peaks are spaced by 57-58 

g/mol and represent copolymer chains with differences between E/K (147/146 g/mol) and A (89 

g/mol) content. By fitting normal distributions (blue lines) to the major peaks (red dots), the PDIs 

could be determined from the apparent standard deviations, as well as the DPs by combining the 

MALDI-ToF fits with the 1H NMR results. d) Calculated MALDI-ToF pattern for a batch with a DP 

of 22, showing a similar mass distribution. The major peaks in the experimental patterns are shifted 

by ~18 g/mol as compared to theory, again indicating side condensation reactions. The minor peaks 

in the experimental patterns correspond to chains with a DP of 22. 
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Table 1. Overview of random poly(amino acid)s synthesized by one pot SPS synthesis. 

Sample 

Coded 

Feed composition 

(mol%) 

Experimental 

composition 

(mol%) 

  Monomer     

compositionc 

Mn 

g/mola 
PDIa DPb 

SPSE10 [E]10%[K]45%[A]45% [E]10%[K]41%[A]49% [E]2.2 [K]8.7 [A]10.3 2146 1.005 21.2 

SPSE19 [E]20%[K]40%[A]40% [E]19%[K]36%[A]45% [E]4.2  [K]8.0  [A]9.8 2288 1.005 22.1 

SPSE31 [E]33%[K]33%[A]33% [E]31%[K]31%[A]38% [E]7.0 [K]6.8 [A]8.6 2402 1.004 22.4 

SPSE39 [E]40%[K]20%[A]20% [E]39%[K]28%[A]33% [E]8.6 [K]6.3 [A]7.4 2468 1.003 22.4 

SPSE48 [E]50%[K]25%[A]25% [E]48%[K]22%[A]30% [E]10.9[K]5.1 [A]7.0 2580 1.003 23.0 

SPSE59 [E]60%[K]20%[A]20% [E]59%[K]19%[A]22% [E]13.3[K]4.3 [A]5.0 2650 1.003 22.7 

SPSE67 [E]70%[K]15%[A]15% [E]67%[K]18%[A]15% [E]15.7[K]4.1 [A]3.5 2810 1.003 23.2 

SPSE76 [E]80%[K]10%[A]10% [E]76%[K]14%[A]10% [E]18.1[K]3.4 [A]2.3 2946 1.002 23.7 

SPSK10 [E]45%[K]10%[A]45% [E]41%[K]10%[A]49% [E]9.4 [K]2.3 [A]11.3 2329 1.006 23.0 

SPSK18 [E]40%[K]20%[A]40% [E]36%[K]18%[A]46% [E]8.2 [K]4.1 [A]10.7 2360 1.004 23.0 

SPSK31 [E]33%[K]33%[A]33% [E]32%[K]31%[A]37% [E]7.1 [K]6.8 [A]8.4 2409 1.005 22.3 

SPSK37 [E]30%[K]40%[A]30% [E]29%[K]37%[A]34% [E]6.5 [K]8.2 [A]7.5 2433 1.005 22.1 

SPSK45 [E]25%[K]50%[A]25% [E]27%[K]45%[A]28% [E]6.3[K]10.6 [A]6.5 2647 1.007 23.3 

SPSK56 [E]20%[K]60%[A]20% [E]20%[K]56%[A]24% [E]4.8[K]13.7 [A]5.8 2801 1.004 24.3 

SPSK69 [E]15%[K]70%[A]15% [E]14%[K]69%[A]17% [E]3.5[K]16.9 [A]4.0 2923 1.002 24.4 

SPSK81 [E]10%[K]80%[A]10% [E]9%  [K]81%[A]10% [E]2.2[K]20.2 [A]2.5 3065 1.001 24.9 

SPSA05 [E]45%[K]45%[A]10% [E]49% [K]46%[A]5% [E]11.8[K]11.3[A]1.1 3064 1.000 24.2 

SPSA20 [E]40%[K]40%[A]20% [E]41%[K]39%[A]20% [E]9.8[K]9.3 [A]4.7 2810 1.004 23.8 

SPSA37 [E]33%[K]33%[A]33% [E]32%[K]31%[A]37% [E]7.5 [K]7.2 [A]8.7 2529 1.008 23.4 

SPSA44 [E]30%[K]30%[A]40% [E]28%[K]28%[A]44% [E]6.6 [K]6.4 [A]10.3 2417 1.010 23.2 

SPSA59 [E]25%[K]25%[A]50% [E]21%[K]20%[A]59% [E]5.0 [K]4.9 [A]14.1 2300 1.008 24.1 

SPSA61 [E]20%[K]20%[A]60% [E]18%[K]21%[A]61% [E]4.1 [K]4.6 [A]13.6 2096 1.003 22.2 

SPSA68 [E]15%[K]15%[A]70% [E]13%[K]19%[A]68% [E]2.8 [K]4.1 [A]15.1 1978 1.002 22.0 

SPSA75 [E]10%[K]10%[A]80% [E]8%  [K]17%[A]75% [E]1.7 [K]3.8 [A]16.6 1906 1.002 22.1 

[EKA]8 [E]33%[K]33%[A]33%
# [E]33%[K]34%[A]33%

# [E]8 [K]8  [A]8 2644 1.000 24.0 

 

All the random poly(amino acid)s contain C-terminus amide and N-terminus free amine. a): 

determined from MALDI-ToF-MS data (see also Appendix A, Figure A1), b): calculated combining 

MALDI-ToF-MS and 1H NMR data, c): Calculated from the experimentally obtained mol% and 

degree of polymerization, d): Sample code is used just to simplify writing of names of poly(amino 

acid)s, with the letters representing the symbol for the amino acid and numbers representing the 

experimentally obtained mol% of the amino acid (e.g. Sample code SPSE19: SPS = Solid Phase 

Synthesis, E = glutamic acid and number represents mol% of glutamic acid in the chain. #: 

Poly(amino acid) with defined sequence [EKA]8. 
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Whereas the control peptide gave rise to a sharp peak in the MALDI spectrum 

confirming the formation of a well-defined peptide with a DP of 24, the other two random 

E33%K33%A33% samples produced a broader distribution of peaks as expected. These spectra 

are in good agreement with the predicted mass distributions, in which the different 

molecular weights of the three amino acid monomers and the intended compositional 

variation between the different polymer chains leads to a distribution of molecular weights 

within one batch of chains with the same DP. The MALDI spectra further revealed that the 

two batches predominantly contained polymers with a DP of 22. 

The degree of polymerization was calculated by fitting normal distributions to the 

MALDI-ToF patterns to determine the average molecular weight, in combination with the 

compositional information derived from 
1
H NMR. The resulting molecular formulas of the 

different polymers are listed in Table 1. Further, from the standard deviations of the fitted 

normal distributions it could be determined that the poly(amino acid)s all have PDIs 

between 1.001 and 1.010 (Table 1), demonstrating that batches with nearly monodisperse 

chains were synthesized. In contrast, ROP typically yields significantly higher PDIs. The 

broadening in molecular weight is only due to different monomer contents, not to different 

chain lengths, and as expected resulted in an increasingly lower PDI upon enrichment in 1 

of the 3 monomers, see Table 1 and Appendix A Figure A1. 2D 
1
H COSY NMR analysis 

on [EKA]8 was used to fully assign the different resonances to the different protons in the 

constituting amino acids. It further served to identify the characteristic, non-overlapping 

peaks for the different amino acids such that 
1
H NMR can be used to analyze the 

composition of the different polymers in the library, Figure 3 and Appendix A Figure A2. 

Due to significant overlap in the 1D spectra the signals at 2.48 and 2.98 ppm, belonging to 

the γ protons of glutamic acid and the ε protons of Lysine, respectively, were selected to 

identify the relative contributions of these two monomers. The remainder was assigned to 

the contribution of alanine. Subsequently the designed library was completed synthesizing 

the three series [E]10-80%[K]45-10%[A]45-10%, [E] 45-10%[K]10-80%[A] 45-10% and [E] 45-10%[K] 45-

10%[A]10-80%. The resulting molecular formulas of the different polymers, and their 

characterization data are listed in Table 1. We further performed a standard amino acid 

analysis on [E]10-80%[K]45-10%[A]45-10%. using acid hydrolysis followed by UPLC-MS/MS 

analysis – an analytical method commonly used for determining the amino acid 

composition of peptides, Figure 4a.
77

 The results were in very good agreement with those 

obtained from the analysis by MALDI/NMR, confirming that the latter combination 

provides a reliable tool to determine the amino acid composition of these poly(amino 

acid)s. The MALDI/NMR analysis of the 3 sub libraries E10-80%KA, EK10-80%A and EKA10-

80%, Figure 4b-d, shows that the modified SPS procedure yields copolymers with a 

composition very similar to that of the desired (feed) composition. It has been shown that 
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the relative coupling rates of protected amino acids are independent of the resin bound 

amino acid.
78

 This suggests that, with an equimolar mixture of protected amino acids SPS 

coupling should result in the random addition of the amino acid to the resin, without a 

preference for the formation of blocks of one of the three monomers. 

 

 

Figure 3. a) 2D 1H COSY NMR spectra of [EKA]8 in D2O; b) 1H NMR spectra of [EKA]8 in D2O 

showing formula and assignment of all peaks. 

 

Nevertheless, the glutamic acid and lysine contents are systematically just lower than the 

feed composition, while the alanine content is generally slightly above the theoretical 
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composition. We attribute the slightly higher reactivity of alanine to its smaller size and the 

associated lower steric hindrance during the coupling reaction. A preferred coupling of 

alanine to itself would not only lead to block formation, but also to enrichment in this 

amino acid towards the end of the chain. 

 

Figure 4. Amino acid compositional analysis a) Comparing results of compositional analysis of 

SPSE10-80%KA obtained combining MALDI-ToF and 1H NMR with results from acid hydrolysis 

followed by UPLC-MS/MS analysis, b) SPSE10-80%KA; c) SPSEK10-80%A; d) SPSEKA10-80%  

obtained combining MALDI-ToF and 1H NMR, solid lines represent targeted mol% of amino acids in 

chain while red, blue and green symbols represents experimentally obtained amounts of Glu, Lys and 

Ala, respectively, estimated from MALDI-ToF and 1H NMR data. 

 

Furthermore, from the results in Figure 4 and Table 1 we can assume near equal (cross) 

reactivity for all 3 amino acids. Moreover, we can conclude that the amino acid monomers 

of a specific copolymer are randomly distributed over all copolymer chains in a trinomial 

fashion. The probability P of growing a copolymer chain containing x Glu, y Lys and z Ala 

residues now equals (equation 1): 
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with DP being the degree of polymerization (DP = x + y + z) and pE, pK and pA being the 

probabilities of incorporating an E, K or A monomer, respectively (depending on the 

composition of the monomer feed). Using Equation 1 one can calculate the compositional 

distributions for the synthesized copolymers, Figure 5, and thus also theoretical mass 

distributions as was presented earlier, Figure 2. Although the distributions are quite broad 

due to the relatively low degree of polymerization – only ~4% of the copolymer chains 

contains the mean composition, the others deviate from this average – we clearly can 

produce random amino acid copolymers with very different compositional distributions, 

depending on their amino acid contents, Figure 5. Further, previous studies showed that a 

distribution of composition and chain lengths still leads to uniform crystal morphologies as 

the biomimetic mineralization of calcium carbonate is a highly cooperative process – with 

many copolymer chains interacting with one crystal during its formation.
79

 

 

 
Figure 5. Trinomial distributions of the compositions of the a) SPSE10, b) SPSE31 and c) SPSE67 

copolymers as function of the E and K residue contents (and A = DP – E – K). The insets show the 

top views of the distributions, demonstrating that the compositional distributions clearly shift as 

function of the amino acid contents. 

Hence also in this case the broadness of the compositional distributions is not expected 

to hinder their performance as mineralization control agents. The color compositional 

triangle, Figure 6, with the marked points (green dots) indicating all poly(amino acid)s 

prepared, Table 1, illustrates the synthetic power of the one-pot SPS. Moreover, it should 

be pointed out that with our synthetic method we can fill any point in this triangle and 

therefore synthesize in any required polymer composition. 
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Figure 6. Color compositional triangle in which red, blue and green color represents Glu, Lys and 

Ala respectively. It is important to note that all observations in this triangle should contain prefix SPS 

but because of clarity observations are kept out. 

 

4.2.3 Solution behavior of the random poly(amino acid)s 

 

To confirm that the synthesized library indeed allows us to precisely define the charge 

of the polymer through its composition we performed acid/base titrations monitoring the 

changes in the solution pH in the range from pH 2 - 11. The results were compared with 

theoretical curves in which the pKa of the amino acids in the polymer chain is considered 

independent of the other amino acids in the chain. From both the experimental and 

theoretical data the net charge of the polymer was calculated as a function of the pH, Figure 

7, see Appendix A Figure A3 and A4 for more information.  While in most cases a good 

agreement between theory and experiment is observed, it is apparent that E residues in the 

high E content copolymers (SPSE76) are less acidic (have a higher pKa) as compared to 

theory, while K residues in the high K content copolymers (SPSK81) are less basic (have a 

lower pKa) as compared to theory. In both cases this is most likely due to a combination of 
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hydrogen bond formation, proton sharing between adjacent groups, and charge repulsion in 

the copolymer chains.
80, 81

 For similar reasons, E residues in high K content copolymers are 

more acidic (have a lower pKa) as compared to theory, while K residues in high E content 

copolymers are more basic (have a higher pKa) as compared to theory. Importantly, the data 

show that with the compositions used it is possible to vary the charge of the polymers 

between approximately +10 and – 15 at pH 9.75 - the pH relevant to the mineralization 

experiments described below - whereas at neutral pH the available range is approximately 

+15 to – 15. 

 

Figure 7. pH-net charge relationships for a) SPSE10, b) SPSE48, c) SPSE76, d) SPSK10, e) SPSK45 

and f) SPSK81. Comparison of theoretical predictions with experimental data extracted from acid-

base titrations. 

 

To evaluate whether the amino acid copolymers – despite their random nature – form 

secondary structures in solution circular dichroism (CD) measurements were performed on 

aqueous 0.1 wt% solutions of the polymers at their native pH of ~4. All recorded CD 

spectra showed a minimum at 222 nm indicating some alpha helix content
82

 and a 

minimum between 200-210 nm consisting of both random coil and alpha-helical 

contributions at 208 nm, Figure 8a.
82

 However, while a purely alpha-helical structure 

should result in a per residue molar ellipticity around -35,000 deg cm
2
 dmol

-1
 at 222 nm,

82
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the random copolymers gave rise to a signal that did not exceed -6,000 deg cm
2
 dmol

-1
, 

suggesting that the alpha helix contents are not higher than ~15%. Moreover, under 

conditions relevant to the biomimetic mineralization of calcium carbonate (pH 9.75) the 

most intense signal was even smaller than -4,000 deg cm
2
 dmol

-1
, corresponding to a 

maximum helix content of only ~ 10%, Figure 8b. Indeed, when the results are compared to 

the CD spectrum of myoglobin (a protein that is 74% alpha-helical
83

), Figure 8c, it becomes 

evident that the random amino acid copolymers have only minor CD signals, indicating that 

in solution they are largely present as disordered macromolecular peptide chains. 

