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ABSTRACT: We herein show the chiral recognition and separation of aspartic acid (Asp) enantiomers by achiral brushite 
due to the asymmetries of their dynamical steps in its non-equilibrium states. Growing brushite has a higher adsorption 
affinity to D-Asp, while L-Asp is predominant on dissolving brushite surface. Micro structural characterization reveals that 
chiral selection is mainly attributed to brushite [101] steps, which exhibit two different configurations during crystal 
growth and dissolution, respectively, with each preferring a distinct enantiomer due to this asymmetry. Because these 
transition step configurations have different stabilities, they subsequently result in asymmetric adsorption. By varying free 
energy barriers through solution thermodynamic driving force (i.e., supersaturation), the dominant non-equilibrium in-
termediate states can be switched and chiral selection regulated. This finding highlights that the dynamic steps can be 
vital for chiral selection, which may provide a potential pathway for chirality generation through the dynamic nature. 

INTRODUCTION 

A most intriguing but unanswered scientific question 
relates to the origin of biochemical homochirality, which 
holds that only L-amino acids construct natural proteins.1-
5 Many chemists and geologists suggest that minerals 
might play a vital role in the origin of homochirality of 
biomolecules in the ancient ocean. Among those 
minerals, surfaces of chiral rock-forming minerals, such 
as quartz (SiO2), alkali feldspar ((Na,K)AlSi3O8), 
clinopyroxene ((Ca,Mg,Fe)SiO3), gypsum (CaSO4⋅2H2O) 
and calcite (CaCO3), have been studied intensively and 
scientists suggest that the adsorption of chiral organic 
molecules onto the chiral surfaces of these minerals may 
have induced the prebiotic chiral selection from the 
initially racemic soup,6-10 which may trigger the 
predominance of homochirality by chiral amplification 
reaction.11,12 Although the inherently chiral surfaces within 
these crystals may provide possible locations for chiral 
separation of amino acid, it has been argued that chiral 
minerals were likely not responsible for a global periodic 
excess of L-amino acids because the proportions of left- 
and right-chiral mineral surfaces in nature are equal.6,7,13-15 

It has long been understood that one chiral mineral face 
or chiral step specifically selects one enantiomer of amino 
acids. Here, we found that chiral selection of aspartic 
amino acid (Asp) enantiomers can also be switched by the 
non-equilibrium state (growing or dissolving) of brushite 
(CaHPO4∙2H2O; monoclinic, Ia),16,17 a rock-forming 
mineral on Earth. Brushite is an acidic mineral, which has 
been suggested to be the first precipitated solid phase in 
the acidic ancient ocean;18,19 and Asp is considered to play 
a pivotal role in the origin of life.20,21 In fact, Asp is among 
the most abundant amino acids formed in experiments 
simulating amino acid formation on the primitive 
earth4and on the Murchison meteorite.20 Of particular 
interest, Asp acidic amino acid residues of protein have as 
a hallmark feature the regulation of mineral morphologies 
by interfacial interactions in biomineralization 
processes.22 The present study shows that the amount of 
D- or L-Asp enantiomer adsorbed onto brushite is quite 
different between growing and dissolving crystals -  
growing brushite prefers D-Asp, while L-Asp predominates 
on dissolving brushite. More broadly, considering the 
environmental change of ancient ocean chemistry before 
the formation of life in changing from slightly acidic to 
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neutral and being a critical period for the formation of 
biomolecules − which drove equilibrium states for rock-
forming minerals to a non-equilibrium state18,19 − a 
continuous demineralization state might accumulate 
dominant L-amino acids on the mineral-dissolving 
surfaces to break an originally chiral balance between 
enantiomers in the racemic system. The asymmetric 
interaction between dynamic brushite and D- or L- 
enantiomers may offer general insights into the important 
pathway for the selection of homochirality during the 
dynamic change of the chemical environment of the 
Ancient Ocean. 

