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ABSTRACT: In many living organisms, biomolecules interact favorably with various surfaces of calcium carbonate. In this work, we have 

considered the interactions of aspartate (Asp) derivatives, as models of complex biomolecules, with calcite. Using kinetic growth experi-

ments, we have investigated the inhibition of calcite growth by Asp, Asp2 and Asp3.This entailed the determination of a step-pinning growth 

regime as well as the evaluation of the adsorption constants and binding free energies for the three species to calcite crystals. These latter 

values are compared to free energy profiles obtained from fully atomistic molecular dynamics simulations. When using a flat (104) calcite 

surface in the models, the measured trend of binding energies is poorly reproduced. However, a more realistic model comprised of a surface 

with an island containing edges and corners, yields binding energies 

that compare very well with experiments. Surprisingly, we find that 

most binding modes involve the positively charged, ammonium 

group. Moreover, while attachment of the negatively charged carbox-

ylate groups is also frequently observed, it is always balanced by the 

aqueous solvation of an equal or greater number of carboxylates. 

These effects are observed on all calcite features including edges and 

corners, the latter being associated with dominant affinities to Asp 

derivatives. As these features are also precisely the active sites for 

crystal growth, the experimental and theoretical results point strongly 

to a growth inhibition mechanism whereby these sites become 

blocked, preventing further attachment of dissolved ions and halting 

further growth.  

Minerals with exceptional mechanical properties are known to 

form when an inorganic crystal is grown in a medium that contains 

dissolved organic molecules. This process, known as biominerali-

zation,1 has garnered a lot of attention in recent years due to its 

relevance in functional material design.2,4,5,6 The current hypothesis 

states that this phenomenon is predominantly driven by favorable 

electrostatic interactions between the inorganic ions forming the 

crystal lattice and biological matter in the form of negatively 

charged polyelectrolytes, mainly peptides, proteins, and polysac-

charides.3,5,7 Consequently, aspartic acid (Asp), which has a nega-

tively charged side chain at biological pH, is found to be one of the 

most prominent constituents of bioactive peptides and proteins,8 

while the most studied minerals in this context are the naturally 

abundant carbonates,9 and in particular, calcite.10 Calcite grown in 

such an environment shows remarkable tensile strength and com-

plete biocompatibility11 making it a major candidate for many po-

tential applications, the most prominent being in oil reservoirs,12 

CO2 storage,13 and especially drug delivery systems.14,15,16,17,18 De-

spite this enormous potential, predictive understanding of the 

growth is still missing.  

Inorganic calcite (CaCO3) appears in various morphologies, of 

which the rhombohedrons bounded by the most stable calcite sur-

faces, the (104) faces, are the most frequent.19 In contrast, many 

different shapes are exhibited in crystals grown in biological matri-

ces as a result of the competition of constituent ions with organic 

molecules for the surface binding sites on the interfaces.20,21 Con-

sequently, the kinetic analyses of additive-inhibited crystal growth 

is one successful avenue of investigation, in particular, allowing the 

extraction of adsorption constants of a biomolecule to an inorganic 

surface, and allowing for the inference of the growth mode.22,23 

Specifically, if the additives bind strongly to active sites on the sur-

faces, they may block the sites and thus impair the crystal growth 

(step pinning).24 Typically, this scenario is associated with a critical 

supersaturation of aqueous ions, at which growth can no longer oc-

cur ("dead zone"). An alternative scenario, known as kink blocking, 

is typical for impurities that adsorb weakly and briefly to the kinks 

at growing steps. As this situation leads only to an effective reduc-

tion in propagation and the kinetic growth coefficient, no dead zone 

  

 

Scheme 1. Predominant chemical structures of Asp, Asp2 and 

Asp3 at nearly neutral pH. 



