
Biological and 
Biogenic 
Crystallization

Jolanta Prywer

www.mdpi.com/journal/crystals

Edited by

Printed Edition of the Special Issue Published in Crystals





































































































































Crystals 2017, 7, 282

can be easily checked by eye. Crystallization was carried out at 20 ◦C. A number of thin crystals
normally appeared within a few days (Figure 2b). These plate-like crystals are isomorphous with the
biphyramidal ones, both belonging to a space group of tetragonal P41212 with unit cell parameters of
a = b = 53.1 Å, c = 191.5 Å. We note here that the thin crystals are characterized by a well-developed
(010) (or ac) crystal face, while the bipyramidal ones by a four-fold screw axis (c-axis) passing through
the apices of the two pyramids.

Figure 2. High quality, thin R-state COHbC crystals for X-ray crystallography (XRC) combined with CO
photolysis and/or spectrophotometry. (a) COHbC crystals obtained by a conventional batch method;
(b) Shape-controlled thin COHbC crystals; (c) Shape control approach using a spatially restricted
crystallization; (d) Typical absorption spectrum of the shape-controlled thin COHbC crystal at 120 K.
Inset is a photograph of the measured crystal; and, (e) An X-ray diffraction pattern of the same COHbC
crystal as used for the spectral measurement. Diffraction spots are visible up to 1.7 Å.

The absorption spectrum of the shape-controlled thin COHbC crystal at 120 K, measured with
unpolarized light incident on the (010) crystal face, is shown in Figure 2d, which includes a photograph
of the measured crystal in the inset. Based on a millimolar extinction coefficient of 13.4 (per heme) at
540 nm for COHb and the calculated heme concentration in the crystal (i.e., about 50 mM), the thickness
of the crystal can be roughly estimated to be 20 μm. An X-ray diffraction image of the same COHbC
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crystal as used for the spectral measurement is shown in Figure 2e. We confirmed that the diffraction
spots are visible up to 1.7 Å.

2.1.2. Bezafibrate-Bound Horse COHb (BZF-COhHb) Crystal (R-State)

Another, more promising crystalline sample for the CO photolysis experiment is the crystal of
CO-bound horse Hb (COhHb) in complex with the allosteric effector bezafibrate (BZF) (see chemical
structure in Figure 3a). BZF was initially reported to reduce the oxygen affinity of Hb by preferentially
binding and stabilizing the low-affinity T-state [25]. However, our previous study demonstrated that
BZF can also bind to R-state COhHb to form a stable complex with slightly a lower oxygen affinity than
free R-state [26]. An important observation was that a relatively thin, flat diamond-shaped BZF-COhHb
crystal diffracts to 1.55 Å and gives a diffraction pattern with round, well defined diffraction spots,
suggesting its potential usefulness for the photolysis experiment.

The very thin R-state BZF-COhHb crystals were made by a simple batch method using a gas-tight
glass vial SVG-5 (Nichiden-Rika Glass) for gas-chromatography (Figure 3b). First, a mixed solution of
1.12 mL of 50% (w/v) polyethyleneglycol (PEG) 1000 and 0.88 mL of distilled water was placed in the
vial and saturated with CO at 0 ◦C by CO bubbling on ice. Then, 4 mg of solid dithionite was added,
followed by the addition of 2.0 mL of a filtered, CO-saturated 0.975% horse COHb solution in 0.1 M
MES/NaOH buffer (pH 6.3) containing 16 mM BZF. The gas phase in the vial was quickly replaced by
CO gas. Crystallization was carried out at 4 ◦C. A large number of very thin, flat diamond-shaped
BZF-COhHb crystals appeared within a few days (Figure 3c).

Figure 3. High quality, very thin R-state Bezafibrate-Bound Horse COHb (BZF-COhHb) crystals for
XRC combined with CO photolysis and/or spectrophotometry. (a) The allosteric effector, bezafibrate
(BZF); (b) Batch samples at 5 days after the crystallization setup; (c) Very thin BZF-COhHb crystals
under polarized light; (d) Typical absorption spectrum of the BZF-COhHb crystal at 100 K. Inset shows
a photograph of the measured crystal; and, (e) An X-ray diffraction pattern of the same COHbC crystal
as used for the spectral measurement. Diffraction spots are visible at least to 1.7 Å.
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Absorption spectrum at 100 K of the very thin BZF-COhHb crystal is shown in Figure 3d. Inset is a
photograph of the measured crystal. The estimated thickness of the crystal is about 10 μm. A diffraction
image of the same crystal as used for the spectral measurement is shown in Figure 3e. Diffraction
spots are visible up to 1.7 Å (Figure 3e, Inset). This high resolution is very unusual and attractive,
considering its thickness of only 10 μm (corresponding to the half thickness of the COHbC crystal
as described above). The BZF-COhHb crystals are orthorhombic (space group C2221) with unit cell
parameters of a = 62.4 Å, b = 107.5 Å, c = 86.7 Å.