 

Figure 8. a) CD spectra of random amino acid copolymers with varying E content at pH 4 where the 

alpha-helical content (CD signal at 222 nm, black arrow) increases with increasing E content. b) At 

pH 9.75 the alpha-helical content (CD signal at 222 nm, black arrow) decreases with increasing E 

content in presence of Ca2+. c) Comparison of the CD spectra in a) with the CD spectrum of 

myoglobin (74% alpha-helical83). The CD spectrum of myoglobin was taken from the Protein 

Circular Dichroism Data Bank (PCDDB)84 and was previously published elsewhere.83  

 

Interestingly, while under acidic conditions (pH 4), Figure 8a, the CD signal at 222 nm 

increased with increasing E level (and the concomitant decrease in K and A level), the 

reversed behavior is observed under the conditions relevant for mineralization studies 

([Ca
2+

] = 10 mM pH 9.75), Figure 8b, due to the (de)protonation of E/K residues. This 

demonstrates that due to their random nature the copolymers indeed hardly form secondary 
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structures under the conditions used, and that we can safely interpret their effects on the 

biomimetic mineralization of calcium carbonate as a function of their amino acid contents 

only. As the hydrophilic/hydrophobic balance of these polymer varies with their 

composition it is of interest to investigate whether these random amino acid copolymers 

display any significant self-assembly behavior in solution (i.e., form aggregates in aqueous 

media). Since apolar monomers are likely to contribute most to the tendency of these 

macromolecules to assemble in solution, aggregation should depend mainly on the alanine 

(A) content of the polymers.  

 

Figure 9. CryoTEM images and DLS size distributions (insets, plotted as number-weighted intensity) 

for a) SPSA37, b) SPSA59, c) SPSA68 and d) SPSA75 in aqueous solution (1 mg/mL, pH 7). Size 

distributions between ~1 nm and ~10 nm are observed for A contents lower than 60 mol%. While no 

assemblies could be discovered in cryoTEM for SPSA37, ~3 nm aggregates were observed for SPSA59 

(red circles). Both images were taken using the same imaging conditions (same electron dose, 1 s 

exposure time, -10 μm defocus). For even higher A contents fibers and fibrous aggregates could be 

produced. 
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Aqueous 0.1 wt% solutions of copolymers (pH 7) with varying alanine content (SPSA05-

SPSA59) all appeared optically clear while DLS demonstrated size distributions between ~1 

nm and ~10 nm, Figure 9, indicating that none of these polymers significantly self-

aggregate in solution. Indeed, no assemblies of any significant size could be discovered in 

cryoTEM, Figure 9a, except for SPSA59 which has more than 50 mol% alanine content and 

for which ~3 nm aggregates were observed, Figure 9b, red circles. Based on the molecular 

weight of the polymers we estimate that aggregates of such size typically would contain 

only 5 copolymer chains. 

However, by increasing the alanine content further (SPSA68), Figure 9c, fibers could be 

produced as observed in cryoTEM and DLS, while for polymers with even higher A 

content (SPSA75), Figure 9d, the copolymer became partially insoluble and complex 

fibrous aggregates were formed. For copolymers with varying E and K content no 

aggregation was expected due to their high net charges. Indeed, for all these polymers DLS 

indicated sizes smaller than 4 nm, Appendix A Figure A5, implying that our random amino 

acid copolymers are almost completely molecularly dissolved in aqueous solution. This 

means that for all compositions, except for SPSA59, SPSA68 and SPSA75, the polymer 

chains in solution will be equally well accessible, and able to act in any mineralization 

experiment. 

 

4.2.4 Influence of short chain random poly(amino acid)s on CaCO3 mineralization 

 

The present library of random poly(amino acid)s prepared by SPS has a lower degree of 

polymerization (DP = 21-24) than the longer polymers prepared by ROP (DP =  29-34) we 

used in a previous  study, Table 2. As the length of amino acid-based polymers has been 

demonstrated to change their effect on calcium carbonate formation,
85

 it is of interest also 

in this case to compare the ability of these two families of polymers to influence the 

formation of CaCO3. We selected 3 poly(amino acid)s with increasing content of glutamic 

acid SPSE10, SPSE48 and SPSE76, which overlap with the composition range of the 

polymers ROPE41 (DP = 30) , ROPE51 (DP = 29) and ROPE77 (DP = 34) used in 

experiments described in Chapter 3 of this thesis.
76

 

The polymers were used as additives in titration experiments to probe their effect on the 

early stages of mineral formation. In these experiments, a 50 mM CaCl2 solution containing 

10 mg of the respective polymers was slowly titrated into a 10 mM carbonate buffer (pH = 

9.75) while keeping the pH constant by the automated addition of a 10 mM NaOH solution. 

A calcium ion selective electrode (Ca-ISE) was used to measure the change of the chemical 

potential, which is directly related to the changing activity of the free Ca
2+ 

ions in solution, 
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from which concentrations were calculated (see Chapter 3 for details). In the control 

experiment, without additives, the measured activity of free calcium ions indicated that in 

the pre-nucleation stage approximately 60% of added calcium was present as bound ions. 

This difference between the added and measured calcium concentrations can been 

attributed to the formation of ion pairs and other pre-nucleation species present in the 

solution.
86-88

 The nucleation point, after ~ 20 minutes, was indicated by a sudden drop in 

measured activity of Ca
2+

free marking the point where the first precipitate is formed, Figure 

10a. After this drop the calcium level stabilizes and a constant free ion concentration 

product ([Cafree
2+

][CO3
2-

free]) is measured. SEM analysis revealed that the precipitate 

contained particles with an almond-like morphology and an average size of ~ 2 µm, 

Appendix A Figure A7, while Powder X-ray diffraction (PXRD) showed that they 

consisted of vaterite, Appendix A Figure A6.  

 

 

Figure 10. a) Time development of free ion concentration product without poly (amino acid)s 

(control, black) and in presence of SPSE10 (red), SPSE48 (purple) and SPSE76 (blue). b) Summary 

data from titration experiments obtained from titration experiments under same conditions in 

presence of poly(amino acid)s synthesized with ring opening polymerization and solid phase 

synthesis. ● Poly(amino acid)s from ring opening polymerization, ■ Poly(amino acid)s from solid 

phase synthesis. 

 

In the presence of all three investigated poly(amino acid)s SPSE10, SPSE48 and SPSE76  

the slopes of the titration curves are slightly higher than in case of the control experiment, 

indicating that more free Ca was present in solution and that the presence of these 

poly(amino acid)s has a destabilizing effect on the equilibrium between the bound calcium 

(ion pairs and other pre-nucleation species) and the calcium ions in solution, Figure 10a. 

Furthermore, in presence of all the polymers, a delay in the nucleation point was observed, 

which is quantified by a retarding factor (RF), defined as the ratio of the nucleation times in 
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the presence and absence of the poly(amino acid)s, respectively.
89

 When the RFs of 

SPSE10, SPSE48 SPSE76 together with those of ROPE41 , ROPE51  and ROPE77  were 

considered in relation to the monomer composition (e.g the fraction of E in the chain), no 

clear relation could be recognized suggesting that the length of the polymer played an 

important role in retarding the nucleation. 

 Indeed, when the RF of all polymers were plotted against the number of E monomers 

per chain, we observed an apparent linear relation with a threshold for the retardation 

around an E content of 12 glutamic acid monomers per chain, Figure 10b. A similar effect 

was observed for the particle size: where increasing the number of E monomers per chain 

progressively retards the nucleation, it also leads to an concomitant reduction of the particle 

size, which varied from 2 µm for SPSE10 and SPSE48 to 0.5 µm for ROPE77, Figure 10b 

and Appendix A Figure A7. 

 

Table 2. Overview of poly(amino acid)s used in titration experiments under same conditions. a- 

determined from MALDI-ToF-MS and 1H NMR data; b-calculated using 1H NMR; c – calculated 

from acid/base titrations. 

Monomer 

Composition 
DP

 
Mn 

(g/mol) 

      Total net charge 

  Theoretical Experimental 
c 

Solid Phase Synthesis 
a 

E2K9A10 (SPSE10)
 

21 2146 +8 +4 

E11K5A7 (SPSE48)
 

23 2580 -5 -6 

E18K3A2 (SPSE76)
 

24 2946 -14 -14 

Ring Opening Polymerization 
b 

     E12K8A10 (ROPE41)
 

30
 

3413 -3 -5 

     E15K6A8 (ROPE51)
 

29
 

3379 -7 -10 

     E26K3A5 (ROPE77)
 

34
 

4231 -22 -18 

 

By comparing the results obtained with the two sets of poly(amino acid)s it becomes 

clear that the effectiveness of the inhibition of mineral formation correlates with the 

number of E monomers present in polymer chain, Figure 10b, rather than with the net 

charge of the polymer or with the relative composition of the monomer. Specifically, if we 

compare SPSE48 (E11K5A7) and ROPE41 (E12K8A10), two poly(amino acid)s with a similar 

total net charge (-6 and -5, respectively) and a similar number of hydrophobic residues (7 

and 10 Ala monomers, respectively) we observe a distinctly different influence on CaCO3 

formation. This is, however, in good agreement with previous studies that describe the 

increasing capability of additives to inhibit CaCO3 formation with increasing amounts of 
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negative charge present in the chain.
90

 Similarly, the presence of polyGlu and polyAsp was 

described to lead to the stabilization of the metastable polymorph vaterite.
91, 92  

Furthermore, the results suggest that under the experimental conditions used there is an 

activity threshold for the number of E monomers per chain that leads to inhibition of 

mineral formation or effectively reduce the vaterite particle size, Figure 10b. Again this is 

in good agreement with a recent study in which the activity of poly(Asp-Ser) was shown to 

depend not only on the absolute amount of active amino acids present in the reactant 

solution, but on the composition of the polymer, with a threshold in the Asp content above 

which the polymers become active in inhibiting direct precipitation of the mineral.
74
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4.3 Conclusions 

       We have successfully demonstrated the automated solid phase synthesis of a complete 

library of random amino acid based copolymers from Glu, Lys and Ala monomers with 

good reproducibility and excellent control over the degree of polymerization, polydispersity 

and composition. We obtained very low PDIs, which are inaccessible using other 

polymerization methods. The control over composition gives access to a library of 

polymers with a precisely defined total charge which can range from ~ − 15 to + 15 per 

chain, depending on the conditions used. The random character of the polymers leads to a 

disordered conformation almost completely devoid of any secondary structure. Further, in 

solution the polymers are largely present as unimers, with only the most hydrophobic ones 

showing slight signs of aggregation. In biomimetic mineralization experiments, these 

polymers behave similarly to the polymers prepared by ROP, although the lower molecular 

weight, and thereby the number of active monomers should be accounted for. Hence, in the 

end we present a versatile class of polymers with tunable composition, which in principle 

can be used in a wide variety of physiochemical studies as a tool that allows systematic 

variation of charge and hydrophobicity, without the interference of secondary structure or 

aggregation on their performance. Furthermore, as SPS is a well-developed method for the 

synthesis of peptides and protein fragments, the scope of the synthetic method is not 

restricted to the three monomers used in this study, nor to the natural amino acids, while 

still several hundreds of milligrams of the polymer can be conveniently obtained from a 

single batch. The synthetic flexibility and convenience of the automated procedure, but also 

the precise control over polydispersity and molecular weight makes SPS the method of 

choice, over ring opening polymerization for such a library of amino acid based polymers. 

Obviously the polymer composition can also be tailored to guide the formation of other 

minerals that we find in biological systems such as calcium phosphate, silica and iron 

oxides, with polymer compositions tailored to the mineral, guided by what is known from 

the amino acid sequence of isolated biomacromolecules. Further these poly( amino acid)s 

may further be designed to have a block of a specific or a variety of hydrophobic amino 

acids such as to mimic the hydrophobic domains in membrane bound or self-assembling 

proteins. Moreover, the scope of the presented SPS method extends beyond the synthesis of 

polymeric mineralization control agents as for example random poly amino acids have also 

been used for mimicking marine adhesives.
93
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4.4 Experimental section 

Materials: Fmoc-Glu(Otbu)-OH, Fmoc-Lys(boc)-OH and Fmoc-Ala-OH amino acid 

derivatives as well as dimethyl formamide (DMF), N-methyl pyrolydone (NMP) and 

dichloromethane (DCM) (all peptide synthesis grade) were purchased from Biosolve. 

Calcium Chloride Dihydrate (≥ 98%, Sigma-Aldrich 22350-6) sodium carbonate (anhydrous, 

Merck 106392) were used for CaCO3 mineralization experiments. 

Synthesis of random co-poly(amino acid)s: The desired random co-poly(amino acid)s 

series (with the length of 24 amino acids in the chain) were synthesized on a 100 μmol 

scale using Fmoc chemistry on an automatic Syro peptide synthesizer (Biotage). A Rink 

amide resin with a loading of 0.53 mmol/g was used. Amino acid couplings were 

performed in DMF (1g/L LiCl) with 4 eq. of the appropriate amino acid mix, 4 eq. of the 

activator HCTU and 8 eq. of the base DIPEA, for 45 minutes at room temperature. Fmoc 

deprotection was performed with piperidine:DMF (4:6 v/v) for 3 minutes, followed by a 12 

min exposure to 20% piperidine. A gentle flow of N2 was maintained throughout the 

synthesis. After completion of the synthesis, the poly(amino acid)s were cleaved from the 

resin using a trifluoroacetic acid (TFA):triisopropylsilane (TIS):water (95:2.5:2.5, v ⁄ v ⁄ v) 

mixture for 3 hrs. The resulting polymers were precipitated by quenching the solutions with 

cold dry diethyl ether and centrifuged for 10 minutes at 400 rpm. The pellets were 

thoroughly washed 4 times with cold dry diethyl ether and dried under vacuum resulting in 

the co-poly(amino acid)s as a white powder, which were employed in the crystallization 

experiments.  

MALDI-ToF-MS: The random copoly(amino acid)s were characterized using MALDI-ToF 

mass spectrometry. Samples of random copoly(amino acid)s were prepared using α-cyano-

4-hydroxycinnamic acid (ACH) as the matrix and analyzed in linear mode using a Bruker 

Daltonics-Microflex.  