2 

should be observed.25 If, on the other hand, the additives are incor-

porated into the growing crystal to a significant extent, they may 

distort it and increase the internal free energy.26 This can lead to a 

lower effective supersaturation and a lower growth rate at a given 

concentration of constituent ions.27  

The free energy of binding is also accessible by molecular dy-

namics (MD) simulations,28,29,30,31 which, in addition, provide full 

atomic detail of the systems. However, because of the large number 

of available approaches and the sparsity of calibration against ex-

periments,30,32 an obvious general methodology for modelling in-

teractions on an arbitrary calcite interface is subject to several im-

portant challenges.33,34,35 

The first challenge is to model the interactions between the solid 

and the liquid phase.28,29,31 Motivated by the method proposed for 

zeolites,36 an attractive approach based on the AMBER37 force field 

was recently developed.38 However, the thereby-used39 and 

other,40,41,30,42 models for the calcite are likely to be inferior for 

aqueous applications than a newer parametrization, which more ac-

curately captures the thermodynamic properties of the water-calcite 

interface.41 Nevertheless, the combination of the most promising 

models for the organic38 and inorganic41 phases has not yet been 

tested. The second challenge is the geometry of the calcite. Even 

though the (104) surface is the most abundant in the equilibrium, a 

realistic crystal model should account for different defects. Besides 

affecting the local water structure,43-44 these features have different 

affinities for the organic additive, as shown recently for aspartic 

acid that demonstrated a preference to bind to acute edges and cal-

cium corners.45 These latest results, however, were not calibrated 

against experiment, which is the third challenge in the simulation 

field. With reported binding energies of Asp to various calcite sur-

faces ranging from30 -2 kJ mol-1 to46 -400 kJ mol-1, and with the 

reliabilities only addressed for the interactions of selected mono-

meric species with calcite,30,32 this aspect is of paramount im-

portance. In particular, the significantly more complex challenge 

involving calibrated modeling of the binding of a polymeric series 

to calcite, has not yet been attempted. 

In this work, we overcome these simulation challenges and de-

termine the free energies of binding of an array of aspartate-based 

derivatives (Scheme 1), using a more realistic calcite surface, and 

advanced sampling techniques. By performing kinetic growth ex-

periments, we are able to determine the growth regimes and gener-

ate benchmark values for the free energies of binding. Comparison 

of the modelling results with this data allows us to offer, with a high 

level of confidence, a systematic overview of the binding prefer-

ences of these biologically active building blocks to a complex cal-

cite interface  

Experimental Growth Inhibition. Analytical grade L-Asp and 

(L-Asp)2 were used while the (L -Asp)3 peptide was synthesized au-

tomatically from C- to N-terminus by the solid-phase Fmoc method 

(see supporting information: Section S1). Calcite seeds were pre-

pared by the semi-continuous carbonation method (see Section 

S2).47 The initial solution for crystal growth was composed of a 

mixture of calcium and carbonate ions, an Asp derivative and the 

calcite crystal seed. The growth experiments were performed in a 

thermostated double-walled glass vessel (see Section S3). The re-

sulting change in pH, measured with a combined glass-calomel 

electrode, is induced by the incorporation of dissolved constituent 

ions (calcium and carbonate) into the crystal lattice, which caused 

changes in ionic equilibrium of carbonate ions to the growing crys-

tal. Typical progress curves of calcite growth, pH versus time, ob-

tained in the control system (black line), as well as in the systems 

containing different concentrations of Asp3 are shown in Figure 1. 

It is evident that the calcite growth, indicated as a pH drop, started 

immediately after the addition of the seed in the systems (t=0). Rel-

ative to the control system, the crystal growth in the biomolecule-

containing systems is progressively impeded by the increase in con-

centration of Asp3. This is seen as the lowering of the slope of the 

respective curves. In addition, the growth in the presence of bio-

molecular additives apparently terminates at a specific pH (dead 

zone), which is higher for higher concentrations of the additive. 

This confirms that the added biomolecule binds relatively strongly 

to the available binding sites, impeding incorporation of calcium 

and carbonate ions and fully halting any further growth (step pin-

ning). Additional data for the pH variation with different amounts 

of other additives (Asp and Asp2), where we can observe a similar 

effect on growth, is given in Figure S1.  