Adachi et al. [7] and Schotte et al. [8] have independently conducted X-ray analysis of the
photoproduct of R-state COHb. These groups reported a 2.5 Å-resolution cryo-trapped photoproduct
structure at 35 K, and time-resolved 2.0 Å-resolution electron density maps of the crystal at 15 ◦C,
respectively. In both studies, the bipyramidal-shaped crystals of COHbA were used (with size of
~30 μm in the former study [7] and ~250 μm in the latter [8]). The yields of photoproducts at 35 K
and 15 ◦C were about 50% and 15%, respectively. In both of the studies, the most prominent changes
observed were the weakening of the electron density of the bound CO and the appearance of a new
density of the photolyzed CO which is located near the heme. The changes in the atomic positions of
the polypeptide moiety were very small, indicating no sign of allostric movements. The absence of
protein conformational changes at 35 K is reasonably expected because large-scale protein fluctuations
become frozen below ~180 K [27,28]. However, the absence of main chain motions at 15 ◦C could
have resulted from the low photoproduct yield of 15%; a simple Monod-Wyman-Changeux (MWC)
two-state model [29] suggests that 2 or 3 ligands (out of 4 per Hb molecule) must be photodissociated
to trigger the R-to-T transition of tetrameric Hb. There is a possibility of detecting more conformational
changes above 180 K by using a high-quality, thin COHb crystal. Our newly developed crystal forms,
namely the shape-controlled thin COHbC crystal and the very thin BZF-COhHb crystal, are therefore a
promising alternative to the well-known bipyramidal COHbA crystals for the observation of the initial
allosteric movements in the Hb tetramer. Such attempts are now in progress in our laboratory.

2.2. Large-Volume (>20 mm3) Hb Crystal Growth for Neutron Crystallgoraphy (NC)

2.2.1. DeoxyHbA Crystal (T-State)

Neutron crystallography (NC) is the prevailing technique for the accurate determination of
the positions of hydrogen atoms in proteins, enabling the identification of the protonation states of
amino acid residues and the nature of hydrogen bonds and salt-bridges [11,12]. While informative,
this method requires large and well-ordered single crystals because available neutron sources are very
weak. In most cases, crystals of larger than 0.5 mm3 have been used to overcome the weak neutron
flux of beamlines [30]. A further problem with NC is an anomalously large incoherent scattering from
hydrogen (1H) [31]. This scattering does not contribute to Bragg diffraction peaks, but rather produces
a uniform background. On the other hand, the incoherent scattering cross section of deuterium (2D) is
approximately 40 times lower than that of 1H, and thus it is necessary to grow crystals from, or soak
the crystals in, D2O solutions [31].

We accordingly modified the batch method of Perutz [32] to obtain large-sized, deuterated deoxyHbA
crystals from D2O solutions. Before crystallization, the stock solution of COHbA (in H2O) was converted
to the oxy-form by illumination for 30 min under a continuous stream of pure oxygen gas at 0 ◦C.
The resulting oxyHbA sample was then diluted about tenfold with D2O and concentrated by ultrafiltration
at 5 ◦C, by using an Amicon ultrafiltration unit equipped with a YM-10 membrane (Millipore). The dilution
and concentration were repeated until the free H2O decreased down to less than 1%.

The concentrated oxyHbA solution was mixed with deuterated “solution C” of Perutz [32] to give a
8 mL solution of 1.0% (w/v) deoxyHbA, containing 4.30 M NH4, 1.94 M SO4, and 0.242 M PO4 (pH 6.3;
which was read straight from the pH meter without correction for the deuterium shift). Note that Perutz’s
solution C is a mixture of 4 M (NH4)2SO4, 2 M (NH4)H2PO4 and 2 M (NH4)2HPO4 with a volume ratio
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of 0.8:0.05:0.15 (pH 6.5). We also note here that the solubility of oxyHbA is significantly higher than that
of deoxyHbA under these solution conditions, and the oxyHbA solution is clear at this stage.

The deuterated oxyHbA sample was deoxygenated by repeated cycles of evacuation and
equilibration with pure nitrogen gas at room temperature, then residual oxygen was scavenged
by adding a small amount of solid sodium dithionite to give a final concentration of about 5 mM.
The deoxygenated sample was placed into a gas-tight glass vial SVG-5 (Nichiden-Rika Glass) and
quickly sealed with an oxygen absorber A-500HS (ISO, Yokohama, Japan) to maintain complete
anaerobic conditions during crystallization at 20 ◦C. Crystals normally grew to their maximum size in
about one month (Figure 4a). In our experience, the success rate of obtaining crystals of above 20 mm3

in volume (with edge dimensions of ~3 mm) is about 50%.
Since neutron diffraction experiments require a long data collection time (from days to months),