EXPERIMENTAL SECTION 

Bulk crystallization and dissolution. For the bulk 
growth experiments, the supersaturated solution 
contained 10.0 mM CaCl2 and 10.0 mM NaH2PO4 (Sigma-
Aldrich, USA). 20.0 mM D- or L-Asp (Sigma-Aldrich, USA) 
was additionally added into the solution to examine their 
roles in brushite growth. The ionic strength was adjusted 
to 0.15 M using sodium chloride salts (Sigma-Aldrich, 
USA). The initial solution pH was adjusted to 5.60 using 
1.0 M NaOH (Sigma-Aldrich, USA). 1.0 mg brushite 
crystallites (Acros, USA) were added into 250 ml solutions 
to initiate the seeded crystal growth. The crystal 
incubation period was  6 days without stirring. The grown 
crystals were observed directly under an optical 
microscope (Nikon, Japan).  

For the brushite dissolution experiments, the large 
brushite crystals with the size of 100 µm were used, which 
were obtained from the above-mentioned bulk growth 
experiments in the absence of the amino acid. The 
undersaturated solution contained 4.00 mMCaCl2 and 
4.00 mM NaH2PO4. 20.0 mM D- or L-Asp was additionally 
added to examine the different roles of the enantiomers. 
The initial solution pH was adjusted to 5.60. The 
dissolution was initiated by adding the collected grown 
crystals (150 mg) into 250 ml undersaturated solutions. 
There was no stirring during the reaction, and the 
experimental period was 6 days.  

To prevent bacterial contamination, each 250 ml reaction 
solution was treated with 0.25 g NaN3 (Sigma-Aldrich, 
USA) prior to use. At the end of the experiments, the 
crystals were collected for examination by filtration using 
a 0.22 µm Millipore membrane. 

Chiral Adsorption. Solutions with different super-or 
under-saturation, and containing 2.0 mM racemic amino 
acid (15 ml),were passed through 22 g of a brushite 
crystallite column (diameter of about 1 cm) at an average 
flow rate of 1 ml/h. The amount of brushite 
grown/dissolved during the column solution run was 
negligible. The original racemic solution, and the solution 
passed over the column, were examined by using reverse-
phase high-performance liquid chromatography (RP-

HPLC). Standard curves of amino acid concentration vs. 
RP-HPLC peak areas are provided in Figures S1 and S2. 
Each adsorption experiment was repeated five times, in 
independent experiments. In order to examine the 
influence of solution condition on the chiral separation, 
solutions with different calcium and phosphate 
concentrations were used, and their compositions are 
listed in Table S1. For the supersaturation condition using 
equation 1, the values adopted for the dissociation 
constants of phosphoric acid were K1= 7.25×10-3 M, K2 = 
6.31×10-8 M and K3 = 3.98×10-13 M.  The formation 
constants for the ion pairs CaH2PO4+, CaHPO40, CaPO4-, 
and CaOH+ were taken as 28.1, 589, 1.40×106 and 25.0 M-1, 
respectively. 

To ensure that the observed chiral selection of Asp was 
controlled by the non-equilibrium states of brushite 
crystals in solution rather than by other factors including 
the existence of microbes within the experimental 
environment, variations in brushite crystallites and the 
enantiomeric ratio of Asp, great care was taken in each 
experiment to control these variables. For example, 
solutions were routinely treated by NaN3 addition, 
heating, or UV irradiation prior to the synthesis and the 
adsorption experiments to exclude the influence of 
microbes. Additional experiments were repeated using 
brushite and Asp obtained from different sources (Table 
S2). In all cases, we found that the observations of chiral 
selectivity of brushite over Asp were independent of these 
variable treatments. 