The solution composition at any moment of the process was cal-

culated by using the measured pH and the known initial total con-

centrations of the reactants (Section S3). The detailed calculation 

procedure, which takes into account the respective protolytic equi-

libria and equilibrium constants, as well as the charge and mass 

balance equations, is described in previous work.17,18 The crystal 

growth rate, R, was then calculated by numerical differentiation of 

the dissolved calcium concentration with respect to time and nor-

malizing the result by the total surface area. The total surface area 

of the calcite seed was estimated by the multiple Brunauer-Emmet-

Teller method,48 and the increase of the area during growth was 

taken into account and calculated from the total calcium carbonate 

precipitate data. In terms of the supersaturation, the rate law can be 

described as R = ks(S - 1)·lnS (see Figure S2), as could be expected 

for the low-supersaturated systems.27 

The mode and extent of the interactions of the biomolecules with 

the crystal surface can be quantitatively estimated by the means of 

Kubota and Mullin’s mathematical model.23 This approach uses the 

inhibited growth rate R relative to the growth rate in the absence of 

any additives, R0, as the response variable and correlates it with the 

biomolecular coverage of the face active sites θeq, and their effec-

tiveness α: 
 

                     R/R0 = 1 – α θeq   (1) 

 

Figure 1. Progress curves, pH versus time, of the calcite growth 

in the precipitation systems (c(CaCl2)= c(NaHCO3)=5.0 mmol 

dm-3; pHi ≈ 8.0; S-1 ≈ 2.5), containing systematically increasing 

concentrations of Asp3. Model system (no biomolecules), is also 

indicated (bold black line). Highest concentration of the 

biomolecular additive resulted in the strongest reduction of 

growth of the calcite crystal. 
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In this model, the effectiveness factor is assumed to be a stereo-

chemical contribution of the respective dissolved organic molecu-

les to the growth reduction. It is tied to the size, shape or orientation 

of the interacting biomolecules with respect to the active surface 

sites.23 

In order to relate the concentration of the organic molecules in 

solution (ca) and the growth rate reduction, the Langmuir adsorp-

tion model and isotherm are applied: 
 

 R/R0 = 1 − α[Kad ca/(1 + Kad ca)]  (2) 

 

In this expression, Kad is the Langmuir adsorption constant for the 

process of biomolecule binding to the calcite surface, R is the 

growth rate in the system with some concentration of biomolecules 

and R0 is the growth rate in the control system at a specific super-

saturation. When α > 1, the growth rate approaches zero even at 

incomplete surface coverage, while at α < 1 the growth is not com-

pletely reduced, even at complete coverage of active sites for ad-

sorption. 

Figure 2 shows typical plots of the relative growth rate reduction 

(R/R0) for calcite seeds at different relative supersaturations as a 

function of different concentrations (ca) of Asp, Asp2 and Asp3, for 

selected supersaturations. The lines drawn through the experi-

mental points are obtained by fitting the respective set of data with 

the function given by Eq. 2. We used a non-linear fitting procedure 

where two parameters were allowed to vary (Kad and α), and the 

concentration of the additive was used as the independent variable. 

Values of the adsorption constants do not depend on the supersatu-

ration. Thus, we have three independent measurements for each bi-

omolecule. By taking the average over three independent fits, we 

obtained the following values of adsorption constants: Kad = 1.0 ± 
0.1 dm3 mmol-1 (Asp); Kad = 58.5 ± 8.5 dm3 mmol-1 (Asp2); Kad = 

397.2 ± 19.7 dm3 mmol-1 (Asp3). These values can be converted 

into the associated Gibbs free energies of binding -17.1 ± 0.2 kJ 

mol-1 (Asp), -27.2 ± 0.3 kJ mol-1 (Asp2), -32.0 ± 0.1 kJ mol-1 (Asp3), 

as shown in Table 1. The energy of binding of aspartate compares 

well with the value of -21 kJ mol-1 obtained previously by the 

means of fitting Langmuir, Langmuir-Freundlich, and Flory-Hug-

gins isotherms to the fractional growth inhibition.22  

 

Table 1. Binding energies of Asp-derivatives to calcite (units 

of kJ mol-1) produced in this work. 