the deoxyHbA crystals must be kept wet and free from oxygen during this time period. Accordingly,
a large crystal (4 × 3 × 3 mm3) was mounted in a specially designed, anaerobic quartz capillary
containing mother liquor (4.73 M NH4, 2.13 M SO4, and 0.267 M PO4) in contact with the bottom
of the crystal (Figure 4b). This capillary also contains ~100 mm3 of iron powder of oxygen absorber
A-500HS (ISO, Yokohama, Japan) and a small amount crushed oxygen indicator placed ~20 mm above
the crystal (Figure 4b), to maintain the anaerobic conditions during the long neutron experiment.
The capillary was tightly sealed with a rubber septum at the upper end (Figure 5a). This operation
was carried out in a glove box filled with pure nitrogen. Finally, the upper end of the capillary was
further sealed with epoxy resin (Figure 5a). Using this method, the deoxyHbA crystals can be kept wet
and free from O2 for more than a year.

The first neutron diffraction data on the deoxyHbA crystal to 2.1 Å resolution were collected
at JRR-3M reactor in Japan Atomic Energy Agency (JAEA) using the BIX-3 diffractometer [33].
The neutron beam size was 5 mm in diameter and the wavelength was 2.9 Å. A step-scan data-collection
method with an interval of 0.3◦ between frames was used. Two data sets of 588 and 621 still frames
were taken with the different rotation axes. Exposure times were about 110 min per frame and the
total time required was 120 days. The typical experimental set up and the neutron diffraction pattern
of the deoxyHbA crystal are shown in Figure 5. The details of the neutron structure were described in
elsewhere [33].

Figure 4. Large-volume, deuterated T-state deoxyHbA crystals for neutron crystallography (NC).
(a) Batch samples at 55 days after the crystallization setup; (b) The sample for NC measurement.
A deoxyHbA crystal of about 4 × 3 × 3 mm in size (~36 mm3) was mounted in an anaerobic
quartz capillary.
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Figure 5. NC measurement for the T-state deoxyHbA crystal. (a) Experimental setup; (b) Typical
neutron diffraction pattern of the deoxyHbA crystal. The dashed circle represents the resolution at
2.0 Å. The picture below is a close up view.

2.2.2. COHbA Crystal (R-State)

The oxygen affinity of Hb is lowered by the uptake of protons, but the mechanism of this
alkaline Bohr effect is still not fully understood [34]. A comparison of the neutron structures of T-state
deoxyHbA and R-state liganded Hb (e.g., oxyHbA or COHbA) provide direct information about the
protonation changes in Hb associated with ligand binding, allowing identification of the Bohr protons.
Thus, we further attempted the growth of large volume COHbA crystals for NC.

We combined the batch method of Perutz [32] and a seeding technique to obtain large-sized,
deuterated COHbA crystals from D2O solutions. First, deuteration of the stock solution of COHbA (in
H2O) was carried out according to the same procedure as described in Section 2.2.1 without converting
to the oxy-form. The deuterated COHbA solution was mixed with deuterated 4 M phosphate buffer of
Perutz [32] to give a 3 mL solution of 0.66% (w/v) COHbA in CO-saturated 2.10 M phosphate buffer
containing 0.875 M NaH2PO4, 1.225 M K2HPO4, and 7.4 mM DL-homocysteine in D2O. Note that
Perutz’s phosphate buffer is a mixture of 4 M NaH2PO4 and 4 M K2HPO4 with a volume ratio of 5:7
(pH 6.7). We also note here that the COHbA solution is almost clear at this stage.

Then, a small amount of the mother liquor of the above mentioned COHbC crystal sample
(containing submicrometer-sized crystals and/or crystalline particles) was added to the COHbA
solution as seeds, followed by the addition of 1 mL of paraffin oil and 100 μL of toluene. It is important
to note that the addition of paraffin oil and toluene is effective for the growth of well-shaped crystals.
The sample was placed in a gas-tight glass vial SVG-5 (Nichiden-Rika Glass) and quickly sealed with
oxygen absorber A-500HS (ISO, Yokohama, Japan) under CO. Crystallization was carried out at 20 ◦C.
A number of visible crystals appeared within several days at the oil-solution interface and normally
grew to about 1 mm in size within one month (Figure 6a). Among them, well-formed single crystals
were used as seeds for the next macroseeding step.
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Figure 6. Large-volume, deuterated R-state COHbA crystals for NC. (a) The batch sample at 14 days
after the first crystallization setup; (b) The COHbA crystal grown to about 4 × 3 × 2 mm in size (~24
mm3) at 368 days after the macroseeding setup. The crystal was mounted in a CO-filled anaerobic
quartz capillary for NC.