RP-HPLC. Solution samples were analyzed using a 1100 
Series LC System (Agilent, USA) and a chiral column 
[Daicel Crownpak CR(+), Japan] with 195-205 nm UV 
detection at 0-25°C. The mobile phase was acidic water 
adjusted with HClO4 to pH 1.00-2.00 for the chiral 
column. In order to examine the influence of solution 
conditions on the chiral separation, solutions with 
different calcium and phosphate concentrations were 
used; their compositions are listed in Table S1.  

Atomic force microscopy (AFM). In situ AFM images 
were collected at room temperature (25°C) by using a 
multimode AFM (Veeco Nanoscope IVa, USA) on the 
{010} faces of both large brushite crystals with about 100 
micrometers grown from original brushite crystallites and 
lab-synthetic brushite crystals with similar size in high 
supersaturated solution as described in reference 23, 
which were anchored inside a fluid cell.  The solution 
conditions used during imaging were identical to the 
adsorption experiments. All images were acquired in 
contact mode.  To reduce imaging artifacts, the tip force 
exerted on the surface was optimized.   

Computer simulations. The structure parameters of 
brushite were adopted from the X-ray structure data at 300 K 
reported by Schofield,24 with the unit cell parameters of 
a=5.8105Å, b=15.1758Å, c=6.2337Å, and β=116.405°. Widely 
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used OPLS-AA,25 TIP-3P,26 and A specially designed brushite 
force field were applied, which reproduced interfacial struc-
ture and hydration free energies well within that of experi-
mental results. Molecular dynamics (MD) simulations were 
performed using the Gromacs 4.6.5 package.27 The initial 
configurations of adsorbed Asp on steps were produced by 
the solute-parallel tempering simulation method.28 The free 
energies profiles of the adsorption of D- and L-Asp molecules 
on the brushite [101] steps (step-A and step-B) were obtained 
by umbrella sampling with the weighted histogram analysis 
method (WHAM).29 The adsorption free energy was obtained 
by the difference of the free energy at bulk solution and at 
the adsorbed state in the free energy minimum.  For details, 
please see the Supporting Information(SI). 

RESULTS AND DISCUSSION 

Asymmetric effects of Asp on growing and dissolving 
brushite. Bulk crystallization experiments show that 
brushite crystals in non-equilibrium states (growing or 
dissolving) have a distinct effect on the chiral recognition 
of Asp-enantiomers (Figure 1). In pure supersaturated 
solution, growing brushite crystals exhibited a trapezoidal 
habit with large {010} faces (Figure 1a). When D-Asp (20.0 
mM) was added to the growth solution, the crystals 
became rectangular-shaped with much smaller diameter 
compared to triangular brushite crystals formed in the 
pure solution (Figure 1b). However, when L-Asp (20.0 
mM) was added to the solution, the crystal morphology 
did not change significantly (Figure 1c); the crystal 
dimensions just became smaller. In undersaturated 
solutions, the morphology of dissolving brushite was also 
modified by the addition of Asp enantiomers (Figure 1e, 
g). However, the observed effect was reversed: that is, L-
Asp played the dominated role in alternating morphology 
and the size of brushite crystals dramatically decreased, 
while the D-Asp had much less effect. In the presence of 
racemic Asp (20.0 mM), the growth morphology of 
brushite (Figure 1d) resembled that seen in the presence 
of D-Asp, and the dissolution morphology (Figure 1h) was 
analogous to that observed in the presence of L-Asp, 

confirming that D- and L-enantiomers play the dominant 
role in brushite modification during growth and 
dissolution, respectively. 