 Experiment Simulations 

(104) 

Simulations   

(island) 

Asp -17.1 ± 0.2(a) -30 ± 1(b) -13 ± 1 

Asp2 -27.2 ± 0.3 -19 ± 1 -20 ± 1 

Asp3 -32.0 ±0.1 -15 ± 1 -23 ± 1 

(a)Comparable to the value of 21 kJ mol-1 in Ref. 23 (b) Value of 

-46 kJ mol-1 is obtained using parametrization from Refs 30 and 36. 

 

 

The experimental results we report here indicate that the energy 

of binding increases as we add more units of aspartate to the pep-

tide. However, it does not do so linearly but rather in an asymptotic 

fashion. This also agrees with the hypothesis proposed in the liter-

ature.22  

In addition to the adsorption constants, we determined the rela-

tionship between the biomolecular effectiveness factor α, and the 

supersaturation (Figure 2, insets). In all cases, we obtain 1 < α < 3, 

which is consistent with the step-pinning mechanism. We also ob-

serve that α is the highest for Asp, followed by Asp3, whereas Asp2 

is the least effective of the three at comparable supersaturation val-

ues. Additional data for α, over a wider range of supersaturations, 

is presented in Figure S3. 

 

Theoretical Binding Energies. We begin by considering the 

binding of the Asp-derivatives (Asp, Asp2, Asp3) to a flat (104) sur-

face, (Section S5) primarily using the GROMACS 4.5.5 simulation 

package49 (see Section S6 for other software employed). After an 

equilibration protocol, we performed umbrella-sampling simula-

tions (147 ns/peptide, see Section S7) to calculate the potential of 

mean force (PMF). The combination of the multiple umbrella sam-

pling runs is performed by weighted histogram analysis method 

(WHAM).50 As a reaction coordinate, we use the vertical distance 

of the center of mass of the Asp-derivative from the first layer of 

the calcite crystal (zCOM). The position of the first layer is defined 

as the average position of interfacial calcium ions. 

Parameters for the zwitterionic Asp-derivatives are extracted 

from the AMBER force field51,52 and combined with TIP3P wa-

ter.53 Given that the thermodynamics of the interfacial water is an 

important determinant of the derivative binding to calcite, the crys-

tal is modeled using the force field of Raiteri et al.41 The classic 

combination rules for organic-inorganic interactions are avoided as 

much as possible, because of the significant disparity in the charge 

magnitudes in the two subsystems, following the recommendation 

of Freeman et al.38 Accordingly, the cross-terms involving calcium 

 

Figure 2. Relative growth rate reduction of calcite seed as a function of the concentration of different biomolecules, at different 

supersaturations, S. Lines are fitted isotherms in a two parametric non-linear fit where the biomolecule effectivness in blocking the 

growth α, and the adsorption constant Kad, were varied. Insets: The dependancies of α on supersaturation. The line is guidance for the 

eye. 
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are obtained using the Schroeder36 method, the interactions with the 

oxygen were evaluated using Lorentz-Berthelot combination rules, 

while the interactions with carbon were taken from the AMBER37 

force field (further details on the force field are given in Section 

S8). In combination with a simple model for calcite,39 this approach 

yielded very accurate results for different organic functional 

groups, when compared to the ab initio data.38 

Combining these cross-terms with the Raiteri calcite force field, 

and calculating the PMF for Asp binding to the neutral (104) sur-

face (Figure S6) provides a very high binding energy (-46 kJ mol-

1), well outside of the experimental range. After a careful analysis, 

we find the source of this over-binding in the dispersion interac-

tions of crystal oxygen with aspartate atoms, which are therefore 

replaced by the AMBER force field51,41 parameters, effectively 

eliminating the need to use any combination rules for inorganic-

organic cross terms (see Tables S1-S3). The calculation of the PMF 

(Figure S6) with this modification yields a 16 kJ mol-1 reduction of 

the binding free energy, which now adopts a value of -30 kJ mol-1, 

significantly closer to the experimental measurements. At the same 

time, the crystal-water interface remains intact, consistent with the 

thermodynamics of solvation of calcium and carbonate ions.  