Hydrolysis: Sample pre-treatment,  Briefly, 10 μL of IS (Internal Standards) (C
13

N
15

 

amino acid) were added to 10 μL of 500 times synthetic peptide sample followed by the 

addition of 70 μL borate buffer (pH 8.5), After 10s vortexing, 20 μL of AQC reagent was 

added and the mixture was vortexed again. The sample was heated for 10 min at 55 ºC. 

After cooling down a 1 μL sample of the reaction mixture was injected into the Ultra-

pressure liquid chromatography - Mass spectrometry/Mass spectrometry (UPLC-MS/MS 

system).
94 
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An ACQUITY UPLC
TM

 system with autosampler (Waters Chromatography B.V., Etten-

Leur, The Netherlands) was coupled online with a Quattro Premier Xe Tandem quadrupole 

mass spectrometer (Waters Corporation) and was used in the positive-ion electrospray 

mode. The instrument was operated under Masslynx data acquisition software (version 4.1; 

Waters). The samples were analyzed by UPLC-MS/MS using a AccQ-Tag
TM

 Ultra 2.1 x 

100 mm (1.7 μm particle size) column (Waters). A binary gradient system of water – eluent 

A (10:1, v/v) (AccQ Tag, Waters) and 100% eluent B (Accq Tag, Waters), was used. 

Elution of the analytes was achieved by ramping of the percentage of eluent B from 0.1 to 

90.0 in approx. 9.5 minutes using a combination of both linear and convex profiles. The 

flow-rate was 0.7 mL/min. the column temperature was maintained at 60 ºC and the 

temperature of the autosampler tray was set to 10 ºC. After each injection the injection 

needle was washed with 200 μL strong wash solvent (95% MeCN), and 600 μL weak wash 

solvent (5% MeCN). 

The Xevo triple quadrupole was used in the positive-ion electrospray mode and all analytes 

were monitored in Selective Reaction Monitoring (SRM) using nominal mass resolution 

(FWHM 0.7 amu).  Next to the derivatization reagent all amino acids were selectively 

monitored via the transition from the protonated molecule of the AccQ-Tag derivative to 

the common fragment at m/z 171. Collision energy and collision gas (Argon) pressure were 

22 eV and 2.5 mbar, respectively. The complete chromatogram was divided into 4 time 

windows, restricting the number of SRM transitions to follow and allowing quantitative 

information to be gathered in each segment. Acquired data was evaluated using Quantlynx 

(Waters) software. 

1
H-NMR: Analyses were performed on a Bruker 

1
H-NMR spectrometer type Mercury 400. 

For measuring the poly(amino acid)s spectra deuterated water was used. The composition 

of poly(amino acid)s was determined by comparing the peak intensities corresponding to 

the signals characteristic for L-glutamate (2.48 ppm, 2H), L-lysine (2.98 ppm, 2H). 
1
H-

NMR (400 MHz, D2O): Lysine: 1.40 (2H, CH2), 1.70 (4H, CH2CH2), 2.98 (2H, CH2), 4.2 

(1H, CH); Glutamic acid: 2.00 (2H, CH2), 2.48 (2H, CH2), 4.2 (1H, CH); Alanine 1.35 (3H, 

CH3), 4.2 (1H, CH). 

Titration experiments: For details, please read experimental part in Chapter 3 of this 

thesis.
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Scanning Electron Microscopy (SEM): SEM studies of the CaCO3 crystals were 

performed on a Quanta 3D FEG (FEI Company) with a field emission electron gun as 

electron source at an acceleration voltage of 10 kV and a current between 10 - 20 pA. For 

this, precipitated crystals were centrifuged, washed with acetone and air-dried for a day and 

then placed on a SEM stub with carbon tape. Subsequently, the samples were sputter-

coated with a layer of gold applied using a current of 20 mA for 3 min. 

Powder X-ray Diffraction (PXRD): XRD measurements were performed on a Rigaku 

Geigerflex powder diffractometer with Bragg-Brentano geometry, using copper radiation at 

40 kV and 30 mA and a graphite monochromator on the detector side to eliminate the CuKβ 

radiation. The samples were prepared in a glass capillary. The XRD scans were measured 

from 15 till 60 (°) 2-theta with a step size of 0.02 (°) and a dwell time of 20 seconds. 

Circular dichroism (CD): Spectra were acquired at room temperature on a Jasco J-815 

CD spectrometer between 190 nm and 270 nm in 1 nm increments using a quartz glass 

cuvette with a path length of 1 cm. Scanning speed and response time were chosen 

appropriately. The CD spectra were corrected using Milli-Q water or 3 mM CaCl2 solution 

as a background reference, respectively. The poly(amino acid) concentration was 1 mM 

residues for all samples. The, per residue, molar ellipticities were calculated under the 

assumption that all lysine and terminal amine moieties are trifluoro acetic acid salts. 

 

Dynamic Light Scattering (DLS): DLS measurements were performed on a Zetasizer 

Nano series instrument (Malvern Instruments Ltd., UK). Copolymer solutions were 

prepared by dissolving 1 mg/mL copolymer and adjusting the pH to 7 using NaOH 

solution. For DLS, a standard measuring angle of 173° and a 4 mW He-Ne laser with a 

wavelength of 633 nm were used. All measurements are presented as number-weighted size 

distributions and are an average of 10 runs over 10 seconds each. Multiple distributions are 

presented per sample to show the variation between consecutive measurements due to the 

typically low count rates. Measurements showing size maxima at 0.6-0.7 nm, which is the 

detection limit of the DLS instrument, were considered artifacts and left out for clarity, as 

well as some measurements with size maxima >100 nm due to trace sample 

inhomogeneities. 

 

Acid-Base Titration: Acid-base titrations were carried out using a titration setup from 

Metrohm Applikon, consisting of three 2 mL Dosino dosing units, a glass pH 

microelectrode and a magnetic stirring plate, connected to two 809 Titrando titration units 
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and controlled by a computer running Tiamo 2.2 software. One dosing unit was connected 

to a bottle containing HCl solution (~ 1.2 M) and one to a bottle containing NaOH solution 

(~ 0.5 M). Aqueous solutions (V0 = 25 mL) were prepared by dissolving poly(amino acid) 

(~ 1 mg/mL) in ultrapure water (resistivity 18.2 MΩ·cm at 25 °C). Acid-base titrations 

were carried out as follows. First, HCl solution (VHCl) was titrated into the poly(amino acid) 

solution while stirring magnetically until a pH of 2 was reached. Second, NaOH solution 

was titrated at a constant rate (VNaOH = 10 µL/min) while recording the pH over time (t). 

 

Cryogenic Transmission Electron Microscopy (cryoTEM): Copolymer solutions were 

prepared by dissolving 1 mg/mL copolymer and adjusting the pH to 7 using NaOH 

solution. Sample preparation was performed using an automated vitrification robot (FEI 

Vitrobot Mark III) for plunging in liquid ethane.
95

 For cryoTEM, 200 mesh Cu grids with 

Quantifoil R 2/2 holey carbon films (Quantifoil Micro Tools GmbH) were used. All TEM 

grids were surface plasma treated for 40 seconds using a Cressington 208 carbon coater 

prior to use. CryoTEM samples were studied on the TU/e cryoTITAN (FEI, 

www.cryotem.nl) operated at 300 kV, equipped with a field emission gun (FEG), a post-

column Gatan Energy Filter (GIF) and a post-GIF 2k x 2k Gatan CCD camera. Gatan 

DigitalMicrograph and ImageJ were used for TEM image analysis. 



Polymeric Mineralization Control Agents: A Library of Random Poly(amino acid)s by SPS synthesis 

83 

 
 

References 

1. G. K. Hunter and H. A. Goldberg, Proceedings of the National Academy of 

Sciences of the United States of America, 1993, 90, 8562-8565. 

2. G. B. Luo, P. Ducy, M. D. McKee, G. J. Pinero, E. Loyer, R. R. Behringer and G. 

Karsenty, Nature, 1997, 386, 78-81. 

3. G. Falini, S. Albeck, S. Weiner and L. Addadi, Science, 1996, 271, 67-69. 

4. A. M. Belcher, X. H. Wu, R. J. Christensen, P. K. Hansma, G. D. Stucky and D. E. 

Morse, Nature, 1996, 381, 56-58. 

5. D. B. DeOliveira and R. A. Laursen, Journal of the American Chemical Society, 

1997, 119, 10627-10631. 

6. A. Berman, J. Hanson, L. Leiserowitz, T. F. Koetzle, S. Weiner and L. Addadi, 

Science, 1993, 259, 776-779. 

7. J. D. Hartgerink, E. Beniash and S. I. Stupp, Science, 2001, 294, 1684-1688. 

8. J. Aizenberg, D. A. Muller, J. L. Grazul and D. R. Hamann, Science, 2003, 299, 

1205-1208. 

9. M. Sarikaya, C. Tamerler, A. K. Y. Jen, K. Schulten and F. Baneyx, Nature 

Materials, 2003, 2, 577-585. 

10. S. Y. Lee, E. Royston, J. N. Culver and M. T. Harris, Nanotechnology, 2005, 16, 

S435-S441. 

11. C. B. Mao, D. J. Solis, B. D. Reiss, S. T. Kottmann, R. Y. Sweeney, A. Hayhurst, 

G. Georgiou, B. Iverson and A. M. Belcher, Science, 2004, 303, 213-217. 

12. S. I. Stupp and P. V. Braun, Science, 1997, 277, 1242-1248. 

13. M. E. Davis, Nature, 2002, 417, 813-821. 

14. Y. J. Lee, H. Yi, W. J. Kim, K. Kang, D. S. Yun, M. S. Strano, G. Ceder and A. 

M. Belcher, Science, 2009, 324, 1051-1055. 

15. J. Aizenberg, MRS Bulletin, 2010, 35, 323-330. 

16. F. Nudelman and N. Sommerdijk, Angewandte Chemie-International Edition, 

2012, 51, 6582-6596. 

17. C. Ortiz and M. C. Boyce, Science, 2008, 319, 1053-1054. 

18. J. Aizenberg and P. Fratzl, Advanced Materials, 2009, 21, 387-388. 

19. N. Sommerdijk and G. de With, Chemical Reviews, 2008, 108, 4499-4550. 

20. S. Weiner and L. Addadi, in Annual Review of Materials Research, Vol 41, eds. D. 

R. Clarke and P. Fratzl, 2011, pp. 21-40. 



Chapter 4    

84 

 

21. T. Prozorov, S. K. Mallapragada, B. Narasimhan, L. J. Wang, P. Palo, M. Nilsen-

Hamilton, T. J. Williams, D. A. Bazylinski, R. Prozorov and P. C. Canfield, 

Advanced Functional Materials, 2007, 17, 951-957. 

22. C. C. Tester, R. E. Brock, C. H. Wu, M. R. Krejci, S. Weigand and D. Joester, 

CrystEngComm, 2011, 13, 3975-3978. 

23. F. Nudelman, E. Sonmezler, P. H. H. Bomans, G. de With and N. Sommerdijk, 

Nanoscale, 2010, 2, 2436-2439. 

24. Z. W. Deng, G. J. M. Habraken, M. Peeters, A. Heise, G. de With and N. 

Sommerdijk, Soft Matter, 2011, 7, 9685-9694. 

25. Y. Y. Kim, K. Ganesan, P. C. Yang, A. N. Kulak, S. Borukhin, S. Pechook, L. 

Ribeiro, R. Kroger, S. J. Eichhorn, S. P. Armes, B. Pokroy and F. C. Meldrum, 

Nature Materials, 2011, 10, 890-896. 

26. S. Ludwigs, U. Steiner, A. N. Kulak, R. Lam and F. C. Meldrum, Advanced 

Materials, 2006, 18, 2270. 

27. B. Pokroy, J. P. Quintana, E. N. Caspi, A. Berner and E. Zolotoyabko, Nature 

Materials, 2004, 3, 900-902. 

28. B. L. Smith, T. E. Schaffer, M. Viani, J. B. Thompson, N. A. Frederick, J. Kindt, 

A. Belcher, G. D. Stucky, D. E. Morse and P. K. Hansma, Nature, 1999, 399, 761. 

29. S. Kamat, X. Su, R. Ballarini and A. H. Heuer, Nature, 2000, 405, 1036-1040. 

30. A. H. Heuer, D. J. Fink, V. J. Laraia, J. L. Arias, P. D. Calvert, K. Kendall, G. L. 

Messing, J. Blackwell, P. C. Rieke, D. H. Thompson, A. P. Wheeler, A. Veis and 

A. I. Caplan, Science, 1992, 255, 1098-1105. 

31. J. Aizenberg, J. C. Weaver, M. S. Thanawala, V. C. Sundar, D. E. Morse and P. 

Fratzl, Science, 2005, 309, 275-278. 

32. H. J. Gao, B. H. Ji, I. L. Jager, E. Arzt and P. Fratzl, Proceedings of the National 

Academy of Sciences of the United States of America, 2003, 100, 5597-5600. 

33. J. C. Weaver, G. W. Milliron, A. Miserez, K. Evans-Lutterodt, S. Herrera, I. 

Gallana, W. J. Mershon, B. Swanson, P. Zavattieri, E. DiMasi and D. Kisailus, 

Science, 2012, 336, 1275-1280. 

34. J. Aizenberg, A. Tkachenko, S. Weiner, L. Addadi and G. Hendler, Nature, 2001, 

412, 819-822. 

35. V. C. Sundar, A. D. Yablon, J. L. Grazul, M. Ilan and J. Aizenberg, Nature, 2003, 

424, 899-900. 

36. H. A. Lowenstam and S. Weiner, On Biomineralization, Oxford University Press, 

Oxford , 1989. 

37. S. Mann, Biomineralization, Principles and Concepts in Bioinorganic 

              Materials Chemistry, Oxford University Press, 2001. 



Polymeric Mineralization Control Agents: A Library of Random Poly(amino acid)s by SPS synthesis 

85 

 
 

38. B. A. Gotliv, N. Kessler, J. L. Sumerel, D. E. Morse, N. Tuross, L. Addadi and S. 

Weiner, ChemBioChem, 2005, 6, 304-314. 

39. L. Kalmar, D. Homola, G. Varga and P. Tompa, Bone, 2012, 51, 528-534. 

40. M. Ndao, E. Keene, F. F. Amos, G. Rewari, C. B. Ponce, L. Estroff and J. S. 

Evans, Biomacromolecules, 2010, 11, 2539-2544. 