Each selected COHbA crystal was soaked and washed several times in a drop of CO-saturated
2.00 M phosphate buffer containing 0.833 M NaH2PO4 and 1.167 M K2HPO4 in D2O, where the COHbA
crystals remain intact for a while but very slowly dissolve with time. The washed crystal was then
transferred into a 6 mL solution of 0.66% (w/v) COHbA in CO-saturated 2.10 M deuterated phosphate
buffer (as mentioned above) in a gas-tight glass vial SVG-30 (Nichiden-Rika Glass), followed by the
gentle addition of 2 mL of paraffin oil and 200 μL of toluene. The vial was quickly sealed with oxygen
absorber A-500HS (ISO, Yokohama, Japan) under CO, and crystal growth was carried out at 20 ◦C.
Crystals grew to their maximum size in several months. Figure 6b shows an example of the grown
COHbA crystal (4 × 3 × 2 mm3) mounted in a CO-filled anaerobic quartz capillary as used for the
deoxyHbA crystals. Note that the NC measurement on this sample has not yet been completed.

Taken together, we have succeeded in obtaining large volume crystals of both deoxyHbA
and COHbA for NC, by using approaches that are based on the classical batch method under
optimized conditions. Macroseeding was also employed to enlarge the COHbA crystals. The obtained
large-volume (>20 mm3) Hb crystals are one of the largest protein crystals ever grown for NC [30,31].
It is noteworthy that, in the case of Hb, the batch method is advantageous over the more commonly
used crystallization methods, such as the vapor diffusion [35] and counter-diffusion methods [36],
in terms of better anaerobicity and of higher capacity. In particular, completely anaerobic conditions
are required to avoid oxidization of the ferrous heme to the ferric (or met) form when crystallizing
either deoxyHbA or COHbA over a period of months. Our batch methods were designed to meet such
a requirement.

2.3. Extremely Large-Volume (>100 mm3) Hb Crystal Growth for X-ray Fluorescence Holography (XFH)

X-ray fluorescence holography (XFH) is a novel imaging technique that utilizes a specific
fluorescing metal as a wave source to monitor the interference field formed in a crystalline
sample [37,38]. When compared to traditional diffraction-based XRC, a remarkable feature of XFH is
that it can record both intensity and phase information, allowing model-free image reconstruction of
the surrounding atoms through a simple Fourier-like transform. However, one negative aspect of this
method is the very low signal-to-noise ratio (about 0.1%). While XFH has recently been successfully
applied for local structural analysis of inorganic materials, its application to metalloprotein crystals
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remains limited, largely because protein crystals contain a much smaller proportion of metal atoms
than inorganic crystals.

Hb is an attractive protein sample for XFH, as it contains one Fe(II)-heme group per subunit and
crystals can be grown to very large sizes. However, since the size requirement for XFH appears to be
much higher than that for NC, it is still necessary to grow the largest crystals possible. In addition,
unlike NC, protein crystals must be kept cool throughout the XFH experiment to reduce X-ray radiation
damage, requiring the presence of a cryoprotectant in the crystal growth conditions. Deuteration,
or any other form of labeling, is not necessary for XFH.

With these requirements in mind, we optimized the method for COHbA crystallization (as
described in Section 2.2.2) by adding glycerol (as a cryoprotectant) and using macroseeding for further
crystal growth. First, the COHbA solution (in H2O) was mixed with 4 M phosphate buffer of Perutz [32]
to give a 2 mL solution of 2.0% (w/v) COHbA in CO-saturated 2.15 M phosphate buffer containing
0.896 M NaH2PO4, 1.254 M K2HPO4, 10% (v/v) glycerol, and 7.4 mM DL-homocysteine. Then, a small
amount of the mother liquor of the COHbC crystal sample (as described in Section 2.1.1) was added to
the COHbA solution as seeds, followed by the addition of 0.65 mL of paraffin oil and 0.1 mL of toluene.
The COHbA sample was placed in a gas-tight glass vial SVG-5 (Nichiden-Rika Glass) and quickly
sealed under CO. Crystallization was carried out at 20 ◦C. A number of visible crystals appeared
within 24 h at the oil-solution interface.

After several days of crystallization, a qualified, medium-sized COHbA crystal (with the edge
dimension of about 0.2 mm) was soaked and washed several in a drop of CO-saturated 2.00 M
phosphate buffer containing 0.833 M NaH2PO4, 1.167 M K2HPO4, and 10% (v/v) glycerol. The washed
crystal was then transfer into a 2 mL solution of 2.0% (w/v) COHbA in CO-saturated 2.15 M phosphate
buffer (as mentioned above) in a gas-tight glass vial SVG-5 (Nichiden-Rika Glass), followed by the
gentle addition of 0.65 mL of paraffin oil and 0.1 mL of toluene. The vial was quickly sealed under CO,
and crystal growth was carried out at 20 ◦C. Crystals grew to about 5 mm in size within one month
(Figure 7a,b).