Chiral separations of Asp on brushite in non-
equilibrium states. The above results indicate either 
that chiral Asp can selectively affect the growth and 
dissolution of brushite, or conversely, that the growing 
and dissolving brushite can recognize chiral Asp 
enantiomer. To test this hypothesis, we quantitatively 
determined the amount of adsorbed Asp enantiomers on 
brushite during both growth and dissolution by using RP-
HPLC with a chiral column to measure the concentration 
of L- and D-Asp remaining in solution (Figures S1-S3). It 
should be mentioned that the errors for HPLC 
measurements from the standard curves (Figures S1 and 
S2) shows that the accuracy is sufficient to detect the 
chiral separation in our study cases. During the  
experiments, the solution pH was 5.60 and the ionic 
strength was kept at 0.15 M and the solution relative 
supersaturation, σ, is defined by eq. (1),  

1
2

4
2

−=
−+

sp

HPOCa

K

αα
σ

                  ( 1 ) 

where, α is the active concentration of the corresponding 
ions and Ksp, the solubility product of brushite,30 2.57 × 10-

7M2. The states of σ>0, σ=0 and σ<0 represent the 
solution conditions of supersaturation, saturation and 
undersaturation, respectively. At equilibrium condition 
(σ=0), we found the percent adsorbed on the solid phase 
for both enantiomers was the same at 9.1 ± 0.8%. 
However, in supersaturated conditions (σ =0.84) (Figure 
2a, and Figure S3),we found 14.2 ± 1.0% of D-Asp and 12.1 ± 
0.9% of the L-Asp from the initial racemic solutions was 
present on the solid phase, giving an enantiomeric excess 
(ee) of about 8.0%. The balance of enantiomers was thus 
broken both on the crystal and in the solution. In 
undersaturated conditions (σ=-0.84), the reduction in the 

concentration of the D-enantiomer in 
solution was less than that for the L-
enantiomer. The percentages of 
adsorbed D- and L-Asp on the solids 
were 15.5±1.1% and 19.4±1.0%, 
respectively (Figure 2a), and the ee 
value was about 11.2%. Thus more D-
Asp adsorbed during growth, 
whereas more L-Asp bound during 
dissolution. The statistical analysis 
(using R Software, https://www.r-
project.org/) showed that the p-value 
(one-tailed test) was less than 0.012 

and the effect size was greater than 
2.2, which supported the 
observation that the chiral 
selection was significant and 

Figure 1. Optical images showing brushite morphology in supersaturated growth 
solution of (a) pure (no additives) and in the presence of 20.0 mM (b) D-Asp or (c) 
L-Asp or (d) racemic Asp, or in undersaturated dissolution solution of (e) pure (no 
additives) and in the presence of 20.0 mM (f) D-Asp, (g) L-Asp and (h) racemic Asp. 
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Figure 3.  AFM images of active steps on the brushite (0-
10, a-f) and (010, g-l) faces collected in supersaturated 
(σ=0.65, a-c, and g-i) and undersaturated solutions (σ=-
0.69, d-f, and j-l). (a, d, g and j) In pure, non additive 
solution, (b, e, h and k) in the presence of 20.0 mM D-
Asp, and (c, f, i and l) in the presence of 20.0 mM L-Asp.  

Figure 2.(a) Plot showing adsorption amounts of D- and L-
Asp on the brushite surface in the supersaturated 
(σ=0.84), saturated (σ=0) and undersaturated (σ=-0.84) 
solutions, respectively.(b) The ratio (R) of L- to D-Asp 
absorbed on brushite crystals at different supersaturation 
(open circle) and the model prediction (solid line). 

substantial. The magnitude of the chiral selectivity was 
strongly dependent on σ as demonstrated by the 
enantiomeric ratio (R) of adsorbed L- to D-Asp (Figure 2b 
and Table S1), which shows that R decreased 
monotonically with increasing σ. This dependence shows 
that, by using the solution supersaturation as a control, 
the degree of chiral selection can be regulated and the 
resulting preference can be switched as a consequence of 
the dynamics of adsorption on the mineral rather than 
the structure of the mineral itself. 