41. J. S. Evans, Bioinformatics, 2012, 28, 3182-3185. 

42. B. Cantaert, Y. Y. Kim, H. Ludwig, F. Nudelman, N. Sommerdijk and F. C. 

Meldrum, Advanced Functional Materials, 2012, 22, 907-915. 

43. P. K. Ajikumar, S. Vivekanandan, R. Lakshminarayanan, S. D. S. Jois, R. M. Kini 

and S. Valiyaveettil, Angewandte Chemie-International Edition, 2005, 44, 5476-

5479. 

44. R. Lakshminarayanan, I. Yoon, B. G. Hegde, D. M. Fan, C. Du and J. Moradian-

Oldak, Proteins-Structure Function and Bioinformatics, 2009, 76, 560-569. 

45. A. Sugawara, T. Nishimura, Y. Yamamoto, H. Inoue, H. Nagasawa and T. Kato, 

Angewandte Chemie-International Edition, 2006, 45, 2876-2879. 

46. T. Kato, Advanced Materials, 2000, 12, 1543-1546. 

47. L. B. Gower, Chemical Reviews, 2008, 108, 4551-4627. 

48. N. Sommerdijk, E. N. M. van Leeuwen, M. R. J. Vos and J. A. Jansen, 

CrystEngComm, 2007, 9, 1209-1214. 

49. D. C. Popescu, E. N. M. van Leeuwen, N. A. A. Rossi, S. J. Holder, J. A. Jansen 

and N. Sommerdijk, Angewandte Chemie-International Edition, 2006, 45, 1762. 

50. M. Fricke and D. Volkmer, in Biomineralization I: Crystallization and Self-

Organization Process, ed. K. Naka, 2007, pp. 1-41. 

51. D. C. Popescu, M. M. J. Smulders, B. P. Pichon, N. Chebotareva, S. Y. Kwak, O. 

L. J. van Asselen, R. P. Sijbesma, E. DiMasi and N. Sommerdijk, Journal of the 

American Chemical Society, 2007, 129, 14058-14067. 

52. B. P. Pichon, P. H. H. Bomans, P. M. Frederik and N. A. J. M. Sommerdijk, 

Journal of the American Chemical Society, 2008, 130, 4034-4040. 

53. B. P. Pichon, S. Cantin, M. M. J. Smulders, M. R. J. Vos, N. Chebotareva, D. C. 

Popescu, O. van Asselen, F. Perrot, R. Sijbesma and N. Sommerdijk, Langmuir, 

2007, 23, 12655-12662. 

54. E. M. Pouget, P. H. H. Bomans, J. Goos, P. M. Frederik, G. de With and N. 

Sommerdijk, Science, 2009, 323, 1555-1458. 

55. H. Imai, in Biomineralization I: Crystallization and Self-Organization Process, ed. 

K. Naka, 2007, pp. 43-72. 



Chapter 4    

86 

 

56. R. Q. Song, H. Cölfen, A. W. Xu, J. Hartmann and M. Antonietti, ACS Nano, 

2009, 3, 1966-1978. 

57. A. N. Kulak, P. Iddon, Y. T. Li, S. P. Armes, H. Cölfen, O. Paris, R. M. Wilson 

and F. C. Meldrum, Journal of the American Chemical Society, 2007, 129, 3729. 

58. H. Cölfen, in Biomineralization Ii: Mineralization Using Synthetic Polymers and 

Templates, Springer-Verlag Berlin, Berlin, 2007, pp. 1-77. 

59. J. S. Evans, Chemical Reviews, 2008, 108, 4455-4462. 

60. S. Elhadj, J. J. De Yoreo, J. R. Hoyer and P. M. Dove, Proceedings of the National 

Academy of Sciences of the United States of America, 2006, 103, 19237-19242. 

61. J. Ihli, Y. Y. Kim, E. H. Noel and F. C. Meldrum, Advanced Functional Materials, 

2013, 23, 1575-1585. 

62. A. George and A. Veis, Chemical Reviews, 2008, 108, 4670-4693. 

63. L. W. Schwab, W. M. J. Kloosterman, J. Konieczny and K. Loos, Polymers, 2012, 

4, 710-740. 

64. H. R. Kricheldorf, Angewandte Chemie-International Edition, 2006, 45, 5752. 

65. H. Block, Poly(g-benzyl-L-glutamate) and other GlutamicAcid Containing 

Polymers, Gordon and Breach, London, 1983. 

66. H. R. Kricheldorf, α-Amino Acid-N-Carboxyanhydrides and Related Heterocycles, 

Springer Verlag, Berlin, New York, 1987. 

67. H. R. Marsden, A. V. Korobko, E. N. M. van Leeuwen, E. M. Pouget, S. J. Veen, 

N. Sommerdijk and A. Kros, Journal of the American Chemical Society, 2008, 

130, 9386-9393. 

68. H. R. Marsden, J. W. Handgraaf, F. Nudelman, N. Sommerdijk and A. Kros, 

Journal of the American Chemical Society, 2010, 132, 2370-2377. 

69. H. R. Marsden, C. B. Quer, E. Y. Sanchez, L. Gabrielli, W. Jiskoot and A. Kros, 

Biomacromolecules, 2010, 11, 833-838. 

70. H. R. Marsden, L. Gabrielli and A. Kros, Polymer Chemistry, 2010, 1, 1512-1518. 

71. C. B. Quer, H. R. Marsden, S. Romeijn, H. Zope, A. Kros and W. Jiskoot, 

Polymer Chemistry, 2011, 2, 1482-1485. 

72. S. B. H. Kent, Annual Review of Biochemistry, 1988, 57, 957-989. 

73. R. B. Merrifield, Journal of the American Chemical Society, 1963, 85, 2149-&. 

74. A. S. Schenk, H. Zope, Y. Y. Kim, A. Kros, N. A. J. M. Sommerdijk and F. C. 

Meldrum, Faraday discussions, 2012, 159, 327-344. 

75. H. R. Marsden and A. Kros, Macromolecular Bioscience, 2009, 9, 939-951. 

76. V. Dmitrovic, Habraken, G.J.M., Hendrix, M.M.R.M., Habraken, W.J.E.M., 

Heise, A., With, G. de, Sommerdijk, N.A.J.M., Polymers, 2012, 4, 1195-1210. 



Polymeric Mineralization Control Agents: A Library of Random Poly(amino acid)s by SPS synthesis 

87 

 
 

77. W. A. H. Waterval, J. Scheijen, M. Ortmans-Ploemen, C. D. Habets-van der Poel 

and J. Bierau, Clinica Chimca Acta, 2009, 407, 36-42. 

78. J. M. Ostresh, J. H. Winkle, V. T. Hamashin and R. A. Houghten, Biopolymers, 

1994, 34, 1681-1689. 

79. Z. Deng, G. Habraken, M. J. M., Peeters, A. Heise, G.de With,  N.A.J.M 

Sommerdijk, Soft Matter, 2011, 7, 9685-9694. 

80. D. G. Isom, C. A. Castaneda, B. R. Cannon and B. E. Garcia-Moreno, 

Proceedings of the National Academy of Sciences of the United States of America, 

2011, 108, 5260-5265. 

81. C. N. Pace, G. R. Grimsley and J. M. Scholtz, Journal of Biological Chemistry, 

2009, 284, 13285-13289. 

82. Y. H. Chen, J. T. Yang and K. H. Chau, Biochemistry, 1974, 13, 3350-3359. 

83. J. G. Lees, A. J. Miles, F. Wien and B. A. Wallace, Bioinformatics, 2006, 22, 

1955-1962. 

84. L. Whitmore, B. Woollett, A. J. Miles, D. P. Klose, R. W. Janes and B. A. 

Wallace, Nucleic Acids Research, 2011, 39, D480-D486. 

85. U. Aschauer, J. Ebert, A. Aimable and P. Bowen, Crystal Growth & Design, 2010, 

10, 3956-3963. 

86. D. Gebauer, A. Voelkel and H. Cölfen, Science, 2008, 322, 1819-1822. 

87. W. Habraken, J. H. Tao, L. J. Brylka, H. Friedrich, L. Bertinetti, A. S. Schenk, A. 

Verch, V. Dmitrovic, P. H. H. Bomans, P. M. Frederik, J. Laven, P. van der 

Schoot, B. Aichmayer, G. de With, J. J. DeYoreo and N. Sommerdijk, Nature 

Communications, 2013, 4, 1507. 

88. E. M. Pouget, P. H. H. Bomans, J. Goos, P. M. Frederik, G. de With and N. 

Sommerdijk, Science, 2009, 323, 1455-1458. 

89. A. Picker, M. Kellermeier, J. Seto, D. Gebauer and H. Cölfen, Zeitschrift für 

Kristallographie,  2012, 227, 744-757. 

90. Y. P. Lin and P. C. Singer, Water Research, 2005, 39, 4835-4843. 

91. P. Malkaj and E. Dalas, Crystal Growth & Design, 2004, 4, 721-723. 

92. F. Manoli and E. Dalas, Journal of Crystal Growth, 2001, 222, 293-297. 

93. M. E. Yu and T. J. Deming, Macromolecules, 1998, 31, 4739-4745. 

94. S. M. Rutherfurd and G. S. Gilani, Current protocols in protein science / editorial 

board, John E. Coligan,, 2009, Chapter 11, Unit 11.19. 

95. M. R. Vos, P. H. H. Bomans, P. M. Frederik and N. Sommerdijk, 

Ultramicroscopy, 2008, 108, 1478-1483. 

 



Chapter 4    

88 

 

 



 

Chapter 5 

 
Random Poly(amino acid)s as Protein-Mimicking  

Control Agents in CaCO3 Mineralization  

 
Abstract 

In this chapter the library of random amino acid based polymers with varying total net 

charge, hydrophobicity and chain length was used to investigate the influence of additives, 

with a random distribution of functional groups, on the modification of morphology of 

calcium carbonate crystals. The random nature of the poly(amino acid)s allowed us to 

assign interactions between crystal phase and poly(amino acid)s only to the composition of 

the additive, rather than to specific sequences, secondary structures or specific geometric 

patterns. In all experiments we obtained rhombohedral calcite crystals except for the ones 

where we used poly(amino acid)s with a high content of glutamic acid monomer. These 

poly(amino acid)s were morphologically active. Moreover, in their presence rosette like 

particles and morphologies that were elongated along c-axis, most likely through inhibition 

of the    ̅    faces, were obtained. This threshold could be shifted by increasing the 

poly(amino acid) concentration, leading to the stabilization of the metastable polymorph 

vaterite. We also demonstrated cooperative interactions between an active and non-active 

polymer obtaining significantly stronger effects on the calcite crystal morphologies. 
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5.1 Introduction   

 
Proteins are Nature’s main tools for creating and shaping biominerals

1
 therefore there is 

great interest in the investigation of the role of proteins and polymers in control over 

biomimetic formation of inorganic solids.
2, 3

 

CaCO3 is the most abundant crystalline mineral in nature and the main inorganic 

material produced in living organisms.
4
 In nature calcium carbonate exists in three main 

crystalline polymorphs calcite, aragonite and vaterite, and one amorphous form (ACC).
5
 

Because of its scientific and industrial importance control over crystallization and 

morphology of CaCO3 have been subjects of intense investigation for decades.
6, 7

 Such 

materials are interesting not only from a scientific point of view but also for their potential 

in technological applications.
2, 8, 9

 Over the years many different templates, e.g. Langmuir
10, 

11
 and self-assembled monolayers

12, 13
 and additives, such as biogenic

14, 15
 or synthetic

16, 17 
 

macromolecules have been used to control the morphologies and polymorphs of CaCO3. 

Because of their very strong impact on mineral formation acidic macromolecules are 

considered to play the main role in biomineralization processes.
18-20

 They can interact with 

the growing CaCO3 mineral and lead to the different polymorphs and/or be included in the 

crystalline lattice.
21-23

 However, also cationic additives were shown to significantly 

influence the crystallization of calcium carbonate via microphase separation,
24

 or by 

stabilizing the metastable phase, vaterite.
25, 26

  

For peptides it was shown on several occasions that their activity was directly related to 

their physiochemical characteristics such as their hydrophobicity
27

 or total net charge
28

 or 

their Asp/Glu ratio.
29

 However, despite decades of research on bio(mimetic-)mineralization 

to date it is not completely clear what is the relation between the molecular structure and 

activity of  biopolymers and specific changes in the nucleation and growth of biominerals.  

The aim of this work is to investigate the effect of net charge and hydrophobicity on the 

morphology of CaCO3 minerals. For this purpose we use a library of random poly(amino 

acid)s containing glutamic acid (Glu, E), lysine (Lys, K) and Alanine (Ala, A) monomers. 