Figure 7. An extremely large-volume R-state COHbA crystal for XFH. (a) Example of the batch method
using paraffin oil. Crystals appeared at the oil-solution interface (b) The COHbA crystal at 34 days after
the first macroseeding setup. The crystal was washed to remove tiny crystals attached on the surface
of the large crystal; (c) The same COHbA crystal grown to about 7.5 × 6 × 3 mm in size (~130 mm3)
at 193 days after the second macroseeding setup. This crystal was used for the measurement of XFH
(see Figure 8a).
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Figure 8. X-ray fluorescent holography (XFH) measurement for the COHbA crystal. (a) Crystal setup
for data collection. Our largest COHbA crystal of about 7.5 × 6 × 3 mm in size (~130 mm3) was
mounted on a customized loop made by a polyimide film (0.125 mm thickness) with a copper wire
(1.2 mm diameter), and cooled to 100 K by nitrogen gas flow; (b) Typical hologram pattern of the
COHbA crystal (excited by 7.25 keV X-ray photons), represented as a stereographic projection of
an interference pattern in the reciprocal space (a*, b*, c*) after applying a Gaussian low path spatial
filter [13]; (c) An X-ray diffraction pattern of the COHbA crystal used for the XFH measurement.
The measurement was carried out using an imaging plate of 2048 × 4020 pixels. The wavelength of
X-ray was 1.127 Å.

To further grow this crystal, the second macroseeding was carried out. The crystal was soaked and
washed several times in a drop of CO-saturated 2.00 M phosphate buffer containing 0.833 M NaH2PO4,
1.167 M K2HPO4, and 10% (v/v) glycerol (Figure 7b), and then transfer into a 10 mL solution of 1.5%
(w/v) COHbA in CO-saturated 2.15 M phosphate buffer (as mentioned above) in a gas-tight glass vial
SVG-30 (Nichiden-Rika Glass), followed by the gentle addition of 3.25 mL of paraffin oil and 0.5 mL of
toluene. The vial was quickly sealed under CO, and crystal growth was carried out at 20 ◦C. Crystals
grew to over 100 mm3 in volume within several months (Figure 7c). To our knowledge, this crystal
size is far larger than any previously reported sizes of Hb crystals.

For the XFH measurement, the large COHbA crystal was briefly soaked in CO-saturated 2.30 M
phosphate buffer containing 0.958 M NaH2PO4, 1.342 M K2HPO4, and 15% (v/v) glycerol, and then
flash cooled to 100 K to reduce X-ray radiation damage (Figure 8a). The first XFH data-set using a
COHbA crystal was collected at the beamline BL6C of Photon Factory [13]. A step-scan data collection
was performed with an interval of 0.25◦ and 1.0◦ in pitch and yaw, respectively. The data were collected
using eight X-ray energies in the 7.25–10.75 keV region in a step of 0.5 keV. A typical hologram pattern
of the COHbA crystal is shown in Figure 8b. We checked the crystal quality by measuring the Bragg
diffraction pattern for X-rays incident on the crystal (Figure 8c). More details of the XFH measurement
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are described in elsewhere [13]. Note that the crystals grown at the oil-solution interface tend to have
shapes with well-developed crystal faces (Figures 7b,c and 8a). This shape is well suited to minimize
the “crystal shape effect” on the fluorescent X-ray intensity during crystal rotation necessary for the
XFH measurement.

3. Materials and Methods

3.1. Preparation of HbA, HbC, and Horse Hb

HbA was prepared and purified in the CO form, as reported previously [6]. HbC was prepared
and purified in the CO form by a method described previously [10]. Horse Hb was prepared in the CO
form as reported previously [26].

3.2. Microspectrophotometry and Diffraction Image Collection for the COHbC Crystal

Microspectrophotometry of the R-state COHbC crystal was performed by a similar system,
as reported previously [39], except using a different microscope (Eclipse TE2000-U, Nikon, Tokyo,
Japan), spectrometer (double monochromator, Horiba Jobin Yvon, Kyoto, Japan), photomultiplier
(model C3830, Hamamatsu Photonics, Hamamatsu, Japan), light chopper (5584A, NF, Yokohama,
Japan) and digital lock-in amplifier (LI5640, NF, Yokohama, Japan). The crystal was cooled to 120 K by
cold nitrogen gas (open-flow cryostat, Rigaku, Tokyo, Japan). The mother liquor containing 15% (v/v)
glycerol was used for the COHbC crystal as cryoprotectant, in which the crystal was rinsed briefly
before flash-freezing in liquid nitrogen.

The diffraction images were collected at the beamline NW14A at PF-AR, High Energy Accelerator
Research Organization (KEK) using CCD detector (marccd, rayonix, Quebec, QC, Canada) and mardtb
stage [40]. The crystal was cooled to 140 K by cold nitrogen gas (cryostream 600, Oxford cryosystems,
Oxford, UK). X-ray wavelength, detector distance, oscillation range, and 2theta angle are 0.827 Å,
250 mm, 1◦ and 12◦, respectively.