Chiral recognition between Asp enantiomer and 
brushite [101] steps on {010} facets.  The chiral 
enantiomer of amino acid selection observed in the bulk 
chemical and chromatographic analyses can be 
understood through microscopic in situ AFM examination 
of brushite growth and dissolution in the presence of the 
enantiomers.31-34  The AFM images show that the brushite 
crystals grew and dissolved on complex screw dislocation 
hillocks and etch pits, respectively, on their large (0-10) 
facets. This clearly demonstrated the crystallization 
pathway of the classical crystal step movements. It is 
worthy to note that crystal growth via the non-classical 
cluster-attachment is usually characterized by its smaller 
step kinetic coefficient (~10-5-10-4 cm/s), but the that of 
brushite is relatively high (~10-1 cm/s, see details in SI).16,35-

37 Accordingly, the effect from smaller clusters in the 
chiral separation can be ignored in this system. The 
hillocks and pits both exhibited a triangular morphology, 
with steps propagating along the [101], [201] and [001] 
directions (Figure 3). Step edges along all directions were 
smooth when growing in pure solution (Figure 3a). While 
the addition of D-Asp altered all three step morphologies 
and lowered the step density. Among them, the [101] step 
was most strongly modified. It exhibited serrated and 
roughened edges, indicating a strong interaction between 
D-Asp with the step edge, thereby pinning the step, hin-
dering step motion, and distorting the growth hillock 
(Figure 3b). However, the impacts of L-Asp on the growth 
steps were much less in comparison with those of D-Asp. 
Although there was a slight change in the terrace width 

and step edges, the modifications to the step were iso-
tropic with no pinning sites being apparent (Figure 3c). 
Under dissolution conditions, the dominant step modifi-
cation was caused by L-Asp on the [101] step, which exhib-
ited a loss of lateral stability (Figure 3f). The effect of D-
Asp additives on the dissolution pits, however, was nearly 
negligible (Figure 3e). These observations suggest distinct 
enantiomer selection by the growing and dissolving [101] 
step in undersaturated and supersaturated conditions. In 
addition, it was found that the growth [101] step modula-
tions were proportional to the D-Asp concentrations used, 
but they were not affected by L-Asp (Figure S4), thus 
demonstrating the specific recognition of D- rather than L-
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enantiomer. This result also confirmed that dynamic [101] 
steps did recognize Asp enantiomer in non-equilibrium 
state, and that chiral separation of Asp on brushite dy-
namic surfaces is not caused by other factors such as con-
tamination. 

Due to the mirror-symmetry found in crystals of brushite, 
if one face selects one enantiomer then theoretically, the 
selection should be reversed on the other face. However, 
our AFM examinations revealed that the chiral selection 
of Asp by [101] steps on (010) was identical to that on (0-10) 
faces (Figures 3). Using growth hillocks as an example, the 
[101] steps on both (010) and (0-10) faces were significantly 
modified by D-Asp, but their modification by L-Asp was 
insignificant (Figure 3a-c and Figure 3g-i). In the case of 
dissolution, it was L-Asp rather than D-Asp that became 
active in the [101] step modification on both (010) and (0-
10) faces (Figure 3d-f, and Figure 3j-l). These facts imply 
that the dynamic [101] steps exhibited the same chiral 
characteristic on all {010} facets and the unexpected 
breaking of mirror-symmetry on the dynamic facets. Fur-
thermore, if the mirror-symmetry remains during the 
brushite growth or dissolution in the presence of D- and L-
Asp, the effect of D-Asp on (010) face should be the same 
as L-Asp on the (0-10) face. However, they were in fact 
different in the AFM observations (Figures 3, and Figure 
S5), further confirming the symmetry-breaking behavior. 

Previously, it has been noted that the mirror-symmetry of 
crystal facets is different from that of bulk symmetry of 
crystals in potassium bichromate (K2Cr2O7).