The relative content of one amino acid is systematically varied from 10 to 80 mol% while 

keeping the other two residues at equal contributions aiming to have sets of poly(amino 

acid)s in which the total net charge and the hydrophilic character gradually changes. In 

these random poly(amino acid)s, on average, every chain has the same composition and 

different sequence. This eliminates influences from specific sequences, secondary 

structures and specific geometric patterns and allows us to assign interactions between 

crystal phases and poly(amino acid)s only to the composition of the additives, rather than to 

the conformation of the chain.  
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It is shown that for this set of poly(amino acid)s the number of acidic residues is what 

determines their activity in the habit modification of calcite crystals, rather than the total 

net charge or hydrophobic character. Variation of the poly(amino acid)s composition 

revealed also that there is a threshold for the number of acidic residues above which crystal 

modifications are observed. It is further demonstrated that the cooperative interactions of 

active and inactive poly(amino acid)s can lead to stronger effects on the morphology of the 

crystals than those of the individual polymers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 

92 

 

5.2 Results and discussion 

CaCO3 was precipitated in the presence of the amino acid based polymeric additives 

(concentration 0.05 mg/ml) by mixing equal volumes of a 6 mM Na2CO3 solution and a 6 

mM CaCl2 solution containing the poly(amino acid).
30-32

 The reaction was allowed to 

proceed for 24 hours after which the crystals were collected, their morphologies inspected 

by SEM, and the polymorph analyzed with PXRD and Raman spectroscopy. Three 

different sets of poly(amino acid)s were used for the experiments, namely the E set (with 

increasing negative charge within the chains), the K set (with increasing positive charge 

within the chains) and the A set (with increasing hydrophobic character within the chains), 

(for more detailed information about the used poly(amino acid)s see Chapters 3 and 4 of 

this thesis). The results of the mineralization experiments are presented in the color gradient 

triangle displayed in Figure 1. Interestingly, the experiments using the K and A set 

demonstrated that under the conditions used, neither variation of the number of positively 

charged amino acids, nor the variation of the hydrophobicity had a recognizable influence 

on the crystal morphology, and the same rhombohedral calcite morphology was obtained 

for all different poly(amino acid)s. In contrast, experiments using the E set demonstrated 

that the morphology of the obtained calcite crystals did depend on the glutamic acid 

content, and hence on the negative charge of the additive. Interestingly, the presence of 

additives from the E set did not influence the crystal morphology when the Glu content of 

the polymer was lower than 50mol% (SPSE10 - SPSE48) and again only rhombohedral 

calcite crystals with an average size of ~ 8 µm were obtained. Consistently two different 

populations of rhombohedral crystals were observed: the crystals either had a stepped 

morphology or were present as intergrown rhombs. However, when the Glu content was 

higher than 50 mol% (SPSE59 – SPSE76), the presence of the additives had a clear effect on 

the crystal habit. In these cases always a population of rosette-like morphologies was 

observed accompanied by elongated crystals of which the morphology varied between 

peanut-like (SPSE59), dogbone-like (SPSE67) and dumbbell-shaped (SPSE76). All crystals 

had sizes of ~2-3 µm and all were confirmed to be calcite by PXRD, Figure 2. The visible 

expression of the (10.4) faces on the long ends of these crystals indicates that they were 

elongated along the c-axis and that the polymers mainly interacted with the    ̅    planes 

of calcite. The selective interaction of polyanionic additives on growing calcite planes was 

intensively studied by Wierzbicki et al., in their work on peptide and protein binding to 

CaCO3 growth sites by AFM and molecular modeling.
33

 According to this study the 

energetically more favorable directions for polycarboxylate interaction with the    ̅    

calcite plane is when polycarboxylate groups are perpendicular to the c-axis because of 

orientation of the CO3
2-

 ions in this plane. 
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Figure 1. Color compositional triangle illustrating different morphologies of calcite crystals isolated 

from solutions in the presence of different poly(amino)acids: Sets with increasing amounts of 

glutamic acid (SPSE10-76 ), lysine (SPSK10-81 ),  and alanine (SPSA05-75), numbers are representing 

mol% of a certain monomer in the poly(amino acid chain); Copolymers of glutamic acid and alanine 

in different mol% (SPSE50A50 , SPSE54A46 , SPSE58A42); Homo polymers of glutamic acid and lysine. 

The different colors in the color compositional triangle represent contribution of each amino acid in 

the poly(amino acid) chain, red – glutamic acid, blue – lysine and yellow – alanine.   
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The proposed mechanism of interaction is that carboxyl groups of the protein or peptide 

replace selected carbonate ions of the    ̅    face. Moreover, acidic glycoproteins also 

have been shown to stabilize    ̅    faces of calcite.
34-36

 Furthermore, Mann et al.,
37

 

showed that the selective binding of malonate to    ̅    is due to a match of distances 

between the carboxylate groups in the additive and the carbonates in the calcite crystal 

lattice. A similar geometric matching between carboxylate spacing and Ca-Ca distances in 

CaSO4 · 2H2O has been postulated as well.
38

 Therefore, a possible reason for the increased 

interaction of SPSE59 – SPSE76 polyamino acid chains with the    ̅    planes is that those 

chains have on average more Glu monomers per chain and thus a higher possibility that the 

distance between carboxylic groups in chain will match the distance between the carbonate 

ions in crystal lattice. This suggests that homocarboxylic polymers have the highest 

possibility to impact morphology, what was indeed the case in our experiments as shown 

for homo polymer of glutamic acid, PolyGlu24, Figure 1. On the other hand, similar 

fragments with exactly the same distance between the carboxylic groups may, theoretically, 

exist in chains with lower mol% of glu but in significantly lower amount and thus not 

sufficient to drive morphological change of precipitated crystals.  

 

Figure 2. PXRD pattern of crystals isolated from experiments in presence of 0.05 mg/ml of SPSE76 

after 24 h of reaction indicating the product is calcite.  
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It is important to note that the binding of calcium ions by the additives may 

significantly change the solution concentration of the free ions,
39

 and thereby the 

supersaturation of the bulk solution with respect to calcite and hence the kinetics of the 

reaction. To exclude that the observed effects were due to a decrease in the free calcium 

concentration as a result of binding by the Glu-rich polymers, we measured the activity of 

Ca
2+

 ions with a Ca-ISE in the presence of the different polymers from the series. From 

these data we could determine the amount of Ca
2+

 bound by the polymers as well the 

supersaturation S of the solution with respect to calcite [S = ln(ion activity product/Ksp)
1/2

, 

with Ksp = 4.8x10
-9

 ]
40, 41

. The data showed that between 1% (SPSE10) and 7% (SPSE76) of 

the initial calcium ion concentration was bound by the polymers, however, it also showed 

that the supersaturation only varied between  S = 2.62 for SPSE10 and S = 2.59 for SPSE76 , 

i.e. values not significantly different from the control (S = 2.63), Table 1. 

 

Table 1. Binding capacity of poly(amino acid)s to the Ca2+ ion and influence of bound calcium on the 

supersaturation of the solution.   

Additive Ca
2+

 bound (mol) Ca
2+

 bound (%) Supersaturation 

- - - 2.63 

SPSE10 1.23 x 10
-6

 1.64 2.63 

SPSE19 6.90 x 10
-7

 0.92 2.63 

SPSE31 7.61 x 10
-7

 1.01 2.63 

SPSE39 8.28 x 10
-7

 1.10 2.63 

SPSE48 8.23 x 10
-7

 1.10 2.63 

SPSE59 3.03 x 10
-6

 4.04 2.61 

SPSE67 2.36 x 10
-6

 3.15 2.61 

SPSE76 5.57 x 10
-6

 7.43 2.59 

 

The results shown in Figure 1, imply that there is a threshold value for the Glu content 

before it becomes active in the habit modification of the crystals. An activity threshold 

depending on the fraction of acidic monomers in the polymer was previously demonstrated 

for aspartic acid containing additives.
42, 43

 Furthermore, our results with SPSE59 – SPSE76 

further show that the effect of the polymer increases with increasing Glu content of the 

polymer. Indeed the effect was strongest for homo polymer of glutamic acid, PolyGlu24, 

Figure 1. The growth inhibition caused by SPSE59 – SPSE76 will also lead to a higher local 

nucleation density, which may explain the reduction in crystal size (2-3 µm for SPSE59 – 

SPSE76) compared to the polymers with a lower E content (~ 8 µm for SPSE10 - SPSE48). 

In addition, even though only a small amount of calcium is bound, the polymers with 
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higher Glu content will have  more COO
-
 groups to complex Ca

2+ 
ions,

44
 and thereby will 

generate more nucleation sites in the initial stages of the reaction, again leading to a 

decrease of particle size. 
45, 46

 

In order to determine in more detail the activity threshold in the compositional triangle 

and to investigate the onset of the morphogenic effect of the polymers, experiments were 

performed in which we used copolymers containing different ratios of Glu and Ala 

(SPSE50A50, SPSE54A46 and SPSE58A42; DP = 24), i.e. polymers that did not contain the 

Lys monomer. These experiments showed, Figure 1, that indeed at 54 mol% Glu 

(SPSE54A46) the obtained single crystal morphologies are a cross-over between the stepped 

rhombohedral shapes obtained for SPSE50A50  and the peanut shaped crystals obtained for 

SPSE58A42 while for the intergrown crystals and rosettes the cross-over was less clear. The 

results further show that the omission of the lysine monomer did not affect the activity and 

that it is indeed the glutamic acid content that determines the activity threshold and the 

crystal habit formed. The above observations are in line with our previous studies where we 

showed that the increase in Glu content of comparable copolymers was the major factor in 

determining the size and morphology of precipitated CaCO3 crystals.
47

 It should be noted, 

however, that our results with the A set contrasts the work of Didymus et al.
48

 who showed 

that presence of hydrophobic substituents in phosphate esters reduces the specificity of 

interaction on certain calcite faces.  

Further, the combined results from polyLys, the SPSK series and those of the non-K 

additives (SPSE50A50, SPSE54A46 and SPSE58A42) show that, under the conditions used, the 

lysine monomer does not contribute to the effect of the additives. This conclusion is in 

good agreement with previous reports that have shown that polylysine does not have an 

effect on the development of calcite.
49, 50

 Although several other studies also find only 

minor effects for cationic additives,
51-54

 significant effects on polymorph selection
52

 as well 

as on morphology control via microphase separation have been reported.
24

 Moreover, there 

are a number of examples from biology which demonstrate that some natural proteins 

involved in calcified tissue mineralization bind to crystal surface via basic residues.
55-57

 

Additionally, basic residues are essential for the specific recognition of human-salivary 

statherin with a phosphate motif on the monoclinic {001} surface of hydroxyapatite.
58, 59

 In 

order to solve a dogma about role of positive residues Masica et al.
60

 used De Novo design 

to predict protein-mineral interactions and the role of positive residues in those interactions. 

In particular, they have used logarithms to create peptide sequence, giving special 

consideration to peptide charge, composition and sequence, which would adsorb on calcite 

surface, the most promising ones were synthesized and tested in vitro. The results have 

suggested that positively charged peptides can indeed affect the crystal morphology to 

some extend but much less than negatively charged peptides. The main reason for this is 
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that positively charged peptides show a greater dependence on their specific sequence as 

compared to negatively charged molecules and peptide-surface interactions require greater 

optimization, to provide this specificity. The necessity of having a specific sequence may 

indeed explain why in our studies positive additives did not show any visible specific 

interactions with the mineral surface since in our experiments all poly(amino acid) chains 

within a batch have the same length but each chain has a unique composition and sequence 

with a random distribution of monomers in the chain. 

 

5.2.1 Influence of additive concentration 

 

For random copolymers of aspartic acid and serine, in which the aspartic acid is the 

active monomer, it was demonstrated that the threshold Asp content for the activity in thin 

film formation, could be shifted from 80 mol% to 50 mol% by increasing the concentration, 

however, the polymers containing only 20% of Aps did not become active, even at very 

high concentrations.
43

 Moreover, a change in activity threshold has been demonstrated also 

for series of polyaspartates and was shown to be greatly dependent of amount of Asp 

monomers in the chain as well as on the polyaspartate concentration in solution.
42

 To test if 

the activity of the polymers could depend on the concentration of Glu monomers in the 

solution, rather than on the Glu content of the polymer chain, we increased the 

concentration of SPSE48, the non-active poly(amino acid)s closest to the threshold, Figure 

3.  

 

 
Figure 3. SEM images of crystals obtained from experiments in presence of: A) 0.1 mg/ml of SPSE48; 

B) 0.35 mg/ml SPSE38; C) 0.5 mg/ml of SPSE10 and D) 0.5 mg/ml of SPSE59. Scale bar is 1 µm.  
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Indeed, by increasing the concentration twofold (to 0.1 mg/ml), the polymer became 

active and now induced the formation of peanut shaped crystals, Figure 3a, similar to those 

obtained for SPSE58 at the standard concentration (of 0.05 mg/ml). 

Also SPSE38, the polymer with the next lower Glu content, became active after 

increasing its concentration, however in this case a sevenfold increase in concentration was 

required. In this case a mixture of cross-shaped calcite crystals, Figure 3b, and spherical 

vaterite particles was observed after 24h of reaction. Upon increasing the polymer 

concentration tenfold (to 0.5 mg/ml) a different behavior was observed: all polymers now 

delayed precipitation (ranging from ~ 15 min in case of SPSE10 to the ~ 60 min in case of 

SPSE59) and after 24 h only vaterite was observed for SPSE10 – SPSE59, Figure 3c,d. There 

may be two reasons for phase selection of vaterite over calcite in the presence of higher 

concentration of polymers. First, according to classical nucleation theory (CNT) the 

activation energy for homogeneous nucleation is proportional to interfacial energy (energy 

required for formation of a new interface) and is inversely proportional to the 

supersaturation (see chapter 2, equation 5). Therefore, the driving force for vaterite 

formation can come from reduction of interfacial energy,
61

 leading to lower activation 

energy required for formation of vaterite. In the other words, increasing amount of polymer 

in solution is decreasing interfacial energy and therefor decreasing activation energy for 

vaterite formation, relative to that for calcite. Secondly, by increasing polymer 

concentration we are, at same time, increasing amount of negatively charged groups in 

solution. These negatively charged groups can be adsorbed onto the positively charged 

vaterite crystal faces (e.g. (001) and (100)), which can make vaterite more 

thermodynamically stable than calcite.
62

 Therefore, the increased amount of polymer may 

lead to a stabilization of the metastable polymorph vaterite. Wang et al.,
63

 have obtained 

phase selection change in CaCO3 system from calcite to vaterite by increasing 

concentration of PSS. Stabilization of vaterite, the thermodynamically least stable 

crystalline polymorph of calcite, is often observed for positively charged polymers,
26 

dendrimeric complexes,
64

 and monolayers
65

 and has been attributed to the generation of 

locally high concentration of carbonate ions which is known to kinetically favor the 

nucleation of vaterite over calcite.
66

 Furthermore, increasing the additive concentration in 

the case of SPSE67 and SPSE76 did not lead to any precipitate after 24 h. By increasing 

concentration tenfold we are decreasing ratio Ca/COO
-
 to 1 which may be insufficient for 

precipitation of CaCO3. Indeed, it was shown for malonate that the same Ca/COO
- 
ratio led 

to a total inhibition of nucleation while under higher ratios nucleation was observed.
37

 

Moreover, it was demonstrated by Borman et al. that reduction of the carboxyl groups of 

uronic acid the native polysaccharide from E. huxleyi leads to a decreased inhibition up to a 

complete absence of inhibition of CaCO3 formation. This shows the importance of the 
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amount of the carboxylic groups for CaCO3 inhibition.
67

 Therefore, inhibition of 

crystallization of CaCO3 in the presence of higher amounts of  SPSE67 and SPSE76 is most 

likely the result of the decreased Ca/COO
-
 ratio and therefore increased destabilization of 

relatively stable ion pairs,
68

 by carboxylic groups.  

 

5.2.2 Influence of sequence and presence of acidic blocks in the poly(amino acid) chain 

 

Statistically, the active, relatively short random poly(amino acid)s that contain 50-80 

mol% of glutamic acid will necessarily have blocks of this amino acid in their chains, while 

for the ones with the lower Glu content these residues will be more randomly distributed in 

the chain. As the presence of repeating blocks of amino acids
69-74

 has been indicated as an 

important factor in the bio(mimetic) mineralization we investigated whether the existence 

of such blocks would be essential for the activity of the polymers, or play a role in 

determining the activity threshold. It is of particular interest to test whether the grouping of 

monomers would lead to increased activity. To this end we compared the activity of 

SPSE33 - which on average will not have blocks larger than 2 E-monomers - with that of 

compositionally identical poly(amino acid)s with precisely defined sequences having their 

Glu residues in blocks of 2, 3, 4 and 8 monomers distributed evenly over the polymer 

chain, Table 2. In these polymers the lysine and alanine residues were randomly distributed 

in between the E-blocks. These results were also compared with poly(amino acid) chain 

with the precise sequence EKAEKAEKAEKAEKAEKAEKAEKA ([EKA]8), Figure 4.  