We repeat the analogous simulation procedure and constructed 

two additional free energy profiles for the binding of Asp2 and Asp3 

to the (104) surface of calcite (Figure S7). As shown in Table 1, the 

free energy of binding of Asp2 amounts to -19 kJ mol-1 and for Asp3 

it is -15 kJ mol-1. Not only do the individual binding energies devi-

ate from the experiment, but also the experimental trend within the 

series is not recovered. This indicates an issue beyond the level of 

the force field. For this reason, we introduce a calcite surface with 

an island possessing six distinct features (see Section S5):34 acute 

(AE) and obtuse (OE) edges, acute (ACC) and obtuse carbonate 

(OCC) corners, a calcium corner (CaC), and a central surface ex-

posing a (104) plane (MI). 

To evaluate the binding of Asp, Asp2, and Asp3 to such a com-

plex surface, we first equilibrate each Asp-derivative on each of the 

six features and produce six 147 ns sampling runs (total of 882 

ns/Asp-derivative), which are consequently combined using 

WHAM. The corresponding average profiles for Asp, Asp2 and 

Asp3 (Figure 3) provide the free energies of binding of -13 kJ mol-

1, -20 kJ mol-1 and -23 kJ mol-1, respectively (Table 1). Despite be-

ing slightly, yet systematically too low, these binding energies are 

in an excellent agreement with experimental data, especially for 

such a challenging series.  

 

Analysis of dominant interactions. With the reliability of the 

computational model established, we turn to investigating the bind-

ing modes of the Asp-derivatives to the calcite surfaces. 

We first assess the frequency of the interactions with the various 

island features, using a self-developed analysis tool (Section S10). 

This results in a set of normalized histograms (Figure 4), which 

 

Figure 3. Interactions of Asp derivatives with the calcite surface containing an island (a) Potentials of mean force for binding of Asp, 

Asp2 and Asp3. Structures representing common binding modes for (b) Asp, (c) Asp2, and (d) Asp3. 

 
Figure 4. Probability of a biomolecule (Asp, Asp2, Asp3) to be bound to a certain feature of the island: acute carbonate corner (ACC), 

acute edge (AE), calcium corner (CaC), central surface exposing a (104) plane (MI), obtuse carbonate corner (OCC), obtuse edge (OE), 

or unbound (UB).  
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show that Asp and Asp2 have a preference for binding to the acute 

edge and the calcium corners, similar to that reported for Asp pre-

viously.45 This preference seems to diminish for Asp3, which is in 

line with investigations of the inhibited growth of a series of Asp 

derivatives with Atomic Force Microscopy.46 Further inspection of 

Figure 4 shows that all of the Asp-derivatives, however, tend to be 

drawn from the middle to the edges and corners of the island. Given 

that these features are precisely the active sites during crystal 

growth; this finding explains the inhibition of growth upon the ad-

dition of Asp-derivatives (Figure 1 and S1). Furthermore, the rela-

tively large binding affinities are in agreement with the appearance 

of the experimentally obtained dead zone and the complete block-

ing of the growth at sufficient additive concentration.  

The overall binding free energies (and the associated binding 

modes) are, however, the result of interactions between not only the 

additive and the features of surface but they also contain large con-

tributions from the (de)solvation of the Asp derivatives and the ions 

on the calcite surface, in a unique way over each feature of the sur-

face. However, several common aspects, which seem to dominate 

the interactions of the Asp derivatives, can be extracted. For exam-

ple, the Asp monomer, in its lowest-energy minimum on the island 

(Figure 3) and for the most prominent bonding modes identified for 

each of the six surface features (Figure S9, Table S4), displays a 

persistent interaction between the positively charged ammonium 

group and the solid phase. The majority of these modes also exhibit 

binding through the C-terminal carboxylate, whereas the sidechain 

carboxylate remains solvated in all cases. Interestingly, analogous 

features are associated with the dominant minimum for Asp on the 

pure (104) surface (Figure S6). 