38 There are 
examples of systems where the macroscopic morphology 
of crystals shows a different symmetry than its space 
group, a feature known as “hypomorphism”.39-41 Although 
the exact reason for the facet symmetry-breaking is still 
unknown, one of the proposed possibilities relates to 
surface relaxation and reconstruction. Previously, 
brushite surface relaxation has been revealed and 
confirmed using surface X-ray diffraction,42 which might 
lead to the  symmetry-breaking of facets. Besides, the 
unequal average step densities of {010} faces of brushite 
and the reconstructed surface might also lead to the loss 
in mirror-symmetry of {010} faces. It should be 
emphasized that during dynamic crystal growth and 
dissolution, the surface of brushite crystal is under 
continuous surface relaxation and reconstruction, which 
may be attributed to the observed symmetry-breaking of 
the dyanmic steps on {010} facets and exactly the same 
chiral selection behavior on both (010) and (0-10) 
dynamic faces. While the origin of mirror-symmetry 
breaking for crystal facets remains to be established,38-42 it 
appears that investigation under dynamic brushite 
growth and dissolution conditions provides an excellent 
experimental case for further in-depth explorations and 
understandings.   

Configurations of dynamic brushite [101] steps in 
non-equilibrium states. The different behaviors 
between D- and L-Asp on the growing and dissolving 
brushite crystals imply a new mechanism of chiral 
selection, which beyond our conventional understanding. 
Generally, such a chiral selection must be driven by a 
chiral crystal or its chiral faces. However, these chiral 
characteristics are previously concluded and understood 
by the crystals in their static states rather dynamic 
states.6-10 In our case, although brushite crystals 
themselves do not display any chiral characteristic upon 
the current understanding, during the non-equilibrium 
growth and dissolution process the crystal steps are either 
under continuous construction or destruction, which are 
in a dynamic state rather than a static state. Given this, 
the previous understanding about chiral selection on 
static chiral crystals at the equilibrium state may in fact 
be invalid for the dynamic steps occurring at the 
transition states. Our following simulation study focuses 
on the dynamic steps in non-equilibrium states, and how 
they can lead to the chiral selection.  

To engage in chiral selection, a broken symmetry in the 
structure of a step or face must exist.6,7 Any brushite step 
including [101] on {010} facets consists of two calcium and 
phosphate (Ca-HPO4) layers (Figure 4a, and Figure S7). 
Unlike the [201] and the [001] steps, the calcium and 
phosphate ions in the [101] step form a zig-zag pattern 
(Figure S7). During crystal growth, the Ca-HPO4 unit will 
attach to the [101] step-edge on the second or the first 
layer, alternatively (Figure 4a), and thereby produce two 
different transient configurations. One is obtuse (step-A), 
and the other is acute (step-B) (Figure 4b). Before the 
ions can become incorporated, the desorption of water 
molecules from the surface, and the re-orientation and 
conformational adaptation of the Ca-HPO4 unit must 
occur, and therefore, there are incorporation barriers for 
the growth and dissolution of step-A and step-B (Figure 
4c). 

During both crystal growth and dissolution, the transi-
tional step-A and step-B step must occur alternatively 
(Figure 4b). The overall transition rate from step-A to 
step-B, and vice versa, can be integrated for all the 
transition events (SI). The length of step-A, Lstep-A, is 
defined as the summation of all the [101] steps that are in 
state of step-A. When the overall transition rate from 
step-A to step-B equals that from step-B to step-A, the 
system reaches the steady state. Thus, the equilibrium 
ratio of the length of step-A and step-B can be deter-
mined from the difference in the transition barrier (∆∆G, 
see Figure 4c) and the chemical potential of the solution 
(µ=kTln(1+σ)) (SI): 

                      

                                                                    (2) 
kT

G
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G

Bstep

Astep
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L
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Figure 4.  (a) Configurations of the brushite [101] step on {010} faces. (b) The transient con-
figurations of the [101] step. (c) Barriers for the incorporation of the Ca-HPO4 unit to the 
[101] step edge on the first and the second layer. (d) Ratio of the length of step-A and step-B 
(Lstep-A/Lstep-B) at different supersaturations (µ =kTln(1+σ)). 