 

Table 2. Blocky poly(amino acid)s synthesized with SPS. 

Sample code 
a 

Sequence 
 

SPSE33 (2E) RRREERRRREERRRREERRREERR
* 

SPSE33 (3E) RRREEERRRREEERRRREERRRRR
* 

SPSE33 (4E) RRRRREEEERRRRREEEERRRRRR
* 

SPSE33 (8E) RRRRRRRREEEEEEEERRRRRRRR
* 

SPSE76 (2E) EEREEREEREEREEREEREEREER
* 

[EKA]8 EKAEKAEKAEKAEKAEKAEKAEKA 

SPSE31 AKAEKKEKAEEKAAEAAKEEKA
# 

    a SPS= Solid Phase Synthesis, E = glutamic acid and number represent mol% of Glu in the chain, 

    brackets represent size of block within the chain (e.g. (2E) = all glutamic acid monomers are  

    grouped in blocks of 2);* R = randomly distributed K and A in the chain; # - it is important to note   

    that sequence showed here represents only one possible sequence of SPSE31.  
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Figure 4. SEM images of crystals obtained from experiments in presence of: SPSE33 poly(amino 

acid) containing blocks of A) 2E; B) 3E; C) 4E and D) 8E; SPSE76 containing blocks of 2E E) and F); 

(EKA)8 G) and SPSE31 random poly(amino acid) H). Amount of all poly(amino acid)s in solution was 

0.05 mg/ml. Scale bar is 2 µm.  

 

However, none of these polymers, not even the one with an E8 block, showed any habit 

modifying activity and rhombohedral calcite was obtained in all cases. In addition we tested 

the possibility to deactivate SPSE76 by placing the E-residues in pairs distributed over the 

chain. Also in this case there was no difference in activity between the two polymers. 

Hence we conclude that block formation either does not play a key role in the activities of 

these polymers, or at least is not the only parameter that determines the induction of 

morphological changes under the conditions used.   

 

5.2.3 Influence of chain length of random poly(amino acid)s on crystal morphology 

 

As the chain length of polymeric additives can have several effects on CaCO3 

mineralization related to the mechanism,
75

 polymorph selection,
76

 and selectivity for crystal 

faces,
42

 we also performed the same crystallization experiments in the presence of 

poly(amino acid)s we used in a previous study
47

 (also described in Chapter 3 of this thesis) 

that have comparable compositions but higher degrees of polymerization, Table 3. 

Interestingly, the crystals obtained in the presence of the higher molecular weight 

poly(amino acid)s, ROPE41, ROPE52, ROPE59 and ROPE77 containing 41mol%, 52 
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mol%, 59 mol% and 77 mol% Glu, respectively (DP = 29-36) were in all cases  ~2-3 µm 

calcite, as showed in PXRD pattern of ROPE41 in Figure 5. The morphologies of those 

crystals, Figure 6, are indistinguishable from those obtained in the presence of the three 

active lower molecular weight poly(amino acid)s SPSE59, SPSE67 and SPSE76 (DP ~ 21-

24), Figure 1. 

Table 3. The poly(amino acid)s synthesized by ring opening polymerization (ROP). 

 

Sample 

Code 
a 

Experimental 

composition 

(mol%) 
b 

Monomer 

composition 
b 

 

DP 
b 

 

Total net 

charge 
c 

ROPE41 [E]41 [K]26 [A]33 [E]12 [K]8 [A]10 30 -5 

ROPE51 [E]51 [K]20 [A]29 [E]15 [K]6 [A]8 29 -10 

ROPE59 [E]59 [K]19 [A]23 [E]21 [K]7 [A]8 36 -15 

ROPE77 [E]77 [K]8 [A]15 [E]26 [K]3 [A]5 34 -18 

 a ROP= Ring Opening Polymerization, E = glutamic acid and number represent mol% of Glu in the  

   chain; 
 b Calculated from 1H NMR;  
 c Calculated from acid base titrations, at pH 9.75 (for more details see appendix A). 

 

Again in all experiments two different morphologies were obtained: a rosette-like 

morphology and an elongated morphology that also in this series varied from a peanut-like 

shape via dogbone like to a dumbbell shape depending on the Glu content of the polymer, 

Figure 6. Most interesting in this series of experiments is the observation that also ROPE41 

and ROPE51 are active in changing the morphology of calcite despite the fact that their Glu 

content falls below the threshold of 54 mol% observed for the SPSE–series. This shows 

that although the activity of the polymers is clearly related to their glutamic acid content, 

the precise nature of this relationship is more complex. 
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Figure 5. PXRD pattern of crystals isolated from experiments in presence of 0.05 mg/ml of ROPE41 

after 24 h of reaction indicating the product is calcite.  

 

 

 
Figure 6. SEM images of CaCO3 crystals obtained in presence of different poly(amino acid)s: 

E12K8A10 (ROPE41); E15K6A8 (ROPE51); E21K7A8 (ROPE59) and  E26K3A5 (ROPE77). Upper layer 

contains the rosette-like particles while lower layer shows development from a peanut-like via 

dogbone like to the dumbbell shaped  particles depending of poly(amino acid) used. Scale bar is 1µm. 
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Hence, to establish a basis for understanding the activity of the ROPE-set and the active 

polymers from the SPSE-set we investigated in more detail their physiochemical 

characteristics and compare those with ones from SPSK set. When we compare the 

calculated hydrophilicities of active ROPE and SPSE polymers we notice that they vary 

between ~ 200 kJ/mol for SPSE59 and 350 kJ/mol for ROPE77, but that also the several K-

polymers (SPSK45, SPSK56, SPSK69 and SPSK81) which are all inactive, fall within this 

range, Figure 7A. This implies that hydrophilicty does not play a significant role in 

determining the activity threshold of these polymers. Moreover, the net charge of additives 

has been demonstrated to play role in controlling morphology of minerals,
27

 while their 

efficiency increases with an increase of their overall negative charge.
48

 From our results, 

when we consider the E/K ratio of those copolymers - which determines their total net 

charge - we find that all these polymers have a net negative charge varying from -5 for 

ROPE41 to -18 for ROPE77 and again that also the inactive SPSK10, -7, falls in this range, 

Figure 7B. This leads us to conclude that also the net charge of the polymer is not the 

physicochemical parameter that determines their activity. 

If we consider again the seemingly contradicting observations that at the same polymer 

concentration the critical Glu content for the SPSE polymers is 54 mol% while ROPE41 is 

active with only 41 mol% Glu, i.e. the same Glu content as the inactive SPSK10 has ( see 

Table 1 in Chapter 4 of this these), we must also conclude that the mol% of Glu-monomer 

in the polymer is not the key parameter for its activity.  

However, looking at the absolute number of average Glu-monomers per polymer chain, 

Figure 7C, it becomes clear that all active poly(amino acids) have on average 12 or more 

Glu-monomers in the chain (13-18 for SPSE59 - SPSE76 and 12-26 for ROPE41 - ROPE77) 

while all inactive polymers have only 1-12 Glu monomers per chain. 
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Figure 7. Showing change in: A) Hydrophilicity; B) Total net charge; C) Number of Glu monomers; 

for ROPE, SPSE and SPSK sets used in experiments.  
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Nevertheless, there are a number of examples from the literature in which peptides with 

less than 12 monomers of glutamic acid in the chain do lead to morphological changes in 

crystals of calcium carbonate
77

 or calcium oxalate
78

. Moreover, Elhadj et al.,
42

 have 

demonstrated that the morphology and growth kinetics of calcite are effected in a 

systematic way, changing preferential interaction with acute or obtuse steps, when series of 

poly aspartic acid (Asp1-6) were introduced in the solution. These interactions appear to be 

strongly chain-length dependent leading to the observation that Asp1,2 have stronger 

interaction with acute step edge while longer chains preferentially interact with obtuse 

steps. Therefore, it would be of great interest to investigate the influence of chain length of 

polyglutamic acid on CaCO3 crystal formation in our system. 

 

5.2.4 Influence of polyglutamic acid chain length on morphology of CaCO3 crystals  

 

Results obtained with active poly(amino acid)s obtained with both SPS and ROP 

derived suggest that it is the number of glutamic acid monomers per poly(amino acid) chain 

that determines their activity. Moreover, the “magic” number appears to be 12 monomers 

per chain above which the poly(amino acid)s influence morphology while under this 

number there was no visible influence on morphology of precipitated crystals. In order to 

investigate the influence of the chain length of poly(glutamic acid), (PolyGlu), on CaCO3 

crystal morphology we have used polyglutamic acids containing 10, 12, 15 and 100 

monomers in the chain, respectively, and performed crystallization experiments under same 

conditions as used for the SPS or ROP poly(amino acid)s. The crystal morphologies of the 

isolated crystals are shown in Figure 8. 
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Figure 8. SEM images of crystals obtained from mineralization experiments in presence of 

PolyGlu10, PolyGlu12, PolyGlu15 and PolyGlu100. Scale bare is 1µm. 

 

As it can be seen from Figure 8, all polyglutamic acids were able to affect the 

morphology of the precipitated crystals, leading to calcite crystals with two types of the 

morphologies. In presence of PolyGlu10, the rosette-like morphology was obtained in 

addition to the dog bone-like crystals. In presence of PolyGlu12, PolyGlu15 and PolyGlu100 

dumbbell shaped crystals were obtained in addition to the rosette like morphology. The 

predominance of the dog bone-like morphology over the dumbbell like morphology in 

presence of longer polyglutamic acid chains is due stronger binding of those chains to the 

lateral crystal faces which, by blocking the approach of essential ions, slows down crystal 

growth in directions perpendicular to the affected faces. Therefore, the relative growth rates 

of affected and non-affected faces change, due to which significant changes in crystal 

growth morphology occur.
79

 In addition to affecting the morphology also the surface of 

isolated particles seems to be affected by the different chain lengths present. In case of 

PolyGlu10, the surface of the particles is more rough compared to e.g. particles precipitated 

in presence of PolyGlu100, indicating that the building blocks of particles are decreasing in 

size when chain length increases. The observations are in line with the results obtained 

from experiments with SPSE and ROPE poly(amino acid)s where the same decrease in 

surface roughening was observed when amount of Glu monomer in the polymer chain 

increases. The decreased size of the crystals can be explained by assuming that the higher 

number of Glu monomers in the chain leads to more nucleation sites and hence to a 

decrease in size of precipitated particles.
45, 46
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Furthermore, from this results it is certainly clear that homopolymers of glutamic acid 

have an even greater influence on crystal morphology than SPSE and ROPE poly(amino 

acid)s containing similar amount of glutamic acid in their chains. This is most likely related 

to the presence of lysine and alanine in random poly(amino acid) chains. The lysine side 

can have attractive interactions
80, 81

, induce hydrogen bonding or form ion pairs
82-85

 with 

COO
-
 groups from glutamic acid side chain. The hydrophobic character of alanine can 

interfere with hydrated layers on mineral surface,
79, 86, 87

 which may be involved in 

morphology change of minerals directed by additives.
42, 88

 Intra-chain interactions have 

been shown to be are very dependent on the position and spacing between charged 

groups.
82, 89, 90

 Consequently, in the case of our active random poly(amino acid)s (SPSE59-76 

and ROPE41-77) the influence of those interactions would certainly be decreased, due to 

increased density of COO
-
 groups, leading to increased activity of those random 

poly(amino acid)s thus to greater influence on morphology of precipitated crystals. 

 

5.2.5 Mixing active and non-active poly(amino acid)s 

 

The ability of Nature to make composite materials with advanced properties is thought 

to involve the cooperative interaction of different components. Indeed it has been 

demonstrated in-vitro that these cooperative interactions may enhance the activity of certain 

components, or even be essential for their activity, e.g. Mg ions have been shown to 

enhance the activity of templates
91

 and polymeric additives
43

 while the presence of 

polymeric additives was demonstrated to be essential for the effect of templating surfaces
92

 

and matrices
93

. It is therefore of interest to investigate the existence of cooperative 

interactions between the different poly(amino acid)s from our library. For this purpose we 

selected the non-active SPSE10, and one active poly(amino acid), SPSE59, and studied the 

effect of their mixtures on the morphology of the calcite formed, Figure 9. The 

concentration of SPSE59 was fixed at 0.05 mg/ml while the amount of SPSE10 was varied 

from 0.025 - 1 mg/ml such that the SPSE10 : SPSE59 ratio was varied between 1:2 and 20:1. 

Here we recall that at 0.05 mg/ml SPSE59 leads to the formation of peanut-shaped calcite, 

while SPSE10 at the same concentration is inactive leading to the formation of 

rhombohedral morphologies, Figure 1.  
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Figure 9. SEM images of crystals obtained from experiments in which we mixed  SPSE10 and SPSE59 

in different ratios A)1:2; B)1:1; C)5:1; D)10:1; E)20:1; and as a control F) 0.05 mg/ml SPSE59 ; G) 

0.5 mg/ml SPSE10 ; H) 1 mg/ml SPSE10; J) Raman spectra of particles isolated from experiments in 

presence of 0.5 mg/ml  SPSE10 . 