3.3. Microspectrophotometry and Diffraction Image Collection for the BZF-COhHb Crystal

On-line microspectrophotometry of the R-state BZF-COhHb crystal was performed at the beamline
X26C at NSLS, Brookhaven National Laboratory using UV-VIS light source (L10290, Hamamatsu
Photonics, Hamamatsu, Japan) and spectrometer (QE65000, Ocean Optics, Largo, FL, USA) [41].
The crystal was cooled to 100 K by cold nitrogen gas (cryostream 600, Oxford cryosystems, Oxford,
UK). The mother liquor containing 20% (v/v) glycerol was used for the BZF-COhHb crystal as
cryoprotectant, in which the crystal was rinsed briefly before flash-freezing in liquid nitrogen.

The diffraction image was collected at the beamline X26C using CCD detector (315r, Quantum
detector, Oxford, UK). X-ray wavelength, detector distance, and oscillation range are 1.0 Å, 250 mm
and 1◦, respectively. The crystal was cooled to 100 K.

4. Conclusions

This work illustrates the various shapes and sizes of Hb crystals that can be grown by carefully
controlling and optimizing the crystallization conditions by using the knowledge accumulated in
our laboratory. Methods are described for obtaining reproducibly high-quality, thin crystals, and
growing crystals with dimensions over 5 mm. The quality of these crystals and their applicability
to novel crystallographic techniques were also examined. These Hb crystals are suitable for
X-ray crystallography (XRC) combined with photoexcitation and/or spectrophotometry, neutron
crystallography (NC), and X-ray fluorescent holography (XFH). Although beyond the scope of this
article, it is important to note that one of the common challenges now faced is growing very small
crystals for use with X-ray free electron laser (XFEL) serial crystallography experiments. We expect
that the methods presented here will provide a basis for new and challenging experiments, and will
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encourage further progress of protein crystallographic work that poses very strict requirements on
crystal size and quality.
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Abstract: Physical and biochemical aspects of protein crystal nucleation can be distinguished in an
appropriately designed experimental setting. From a physical perspective, the diminishing number
of nucleation-active particles (and/or centers), and the appearance of nucleation exclusion zones,
are two factors that act simultaneously and retard the initially fast heterogeneous nucleation, thus
leading to a logistic time dependence of nuclei number density. Experimental data for protein crystal
(and small-molecule droplet) nucleation are interpreted on this basis. Homogeneous nucleation
considered from the same physical perspective reveals a difference—the nucleation exclusion zones
lose significance as a nucleation decelerating factor when their overlapping starts. From that point
on, a drop of overall system supersaturation becomes the sole decelerating factor. Despite the
different scenarios of both heterogeneous and homogeneous nucleation, S-shaped time dependences
of nuclei number densities are practically indistinguishable due to the exponential functions involved.
The biochemically conditioned constraints imposed on the protein crystal nucleation are elucidated
as well. They arise because of the highly inhomogeneous (patchy) protein molecule surface, which
makes bond selection a requisite for protein crystal nucleation (and growth). Relatively simple
experiments confirm this assumption.

Keywords: protein crystallization; classical and two-step nucleation mechanisms; physical and
biochemical aspects of protein crystal nucleation; S-shaped nucleation kinetics

1. Introduction

Biomolecule structures are essential when it comes to understanding the mechanisms of life and
human genomes, and developing novel protein-based pharmaceuticals. The most powerful method
for structure-function studies of biomolecules is X-ray diffraction (with complementary neutron
diffraction) and Nuclear Magnetic Resonance, considered as an ancillary tool only. Both X-ray and
neutron diffraction require well-diffracting crystals [1]. Growing such crystals of newly-expressed
proteins is, however, the major obstacle in protein structure determination. There is no recipe for their
growth. It is usually the trial-and-error approach that is applied. Despite the numerous state-of-the-art
crystallization tools employed (such as robots, automation and miniaturization of crystallization trials,
Dynamic Light Scattering, crystallization screening kits, etc.), researchers’ creativeness and acumen
remain indispensable.

Protein crystal nucleation is a prerequisite for the crystal growth of newly-expressed proteins.
However, there is no theory that could help predict adequately crystallization conditions. Quite often,
the classical nucleation theory (CNT) is employed to give a (physical) rendition of protein crystal
nucleation process. While providing a logical explanation of the fluctuation-based mechanism and the
origin of nucleation barrier, CNT fails to predict correctly nucleation rates. In some cases, the deviations
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are of many orders of magnitude, e.g., [2]. In this work, applying microfluidics technologies, localized
DC electric field, and gel crystallization, the authors studied the spatial and temporal location of the
nucleation event. They used a confinement effect coupled to an external localized DC electric field to
evoke a desired nucleation and growth of lysozyme crystals, in 20 mg/mL lysozyme, 0.7 M NaCl in
agarose gel 1%.