The ratio of Lstep-A:Lstep-B reflects the relative stability of 
step-A and step-B on the dynamic crystal surfaces. The 
change of the ratio with respect to supersaturation is pro-
vided in Figure 4d.  In supersaturated solutions, the dom-
inant (stable) configuration of the [101] step is step-A; in 
saturated solution, step-A and step-B are in equal proba-
bility, and in undersaturated solutions, the dominant 
(stable) configuration becomes step-B. The single crystal 
structure shows that the HPO4

2- groups in the first and 
second surface layer orient differently, attributable to the 
twist of the -OH group connected to each phosphate 
group (see SI for details). Consequently, the different con-
figurations of the steps in the two non-equilibrium states 
present different phosphate twists, thus creating the 
asymmetric structure needed for the chiral selection of 
amino acids. On [101] steps, these twisted –OH groups of 
phosphates are exposed to the solution and so are in-

volved in chiral recognition during the adsorption pro-
cess. However, on the other two steps of the {010}, [201] 
and [001], the –OH groups of the phosphates are oriented 
inward towards the bulk crystal so they are not enrolled 
in the chiral adsorption process. This structural analysis 
corroborates the AFM observation that only the [101] 
steps exhibit chiral selection. Accordingly, it is reasonable 
to assume that the different transition states (step-A and 
step-B) of the [101] step is responsible for the enantiomer 
recognition of D- and L-Asp. 
Chiral selection of enantiomeric Asp by dynamic 
brushite [101] steps. MD simulations were used to inves-
tigate the recognition of D- and L-Asp with the [101] steps 
with both the A and B configurations. The umbrella sam-
pling with WHAM method was applied to calculate the 
adsorption free energy (see SI for details). The initial con-
figuration for the adsorbed state was produced by paral-

lel-tempering MD simula-
tion (to overcome the pos-
sible barriers among local 
free energy minimums). 
The free energy calcula-
tion (Figure 5a) indicates 
that on step-A, the adsorp-
tion free energy of D-Asp 
was -40.5±3.1 kT, approxi-
mately 42% more than 
that of L-Asp (-28.5±2.3 
kT). In contrast, on step-B, 
the relationship between 
the binding energies was 
just opposite; L-Asp was 
preferred with an adsorp-
tion energy of -33.8±2.3 kT 
as compared to -30.9±1.5 
kT for D-Asp. Hence, step-
A prefers to adsorb D-Asp, 
and step-B prefers to ad-
sorb L-Asp. As in the anal-
ysis above, the dominant 
configuration of the 
brushite [101] step for su-
persaturated solution is 
step-A, and for undersatu-
rated solution is step-B 
(Figure 4d). Qualitatively, 
at high supersaturations, 
more D-Asp will be ad-
sorbed, while at high un-
dersaturations, more L-
Asp will be adsorbed (Fig-
ure S9). This computer 
simulation result corrobo-
rates the experimental 
chromatograph analysis 
(Figure 2). Our calcula-
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tions indicate that the dynamic switch of the [101] step 
configuration (from obtuse to acute) has a vital effect on 
the enantiomeric selection of Asp. 
The analysis of the stable configuration of adsorbed Asp 
on steps indicates that the difference in binding free en-
ergy is attributable to stereochemical matching between 
the enantiomer and different configurations of the [101] 
step, especially the contribution of twisted phosphate on 
steps (Figure 5b). We found that D-Asp has three strong 
interaction points (either charge interaction or hydrogen 
bond interaction) with [101] step-A, while L-Asp has two 
interaction points (see snapshots in Figure 5b). Both D- 
and L-Asp have two interaction points on step-B, but the 
hydrogen bond distance of L-Asp with step-B is shorter 
than that of D-Asp (Figure S10). Clearly, subtle changes in 
step configuration have great impact on the interactions 
and the adsorption free energies of enantiomers with the 
step. 
If a Langmuir adsorption model is applied, the fraction of 
step sites covered with D-Asp and L-Asp can be deter-
mined from their adsorption free energies (see SI for de-
tails), given the ratio of step-A to step-B which can be 
determined at any given supersaturation by Eq. 2.  Of 
course, Asp can also adsorb on terraces on {010} faces and 
the other step edges ([001] and [201]) or other faces. As-