 

Control experiments showed that at higher concentrations SPSE10 leads to the 

formation of vaterite, Figure 9G and H. The mixing experiments showed that increasing the 

concentration of SPSE10 in the mixtures leads to a reduction of the peanut-shaped character 

in favor of a more cylindrical shape of the peanut-like crystals giving rise to a more 

pronounced expression of the (10.4) faces. In addition to the cylinder-shaped crystals also 

an increased amount of vaterite was observed at higher SPSE10 concentrations. The latter 

may be due to the binding of carbonate by the lysine ammonium groups which is known to 

favor vaterite formation.
51

 However, the formation of the cylinder shaped calcite crystals 

arises from an increased inhibition of the    ̅    faces
48

 and implies that the presence of 

SPSE10 enhances the action of SPSE59. However, these results are intriguing and question 

remains whether SPSE10 interacts with the active polymer, the calcite surface, or both?  
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5.3 Conclusions 

 

We have used a unique library of amino acid based random copolymers, to obtain 

insight in the interactions between additives with a random distribution of functional 

groups and a developing calcite surface. The library consisted of three sets of poly(amino 

acid)s with a DP of ~24 in which the amount of negatively charged (Glu), positively 

charged (Lys) or hydrophobic monomers (Ala) was systematically varied. The library was 

complemented with a set of ROPE poly(amino acid)s having a higher molecular weight 

(DP 29-36) but the same composition, a set that did not contain lysine, a set in which the 

negatively charged monomers were placed in groups of predefined size and set of 

polyglutamic acids with varying chain length. These polymers were used in a 

crystallization assay that yielded rhombohedral calcite in all cases except for the 

polyglutamic acids with different chain lengths and the poly(amino acid)s, from SPSE and 

ROPE sets, that had a high content of the negatively charged Glu-monomer. These 

produced rosette like arrangements and morphologies that were elongated along the c-axis, 

most likely through inhibition of the    ̅    faces. The experiments demonstrated that the 

activity of polymers increased by increasing the amount of Glu monomers in chain, while 

the increase of lysine and alanine did not have effect on crystal morphology. This confirms 

that Glu monomer is the most effective in modifying crystal morphology among all three 

used monomers. Furthermore, our experiments with SPSE and ROPE poly(amino acid)s 

showed that the threshold for activity was not determined by the hydrophilicity of the 

polymers, nor by their net charge, the distribution of acidic monomers or the glutamic acid 

content, but by the average total number of glutamic acid moieties in the polymer. Under 

the conditions used (3 mM CaCO3, polymer concentration 0.05 mg/ml) this number falls 

around 12 Glu monomers per polymer, making the high molecular weight polymers more 

active at lower relative Glu content. However, this threshold value could be shifted to ~ 9 

by increasing the polymer concentration sevenfold. A further increase led to an delayed 

precipitation, accompanied by a switch to the formation of vaterite. Nevertheless, 

experiments in presence of polyglutamic acids with varying chain lengths demonstrated 

that these homo polymers can have a stronger effect on calcite morphology than random 

SPSE and ROPE poly(amino acid)s with even higher number of Glu moieties per chain. 

We believe that this is due to intrachain interactions of lysine side chain with carboxylic 

groups of glutamic acid or interference of hydrophobic alanine with hydrated layers at 

certain crystal faces.  

It was further demonstrated that the presence of inactive polymers can enhance the 

effect of active polymers such that significantly different morphologies are observed. 

Although it is presently not clear whether these polymers, which on their own do not lead 
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to habit changes, interact with the mineral surface or with the active polymer, these 

experiments showed that through cooperative interactions we obtain an emergent effect that 

cannot be obtained through the action of one component alone. 

To date a vast variety of additives with different compositions, structures and degrees of 

control over the spatial organization of their functional groups has been investigated for 

their activity in directing CaCO3
 
crystallization. They range from purely synthetic to amino 

acid and carbohydrate based (macro)molecules and even protein derived peptides.
66

 

Nevertheless, in most experiments their individual activities in controlling calcite 

morphology do not range further than the inhibition of a crystal face, in many cases the 

same family of    ̅    faces. In other cases a polymorph switch is observed generally 

leading to the formation of vaterite. Here we have observed these same effects for a 

collection of random poly(amino acid)s that do not possess specific sequences nor a 

secondary structure. Their effect in the described experiments can be compared purely on 

the basis of their chemical compositions and the associated physicochemical characteristics. 

Such detailed comparison contributes to our understanding of the interactions between 

organic and inorganic components in the formation of biological and bioinspired hybrid 

systems.  
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5.4 Experimental section 

 

Materials: The poly(amino acid)s used in all experiments are synthesized via ring opening 

polymerization described in details in Chapter 3 or via solid phase synthesis described in 

Chapter 4 of this thesis. PolyGlu10, PolyGlu12 and PolyGlu15 are ordered from Bachem AG, 

Switzerland. Calcium Chloride Dihydrate (≥ 98%, Sigma-Aldrich 22350-6) sodium 

carbonate (anhydrous, Merck 106392) were used for CaCO3 mineralization experiments. 

 

CaCO3 mineralization: The crystallization of CaCO3 was carried out in a glass beaker at 

room temperature. The glass cover slips were cleaned with ethanol and placed at the bottom 

of the glass beaker prior to each experiment. In a typical experiment, an aqueous solution of 

CaCl2 (6 mM, 12.5 mL) containing the polymer (0.05 mg/mL) was mixed with Na2CO3 

aqueous solution (6 mM, 12.5 mL), stirred first 180 s and left to react covered with 

parafilm. After mixing the solutions were covered with parafilm to prevent evaporation and 

CO2 diffusion in the system. The glass cover slips, with the crystals which formed in 

solution and before falling down, were taken from reaction mixture after 24 hours, rinsed 

with acetone and left in air to dry. To examine the influence of each poly(amino acid) on 

the morphology of formed CaCO3 crystals a SEM microscope was used. The cover slips 

were fixed on an SEM stub and coated with gold before placing in the microscope. 

 

Measuring activities of free Ca
2+

 ions in solution in presence of poly(amino acid)s: A 

Metrohm® commercial titration setup was used in all experiments. The setup contained a 

computer running Tiamo 2.1 software controling two 809 Titrando tritrating units, three 2 

ml Dosino dosing units and a magnetic stirrer plate. A double junction micro pH glass 

electrode (6.0234.100) and a polymer membrane (PVC) calcium ion selective electrode 

(Ca-ISE, 6.0508.110) were utilized to measure the pH and concentration of free Ca
2+

 ions 

in solution, respectively; each connected to one of the Titrando 809 stations. The pH 

electrode was calibrated daily using Metrohm buffer standards at pH 4.0 (No. 6.2307.100), 

pH 7.0 (No. 6.2307.110) and pH 9.0 (No. 6.2307.120), while the Ca-ISE was calibrated 

before each experiment. All solutions were freshly prepared for each experiment utilizing 

fresh Milli-Q water (resistivity 18.2 MΩ·cm at 20 °C), degassed overnight with N2. A 

sodium hydroxide solution of 10 mM was prepared by dissolving NaOH pellets in water, 

10 mM hydrochloric acid was prepared by the dilution of HCl 25%. Calcium chloride 

solutions (3 mM) used in experiments was obtained by dissolving calcium chloride 

dihydrate in CO2 free water. Experiments were performed in a 80 mL beaker containing a 

25 mL 3 mM calcium chloride solution set at pH 9.75. First, activities of free Ca
2+

 ions in 

solution were measured in the absence of poly(amino acid)s, to serve as control. After 
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stabilization of the Ca
2+

 signal and the pH first the poly(amino acid) was added (0.05 

mg/ml) while the Ca
2+

 levels were continuously measured. After stabilization again an 

additional amount of the poly(amino acid) was added without interrupting the 

measurement, making a total concentration of 0.5 mg/ml poly(amino acid) in solution. 

During the measurement the pH was kept constant by titrating 10 mM sodium 

hydroxide/hydrochloric acid solutions and measured by the pH electrode at 20 °C in all 

cases. The stirring rate in all performed experiments was 600 rpm. All beakers, electrodes 

and burette tips were cleaned with 10 v% acetic acid and rinsed with distilled water after 

every experiment. To convert the measured Ca
2+

 activities into concentrations for the 

calculation of the activity coefficients the Davies-extended Debye-Hückel Equation (with a 

constant for the linear term with a value of 0.3) was applied.
94

 

 

Synthesis of random poly(amino acid)s: For details, please read experimental part in 

Chapter 4 of this thesis. The blocky peptides of DP 24 were synthesized by using SPS 

following same procedure and amino acid compositions. During synthesis, single amino 

acid mixture was used for the amino acid positions contributing to the block, other amino 

acid positions were filled randomly using mixture of amino acid as described in chapter 4. 

 

Scanning Electron Microscopy (SEM): SEM studies of the CaCO3 crystals were 

performed on a Quanta 3D FEG (FEI Company) with a field emission electron gun as 

electron source at an acceleration voltage of 5 and 10 kV and a current between 5 and 24 

pA. Glass cover slips with crystals were washed with acetone and air-dried for a day and 

then placed on a SEM stub with carbon tape. Subsequently, the samples were sputter-

coated with a layer of gold applied using a current of 20 mA for 3 min. 

 

Powder X-Ray Diffraction (PXRD): XRD measurements were performed on a Rigaku 

Geigerflex powder diffractometer with Bragg-Brentano geometry, using copper radiation at 

40 kV and 30 mA and a graphite monochromator on the detector side to eliminate the CuKβ 

radiation. The samples were measured on slips which were taken from reaction. The XRD 

patterns were recorded from 10 - 60 ° 2-theta with a step size of 0.02° and a dwell time of 

20 seconds. 

 

Raman Microscopy: The Raman spectrometer used (Dilor Labram) is equipped with a 

Millennia II doubled Nd:YVO4 laser with an excitation wavelength of 632.81 nm operated 

at a power of 200 mW, 1800 grooves/mm holographic grating and a 1024 × 256 pixel CCD 

camera. Spectra were recorded in the region 100 – 1200 cm
−1

. Depth profiles, i.e., spectral 

intensity as a function of the distance of the sampled spot to the surface, were performed by 
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manually adjusting the distance between sample and objective. A 100x magnification, 

(Olympus, numerical aperture 0.8) ultralong working distance objective was used. The 

Labram was equipped with a built-in camera, enabling the visualization of the reflected 

laser light from the inner side of the glass plate. Focal depth zero was determined by 

minimizing the spot size of this reflected light. 

 

Hydrophilicity value of poly(amino acid)s: The hydrophilicity value of poly(amino acid)s 

was calculated based on an empirical hydrophilicity scale for each individual amino acid.
95

 

Hydrophilicity values can be both positive (for hydrophilic amino acids) and negative (for 

hydrophobic amino acids). Values used in this work are 12,54 kJ/mol for glutamic acid and 

lysine and – 2.1 kJ/mol for alanine. The hydrophilicity for a given poly(amino acid) chain 

was calculated by summation of the hydrophilicity values for all individual amino acids. 

The values presented here do not take into account the secondary structure of the chain, 

which can reduce solvent exposure of hydrophobic amino acids. Nevertheless, this 

approach was used successfully to predict antigenic sites within sequence of a broad range 

of antibodies.
95
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6.1 Summary 

 

There are many living organisms in the Nature which are able to produce minerals, 

amorphous or crystalline, with outstanding properties. Those minerals are used to build a 

wide range of organic–inorganic hybrid materials for a variety of purposes, such as 

navigation, mechanical support, photonics, and protection of the soft parts of the body. The 

beauty of those biominerals coupled with the high level of control over the composition, 

structure, size, and morphology has intrigued scientists for many decades and served as a 

source of inspiration in the development of materials with controllable and specialized 

properties. The work described in this thesis, also inspired by Nature, aimed to gain more 

fundamental knowledge on the processes involved in biomineralization. 

We focused our attention on investigating the interaction between the organic and 

inorganic phase in the mineralization of the calcium carbonate, since a more complete 

understanding of this process may potentially lead to the production of synthetic hybrid 

materials with properties surpassing those of synthetic materials we know today. There are 

numerous parameters which could influence the process of mineral formation and there is 

an impressive amount of work done on investigating those parameters but yet there are still 

many remaining questions. In here, we tend to answer to some of those questions by 

investigating influence of the total net charge and hydrophobicity of polymeric additives in 

a CaCO3 mineralization assay. We have selected three different amino acids, glutamic acid 

(Glu, negatively charged), Lysine (Lys, positively charged) and alanine (Ala, hydrophobic) 

to make random poly(amino acid)s. Through simply varying the ratio of those three amino 

acids within the chain we are able to precisely tune their total net charge and 

hydrophobicity. The fact that all poly(amino acid)s have random character allows us to 

assign interactions between crystal phase and poly(amino acid)s only to the composition of 

the additive, rather than to a specific sequence, secondary structures or  specific geometric 

pattern.    

In Chapter 2 of this theses we have given an theoretical overview concerning the 

theory of crystallization, nucleation and crystal growth followed by crystal morphology and 

parameters which can influence and control crystal morphology. Further, a literature 

overview on biomimetic calcium carbonate formation, followed by synthetic approaches 

towards the synthesis of amino acid based polymers, is presented in order to help reader to 

better understand content of further chapters. 

A large part of work in this thesis focuses on studying the synthetic approaches which 

allowed us to synthesize random poly(amino acid)s with tunable compositions, good 

control over degree of polymerization and polydispersities. As the first approach, we used 

benzylamine induced ring opening polymerization (ROP) of the respective  
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N-carboxyanhydrides (NCAs), as described in Chapter 3.  Secondly, we applied a novel 

one-pot solid phase synthesis method, as a result of modification of the traditional solid 

phase synthesis (SPS) method, as described in Chapter 4. The ROP leads to very good, 

gram scale yields but to only moderate control over the degree of polymerization and 

polydispersities. In contrast, one-pot solid phase synthesis allowed us to synthesize a 

complete library of poly(amino acid)s with excellent control over the degree of 

polymerization and polydispersity. Therefore, for the future investigation of similar systems 

we would suggest use of one-pot SPS synthetic approach instead of ROP when bigger 

libraries of random poly(amino acid)s with lower degrees of polymerization (up to 50) are 

required. When bigger amounts of material and higher degrees of polymerization are 

preferred ROP would be more a suitable method.  

The influence of those poly(amino acid)s on the early stages of CaCO3 formation was 

investigated by using a titration setup with a calcium ion selective electrode (Ca-ISE), as 

described in Chapters 3 and 4. The results obtained show that activity of the poly(amino 

acid)s increases with increasing content of glutamic acid present, reflected in a stronger 

inhibition of nucleation and a decrease in the size of the particles obtained. It is 

demonstrated that these results are consequence of the interaction of poly(amino acid)s, in 

particular their carboxylic groups, with pre-nucleation species. Moreover, in Chapter 5 we 

use these poly(amino acid)s to investigate the interactions between additives with a random 

distribution of functional groups and a developing calcite surface. Rhombohedral calcite 

crystals were obtained in all cases except for the poly(amino acid)s with a high content of 

glutamic acid monomer in the chain. These produced rosette-like particles and 

morphologies that were elongated along the c-axis, most likely through inhibition of the 

   ̅    faces. The obtained results demonstrated that the presence of lysine and alanine in 

the poly(amino acid)s had no effect on the calcite morphology, but rather that the glutamic 

acid monomers were responsible for the morphology change induced by the additives with 

amount of higher content of these monomers. Furthermore, an activity threshold was 

obtained for the set of polymers with increasing amount of glutamic acid in chain. It was 

demonstrated that this activity threshold was neither determined by the hydrophilicity of the 

poly(amino acid)s nor by their charge or the distribution of acidic monomers or the 

glutamic acid content, but by the average total number of glutamic acid moieties in the 

poly(amino acid) chain. This threshold could be shifted by increasing the poly(amino acid) 

concentration. Moreover, experiments performed using polyglutamic acid with varying 

chain lengths showed that the threshold number of (on average) 12 Glu monomers per 

chain does not hold if there is no lysine or alanine monomers present. This implies that 

even though these two monomers do not affect the crystal habit they do influence the 

activity of random poly(amino acid)s. Furthermore, although we did not investigate the 
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mechanism of this influence, we propose that lysine is involved in intrachain interactions 

with carboxylic groups of glutamic acid, while the more hydrophobic alanine is most likely 

interfering with the hydration layer of certain calcite faces. At the end cooperative 

interactions of those poly(amino acid)s were investigated by mixing active and non-active 

polymer in the same solution which resulted in significantly different morphologies 

indicating that although non-active poly(amino acid)s do not lead to habit changes, they do 

interact with the mineral surface or with the active polymer. Nevertheless, to propose a 

mechanism by which these poly(amino acid)s interact with crystal surfaces and lead to a 

change in crystal morphology it would be of essential importance to perform the 

experiments such as AFM studies or to do molecular modeling to have a better indication 

of selective interactions of those additives with crystal faces. 