For Asp2 on the island (Figures 3 and S10), the situation is very 

similar to that for Asp. Specifically, the ammonium group estab-

lishes a persistent (yet slightly more distant, Table S5) contact with 

the calcite, whereas at most one of three carboxylate groups is also 

bound to the surface. This leaves at least two carboxylate groups in 

solution, explaining the larger values of zCOM associated with the 

minimum in the overall PMF (Figure 3). On the flat (104) surface 

both Asp2, but also Asp3 show the ammonium group always bound 

to the surface together with at most one carboxylate group also 

bound (Figure S8). The remaining carboxylate groups continue to 

exhibit a strong preference for being solvated. This preference ap-

pears to be responsible for the positions of the minima being shifted 

to higher values of zCOM and, indeed, the decreasing binding ener-

gies as the number of Asp units is increased (Table 1). 

Like Asp2, Asp3 on the island (Figures 3 and S11) also exhibits 

a dominance of ammonium-mediated binding (including close con-

tacts, Table S6). However, in this case, at most two carboxylates 

are found in direct simultaneous contact with the calcite, while at 

least two appear in the aqueous medium. More often than not, the 

bound carboxylates originate from one of the side chains so that, 

on average, the COM of Asp3 is closer to the surface than that of 

Asp2. Precisely this feature should be seen in the context of the ef-

ficiency for the growth inhibition of Asp3, relative to Asp2 (larger 

values of α for comparable supersaturation), which is obviously a 

stereochemical contribution,23 not just a consequence of binding af-

finity. This effect is likely to be associated with the fact that Asp3 

(as well as Asp) can access the crystal edges more closely than 

Asp2, as discussed above, and is thus able to inhibit the crystal 

growth more effectively. Importantly, such a conclusion is only ex-

tractable from the island model, as the derivative accessibility to 

the flat (104) surface offer the opposite trend. 

Summary. The primary focus of our work was to explore the 

binding of Asp, Asp2 and Asp3 to calcite using a combined experi-

mental and theoretical approach. The experiments clearly revealed 

that the additives exhibited an inhibitory effect on crystal growth, 

which increased asymptotically with the length of the peptide 

chain. The observation of a dead zone in the growth kinetics and 

the evaluation of the effectiveness factors confirmed a strong bind-

ing of the additives to the face active sites and the presence of a 

step-pinning mechanism of growth inhibition. This is supported by 

the quantitative analysis of the inhibition kinetics, which allows us 

to provide reliable estimates of the relatively large free energies of 

binding of the Asp, Asp2 and Asp3 to the growing crystal seed.  

With the experimental data in hand, we were able to show that a 

basic force field approach results in significant over-binding of Asp 

to the flat calcite (104) surface. While this shortcoming was some-

what rectified by modifying certain inorganic-organic cross terms, 

the energetic effect of increasing the Asp content on the flat surface 

was completely opposite to that observed in experiment. Using a 

more elaborate surface model, however, resulted in a series of bind-

ing free energies with good qualitative and quantitative agreement 

with the experimental measurements. This result lends significant 

credibility to the underlying theoretical model and allows the in-

vestigation of binding properties with confidence.  

Our results demonstrate, perhaps counterintuitively, that the 

most persistent binding feature of the Asp derivatives to calcite is 

the attachment of the positively charged ammonium group. This is 

frequently accompanied by simultaneous carboxylate attachment 

but always balanced by the solvation of one or more carboxylates 

in the aqueous phase. We presume that this balance is the primary 

factor responsible for the asymptotic growth of the binding energies 

as the number of Asp units is increased, a result also previously 

obtained in the context of inhibited growth22 (see Figure S12). 

A probabilistic analysis shows that, for all three Asp derivatives, 

the additive prefers interactions with the edges and corners of the 

island than with the (104) surfaces in the center of the island or the 

bulk of the crystal. While many different structural motifs can be 

identified and classified, the overall indication is that the edges and 

corners are the preferred location for additive absorption. This, in 

turn, confirms that the growth inhibition mechanism relies primar-

ily on the blocking of these sites, preventing further incorporation 

of dissolved ions and, hence, crystal growth.  
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