suming that the other faces and steps cannot separate L-
Asp from D-Asp, we find that if assuming 15% of Asp is 
adsorbed on [101] step, the ratio of adsorbed L- to D-Asp 
on brushite predicted by this simple Langmuir model fit 
the experimental data well (Figure 2b). 

Possible roles of geological mineralization dynamics 
for achieving biochemical homochirality. From syn-
thetic organics, to biomedical pharmaceuticals, to the 
origin of life, the chiral selection of molecules presents 
both daunting challenges and significant opportunities in 
science and technology. Among the most promising ave-
nues for chiral molecular discrimination is the adsorption 
of enantiomers onto chiral crystalline surfaces.6-10,43 In this 
work, we found a different pathway, where solution envi-
ronments can dynamically change the step configura-
tions, and in the end, control the ability of mineral sur-
faces to effect chiral selection of amino acid enantiomers. 
This understanding should inform many technological 
applications where the establishment of a chiral switch-
over, or chiral separation and purification, is critical. 
Our study also points to a possible mechanism for genera-
tion of prebiotic biochemical homochirality. The mineral 
brushite is suggested to be one of the first precipitated 
rock-forming minerals in the acidic prebiotic ocean.18 Be-

fore the appearance of life, 
based on the models of early 
seawater,44-48 the pH of an-
cient ocean increased from 
5.8 in the Hadean ocean (4.3-
Ga), which was stable for 
brushite, to 6.8 in the early 
Archean ocean (3.8-Ga), 
which would lead to the dis-
solution of brushite. Such a 
pH transition between the 
years 4.3-Ga and 3.8-Ga may 
lead to the alternation of the 
state of brushite from being 
in equilibrium to being in its 
dissolution state, which just 
happened to be the critical 
geological age for the appear-
ances of biomolecules.49,50 
Thus, L-amino acids in the 
prebiotic ocean could have 
been specifically enriched on 
these mineral surfaces. The 
preponderant existence of L-
enantiomers likely provided 
more opportunities for 
asymmetric assembly and 

polymerization into L-
peptides, and proteins. Gen-
erally, the conversion of 
amino acids into polypep-

Figure 5. (a) Free energy profiles for the adsorption of D-and L-Asp on [101] step-A and 
step-B. (b) Snapshots of the stable configurations in the adsorbed state at free energy 
minimum. 
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tides on minerals is accepted as a possible chemical path-
way in the formation of the precursors of life, which clear-
ly would be a subsequent and significant milestone for 
the origin of life. More broadly, other minerals with simi-
lar switchable configurations of steps might also induce 
chiral selection via dynamic processes. Such an under-
standing fosters reconsideration of the roles of the earth’s 
minerals in promoting prebiotic homochirality because of 
the natural dynamics of the prebiotic environment (e.g. 
mineralization and demineralization of rocks). Such no-
tions must be taken into account when considering chiral 
enrichment from racemic solutions. 
 

CONCLUSION 

In summary, we have demonstrated that the dynamic 
(rather than static) nature of materials can be a switch for 
chiral selection. A break of equilibrium at specific crystal-
solution interfaces may lead to an asymmetric character-
istic that provides an alternative strategy for chiral sepa-
ration using step transition configuration, a feature that 
may have induced an evolution of organic chiral mole-
cules.  This molecular selection and evolution, based up-
on dynamic controls of substrate materials whose surface 
properties are regulated by pH, can provide an alternative 
strategy for chiral separation. 
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