A reason for the inadequacy between some experiments and the CNT could be the uncertainty in
determining the energy of the interface arising between the new phase and the mother phase—interface
energy variation of only 10% can alter the nucleation rate substantially because it depends exponentially
on the nucleation energy barrier, which in turn is determined by the interface free energy in power
three. The issue with CNT lies in the assumption that an emerging nucleus already has the order and
density of the bulk crystal. The interface is described as a sharp surface with a specific (per unit area)
free energy, usually not available from direct measurements. However, Wölk et al. [3] have shown that
in cases for which CNT was devised originally, such as homogeneous nucleation of water droplets,
a simple empirical modification to the CNT-nucleation rate (expressed by Becker–Doering formula)
yields a robust function for predicting water nucleation rates over broad ranges of temperature
and supersaturation.

The so-called two-step nucleation mechanism (TSNM) denies the simultaneous densification
and ordering during a single nucleation event. While preserving the CNT basic concept for a
fluctuation-based nucleation mechanism, TSNM assumes nucleation initiation via an intermediate
condensed liquid appearing in the bulk solution. Being only densified, the intermediate phase
preserves some similarity to the mother phase. Therefore, the phase-transition energy barrier is lowered
bellow the one needed for direct transition mother-phase-to-crystal occurring via the CNT mechanism.
The second step in TSNM is the formation of crystal nuclei inside the highly-concentrated regions.
Thus, TSNM resembles the Ostwald’s rule of stages, which stipulates that a thermodynamically
less-stable phase appears first, then a polymorphic transition toward a stable phase occurs. Ten Wolde
and Frenkel [4] have predicted theoretically the existence of amorphous precursors that have been
further confirmed experimentally by Vivares et al. [5], Sauter et al. [6], and Schubert et al. [7]. Sleutel
and Van Driessche [8] have observed a non-classical nucleation for the 3D liquid-to-crystal transition of
glucose isomerase—local increase in density and crystallinity do not occur simultaneously, but rather
sequentially. They have demonstrated that at high concentrations (~100 mg/mL), glucose isomerase
can form mesoscopic liquid-like aggregates (the molecules in them retain enough mobility), which
are potential precursors of crystalline clusters. These aggregates are stable with respect to the
parent liquid, and metastable compared with the crystalline phase. In contrast, glucose isomerase
2D crystal nucleation proceeds classically [9] and they proved the existence of a critical crystal
size. They also observed that the interior of all clusters is in the crystalline state and the cluster
dynamics are determined by single molecular attachment and detachment events. Whitelam presents
a molecular model designed to study crystallization in the presence and absence of amorphous
intermediates [10]. Based on computer simulation, he suggests tuning the relative strengths of
the specific and nonspecific interactions. Thus, the relative efficiencies of the various pathways
leading towards the final crystalline state have been studied. Most recently, direct transition electron
microscopic observations of Yamazaki et al. [11] have suggested a significant departure from the initial
TSNM assumption. The authors have never observed formation of crystalline phases inside amorphous
solid particles consisting of lysozyme molecules, which are like those previously assumed to consist of
a dense liquid.

Although governed by physical laws established previously for small molecule crystallization,
protein crystal nucleation is an extremely complex process. The complexity arises from the subtle
interplay between process physics and biochemistry. It is the large size of the protein molecules and
their highly inhomogeneous and patchy surface [12] that make the molecular-kinetic mechanism
of protein crystal nucleation so specific. Protein crystal nucleation rate is reduced by a biochemical
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constraint associated with the strict selection of crystalline bonds. Based on experiments, this paper
differentiates physical from biochemical protein crystal nucleation aspects.

2. Results and Discussion

2.1. Experimental Results

Any attempt to formulate accurate predictions by amending and overcoming CNT limitations
should rest upon interpretation of some basic experimental observations. For instance, experimental
data show that nuclei number density (n) of a new phase (crystals, droplets) depends simultaneously
on both time (t) and supersaturation (Δμ), i.e., n = n(t, Δμ). S-shaped dependences of n vs. t at constant
supersaturation have been known to cause electrochemical new-phase nucleation for a long time
e.g., [13,14]. But they remained unelucidated [15] until recently, when it was shown that they obey
logistic functional dependence [16]. The same function also governs insulin crystal nucleation—large
amounts of data for which can be found in [17]. Using custom-made quasi-two-dimensional all-glass
cells with intentionally introduced air bubbles, n vs. t dependences were measured in this study
simultaneously at four typical places: in solution bulk, at the glass support, at the air/solution interface,
and at the three-phase boundary solution/glass/air. Stationary nucleation rates were determined from
the linear parts of the corresponding plots, and energy barriers for nucleus formation and nucleus sizes
were estimated. By simply focusing the microscope on the upper glass plate of the cell, heterogeneous
on-glass crystal nucleation is differentiated from the one in the bulk solution. It is also argued that
the latter proceeds heterogeneously, on some (unknown) foreign particles of biological origin. Seven
different supersaturations have been studied with BioChemika-insulin, showing that crystal nucleation
in bulk solution prevails greatly [17].