Altogether, our results are giving strong proof of significance of peptide composition on 

the polymorph selection and morphology of CaCO3 minerals. Nevertheless, the way that 

Nature combines a number of parameters and ingredients in same time to create amazing 

hybrid materials is very complex process. We demonstrated that certain parameters (e.g. net 

charge and hydrophobicity) even though a number of time demonstrated in literature as 

important can be over ruled (e.g. by presence of sufficient amount of glutamic acid 

monomers in additive chain). Furthermore, additives which are not active can be activated 

and vice versa when placed in right environment. So these are, potentially, just some of 

tricks which Nature uses and which were pointed out one more time in this thesis. 

Therefore, we hope that results from this thesis will serve as an inspiration for the future 

scientific approaches in field of biomineralization not only in CaCO3 system but as well in 

other mineralization systems. Moreover, with our results we tend to contribute to body of 

fundamental knowledge which in future will, essentially, lead to better understanding of 

Nature’s “cooking book” and luckily, to manufacturing of bio-inspired synthetic composite 

materials.      

 

6.2 Outlook: experimental results for an broader view of possible applications  

 

It is important to emphasize the potential of the poly(amino acid)s presented in this 

thesis as their application is not limited to CaCO3 formation but can also be applied in other 

systems (e.g. calcium phosphate, calcium sulfate, silica or iron oxides). Obviously the 

poly(amino acid) composition can also be tailored to guide formation of the different 

minerals that are found in other systems. Furthermore, introducing different amino acids in 

the polymer (e.g. aspartic acid (negatively charged) and serine (hydrogen-bonding 

donor/acceptor character), allows us to investigate the influence of the different 

physicochemical characteristics of the additives, (e.g. the Glu/Asp ratio and HBDA 
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character). Moreover, these poly(amino acid)s may further be designed to have a block of a 

specific or a variety of hydrophobic amino acids such as to mimic the hydrophobic domains 

in membrane bound or self-assembling proteins. At the end one can use any desired amino 

acid monomer to create different poly(amino acid) composition.   

In close collaboration with Yun-Wei Wang and Fiona Meldrum from Leeds School of 

Science, we have tested the influence of those poly(amino acid)s in a CaSO4 precipitation 

assay, Figure 1. For this purpose the Ca-ISE titration setup was used, as described before in 

Chapters 3 and 4 of this thesis. Shortly, a CaCl2 solution containing poly(amino acid)s 

(ratio Ca:AA= 50:1) and Na2SO4 solution were titrated slowly into 25 ml of ultrapure H2O. 

In the control experiment, Figure 1a, plate-like and needle-like gypsum crystals were 

obtained. Furthermore, in the presence of E10, Figure 1b, again plate-like and needle-like 

gypsum crystals were obtained but this time plate-like crystals were somewhat larger. 

Moreover, appears that the presence of E10 induces stacking of those plate-like crystals.  

 

 

Figure 1. SEM images of CaSO4 crystals isolated from reaction mixture in presence of a) no additive; 

b) E10; c) E48. and d) XRD patterns of isolated crystals indicating that in all cases gypsum was 

formed.  

 

The presence of E48 seems to stimulate stacking behavior and order of magnitude larger 

gypsum crystals were formed, Figure 1c. In the inset of Figure 1c one can see that in 

between those large plate-like crystals there are also smaller crystals present, but whether 

those larger gypsum crystals are formed via dissolution-reprecipitation or via an 
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aggregation based mechanism of those small crystals could not be concluded from the 

results obtained. The presence of poly(amino acid)s did change the shape and size of 

obtained crystals but did not influence the polymorph formation since in all cases gypsum 

was formed after 24 h, Figure 1d. The results described above indicate that such a set of 

poly(amino acid)s can lead to control over gypsum shape and size under mild conditions, 

room temperature and atmospheric pressure. Moreover, it would be interesting to study the 

early stages of this reaction and investigate how these poly(amino acid)s influence crystal 

formation, mechanism or polymorph selection/stabilization. It is important to emphasize 

that results above serve only as indication of possible applications for poly(amino acid)s 

and that certainly more experiments are needed to confirm the reproducibility of the results 

present as well as to draw valid scientific conclusions about influence of those poly(amino 

acid)s in CaSO4 mineralization essays.   

Furthermore, inspired by the ability of magnetotactic bacteria to produce in their 

magnetosomes magnetite crystals, with well-defined size and shape in our group we 

investigated (the work presented is performed by Jos Lenders) the influence of the random 

poly(amino acid)s on magnetite formation. In our experiments we used poly(amino acid) 

set in which we systematically varied the glutamic acid content. We gradually increased the 

pH of solution containing Fe
2+

 and Fe
3+ 

by slow in-diffusion of ammonia, leading to the 

formation of octahedral magnetite crystals. The results from those experiments are 

presented in Figure 2. As one can see from Figure 2a, the size of magnetite crystals 

decreased with increasing content of glutamic acid in the poly(amino acid) chain, but also 

shape of crystals changed from octahedral (control and E10) to the crystals with rounded 

morphologies (E31, E48, E76). Moreover, the specific surface area of the particles obtained 

show a dependence on the glutamic acid content, indicating interaction of glutamic acid 

with surface of crystals. Furthermore, control over size and shape is reflected in the 

magnetic properties of those particles as well, Figure 2b. The VSM (Vibrating Sample 

Magnetometery) curves, Figure 2b, showed that the magnetic properties changed with 

changing the glutamic acid content, going from ferrimagnetic behavior to 

superparamagnetic behavior (no magnetic hysteresis) when the glutamic acid content was 

increased. 
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Figure 2. a) TEM images of crystal products of slow co-precipitation (NH3 diffusion) without 

(control) and with E10 , E31 , E48 and E76 , respectively,   (amino acid : Fe ratio = 1 : 10) showing a 

systematic decrease in crystal size with increasing E content. b): VSM curves of 9 different samples, 

control and with E10 – E76, showing that the saturation magnetization (Ms), remanence (Mr) and 

coercivity (Hc) decrease with increasing E content, going from ferrimagnetic to superparamagnetic 

behavior and reflecting the decrease in crystal size. 

 

These results clearly showed that by changing the glutamic acid content in poly(amino 

acid)s we were able to control shape and size of formed magnetite crystals and thereby the 

magnetic properties of those crystals. Understanding of the mechanisms of those 

interactions can lead to new additive-directed syntheses of magnetic nanoparticles at 

ambient conditions and in aqueous media.    

One of our dreams is to translate the concepts and principles of biomineral formation to 

a synthetic environment, aiming at the green synthesis of advanced hybrid materials in 

aqueous media and at ambient conditions. However, the sequence and structure of these 

biomacromolecules is the result of evolution, optimized not only to their role in 

biomineralization, but also taking into account the availability of starting materials well as 

the biological machinery for their production and transport. Consequently the structure of 

these proteins will be more complex than needed for their specific function, i.e. guiding the 

formation of the mineral. It is therefore of interest to minimize the complexity of the 

additives used while still achieving the structural requirements for the performance of the 

desired material. The disclosure of a quick and convenient route to libraries of amino-acid 

based polymers presented here will open the way to controlling mineral formation with 

additives of minimal complexity. The application and understanding of the action of these 
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random poly(amino acid)s will also open the way to making a second translation step to 

other, for example acrylate-based, polymer systems for which the same range of monomer 

side group chemistries are available.  
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MALDI-ToF-MS  

 

The experimental MALDI-ToF patterns were fitted by normal distributions according to 

Equation 1, where µ is the mean molar mass, σ is the standard deviation, A is a scaling 

factor and B is the apparent noise level. 

 

Equation 1:                              
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The positions and intensities of the peaks of the major distributions in the experimental 

MALDI-ToF patterns were taken as input to a fitting routine that minimizes the residuals 

between theory and experiment (non-linear least-squares regression). Figure A1 shows the 

results after normalization (= after subtracting B and dividing by A). In almost all cases the 

fit is in good agreement with the experiment and pseudo-R
2
 values larger than 0.95 were 

found, except for a few cases where the signal-to-noise ratio of the MALDI-ToF 

measurement (S/N = Imax / B) was lower than 6. 

The as-such determined mean molar mass µ was taken as the best approximation for the 

molecular weight Mn of each copolymer batch, while the corresponding polydispersity 

index PDI could be calculated from the determined standard deviation σ according to 

Equation 2. Further, the determined Mn was combined with the compositional information 

from the 
1
H NMR analysis to derive the degree of polymerization DP. See also Table 1 in 

the main text for the determined Mn, PDI and DP of each copolymer batch. 
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Figure A1. Experimental MALDI-ToF patterns (black) of all copolymer batches and corresponding 

normal distributions (blue lines) fitted to the positions and intensities (red dots) of the peaks of the 

observed major distributions. 
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1
H NMR spectra 
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Figure A2: 1H NMR spectra of a) E10-80%KA, b) EK10-80%A and C) EKA10-80% where systematic 

increase in Glu, Lys and Ala characteristic peak in a, b and c, respectively. 

pH-Net charge relationships from acid-base titrations 

Acid-base titrations were carried out using a titration setup from Metrohm Applikon, 

consisting of three 2 mL Dosino dosing units, a glass pH microelectrode and a magnetic 

stirring plate, connected to two 809 Titrando titration units and controlled by a computer 

running Tiamo 2.2 software. One dosing unit was connected to a bottle containing HCl 

solution (~1.2 M) and one to a bottle containing NaOH solution (~0.5 M). 

Aqueous solutions (V0 = 25 mL) were prepared by dissolving poly(amino acid) (~1 mg/mL) 

in ultrapure water (resistivity 18.2 MΩ·cm at 25 °C). 

Acid-base titrations were carried out as follows. First, HCl solution (VHCl) was titrated into 

the poly(amino acid) solution while stirring magnetically until a pH of 2 was reached. 

Second, NaOH solution was titrated at a constant rate (VNaOH = 10 µL/min) while recording 

the pH over time (t). 
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The exact concentrations of the HCl and NaOH solutions [HCl] and [NaOH] and the water 

dissociation constant were determined from the time-pH data of an acid-base titration of 

ultrapure water, Figure A3-a by solving the set of equations below for all time points while 

taking into account charge neutrality: 

         ClOHNaH   

With       pH10H   ,       pHp w10OH
 

K
,  

   
V

VNaOHNaOHNa 
,          

V

VHClHClCl 
, 

tVVVVVVV  NaOHHCl0NaOHHCl0  

and V0 = 25 mL, VHCl = 0.2126 mL, VNaOH = 10 µL/min, 

resulting in [HCl] = 1.2481 M, [NaOH] = 0.5253 M and pKw = 14.12. 

 

Figure A3: a) Time-pH data from the acid-base titration of ultrapure water. The experimental data is 

in excellent agreement with the theoretical prediction (see below). b) For [HCl] = 1.2481 M, 

[NaOH] = 0.5253 M and pKw = 14.12, charge neutrality is maintained over the complete relevant pH 

range. The black line represents volume of added NaOH. 

As can be seen in Figure A3-b, charge neutrality is maintained over the complete relevant 

pH range. 
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Then, theoretical predictions for the time-pH data of acid-base titrations of various 

poly(amino acid)s, Figure A4, were calculated by assuming the following dissociation 

equilibria for water and the glutamic acid (E), lysine (K) and terminal amine (N) residues: 
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The pH = –log([H
+
]) was calculated for all time points by solving this set of equations 

while taking into account charge neutrality: 

                 TFAEClOHNKNaH  

The exact copolymer and trifluoro acetic acid concentrations (because the lysine and 

terminal amine moieties can be TFA salts) could be determined by fitting the inflection 

point (steepest part of the curve) of the theoretical prediction to the experimental data, 

Figure A4. The E, K and A monomer concentrations could be calculated from the as such 

determined copolymer concentrations, using the molecular weight and degree of 

polymerization DP as determined by 
1
H NMR and MALDI-ToF, (see Table 1 in Chapter 4 

of this thesis). 
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Figure A4: Time-pH data from acid-base titrations of SPSE10, SPSE48, SPSE76, SPSK10, 

SPSK45 and SPSK81. Theoretical predictions compared with experimental data. The black 

line represents volume of added NaOH. 

Further, theoretical and experimental pH-net charge relationships as shown in Chapter 4 , 

Figure 7,  were extracted from the theoretical and experimental time-pH data of acid-base 

titrations, Figure A4, by defining net charge as the difference between protonated lysine 

(K
+
) and terminal amine (N

+
) residues and deprotonated glutamic acid (E

–
) residues per 

copolymer chain and taking into account charge neutrality: 

net charge 
     

 
         

 EKA

NaHTFAClOH

EKA

ENK  



  

with  
     

DP

AKE
EKA


  and all the other concentrations as defined earlier. 
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DLS size distribution 

 

Figure A5: DLS size distributions (plotted as number-weighted intensity) for a) SPSE10, b) SPSE48, 

c) SPSE76, d) SPSK10, e) SPSK45 and f) SPSK81 in aqueous solution (1 mg/mL, pH 7). Sizes <4 nm 

are observed in all cases. 
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PXRD data 

 

Figure A6. A: XRD data collected from crystals precipitated in the experiment in the presence of 

SPSE10, SPSE48 and SPSE76 proving that isolated crystals were vaterite.  The appearance of a small 

calcite peak in presence of SPSE76 (black arrow) is due to the presence of a few calcite crystals in 

mixture. 
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SEM data 

 

Figure A7. SEM images of particles isolated from mineralization experiments in presence of different 

poly(amino acid)s. 
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