Using digitalized original experimental data from [14,18], logistic dependences (with very high
goodness of fit, R2) are presented in Figures 1 and 2. Such time dependence has also been established
for bovine β-lactoglobulin crystal nucleation which proceeds by a TSNM [6]. Good logistic fits of
insulin crystal nucleation data for seven different supersaturations are shown in Figure 3, where
appropriate (supersaturation dependent) parameters are used. The relations, showing the degrees to
which saturated crystal-nuclei number densities (ns) are neared, (n/ns), are plotted vs. t/tp (using
Equation (2); here tp is the time for reaching ns; tp = 2tc, and tc is the time when the half of ns is reached
(namely the mid-point of the corresponding sinusoid). Plots in Figure 4a are for bulk insulin crystal
nucleation, and in Figure 4b—for on-glass crystal nucleation. This issue will be considered below.

 
Figure 1. Logistic plot for mercury droplets, n (cm−2) vs. t (msec); Figure 8, 84 mV in [14].
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Figure 2. Logistic plot for lysozyme crystal nucleation on nanoporous gold; n (cm−3) vs. t (min);
Figure 4a in [18].

 

Figure 3. Experimental data for insulin crystal nucleation in bulk solution, n vs. t at series of
dimensionless supersaturations, ln(c/ce), where c is the actual insulin concentration, and ce is the
equilibrium concentration. The corresponding dimensionless supersaturations are given on the
right-hand side. For the color references, refer to the web version of this article.

(a) (b)

Figure 4. Logistic functional plots of n/ns vs. t/tp for insulin crystal nucleation. All experimental data
for the dimensionless supersaturations studied (numbers on right-hand side) fall on the orange logistic
curves (for the color references, refer to the web version of this article). The dashed straight lines with
coordinates (00), (11) are a guide for the eye only; it is seen that the experimental points less than
t/tp = 0.5 are situated below the dashed straight line, while the points for greater t/tp values (up to 1)
lie above this line. Experimental data are plotted for: (a) bulk nucleation; (b) on-glass nucleation.
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In conclusion, being common for both small inorganic molecules and large bio-molecules,
the S-shaped dependences of nuclei number densities on time underline a common physical aspect of
the nucleation processes.

2.2. Logistic Time Dependence of Protein and Small Molecule Crystal Nucleation

The fluctuation-based concept of CNT supposes that a new distribution of larger clusters starts
replacing the equilibrium one immediately after establishing supersaturation in the system. Since
the larger the cluster is, the longer it takes for it to emerge, the critically sized cluster should appear
the latest. Importantly, the nucleus is the cluster of maximum energy and minimum concentration.
Therefore, many subcritical clusters, smaller than the critical nucleus by a single molecule only,
are formed in the meantime. However, the rearrangement of cluster size distribution does not end
with the emergence of the very first critical cluster. Accommodation of the supersaturated system
state continues gradually, leading to an enhanced supply of nuclei. Thus, the nucleation rate increases
throughout the initial non-steady-state nucleation period.

As per definition, the momentary nucleation rate (dn/dt) during the initial non-steady-state
nucleation period, i.e., the rate at any point of the n vs. t graph, is given by the number (n) of nuclei
formed in a unit volume (1 cm3) divided by the (infinitesimally short) nucleation time (t). Denoting the
frequency of molecule attachments leading to formation of nuclei by k (s−1), gives dn/dt = kn. Here,
the attachment frequency k is defined as the frequency of molecule attachments to clusters which are
smaller than the critical nucleus by a single molecule, minus the frequency of molecule detachments.

The attachment frequency k depends on supersaturation, which, however, remains constant
during the whole nucleation process. The reason is that the extremely small nucleus volume (typically
about 10−19 cm3) and nucleation per se does not change the overall supersaturation—even during
the most intensive nucleation (e.g., n approaching 106 cm−3). Thus, beginning with a single nucleus,
the nucleation process advances in an exponential manner with time. Nonetheless, no unlimited
nuclei augmentation is physically feasible. Experimental results show that after a rapid initial increase,
the nucleation process gradually decelerates to an almost constant nucleation rate up to reaching
saturated nuclei number densities (ns) in the plateau regions of the n vs. t dependences (Figure 3).
Nucleation rate changes have been attributed [16] to two retardation factors acting simultaneously for
heterogeneous nucleation (different for homogeneous nucleation).

A basic assumption of CNT is the supposition of continuous cluster size changes, which is a good
approximation to reality only for large critical clusters. The consideration presented here does not
suffer from such a limitation—irrespective of the mechanism involved, either CNT or TSNM, it is
capable of accounting for discrete cluster size changes as well.

2.2.1. Heterogeneous Nucleation

During solution crystallization, heterogeneous nucleation is the pervasive process. It is the energy
barrier that makes it the preferred nucleation process—heterogeneous nucleation energy barrier is
only a fraction of the energy barrier of homogenous nucleation. Two nucleation retardation factors
acting simultaneously during heterogeneous nucleation have been anticipated in [16]: (1) occupation
of nucleation-active particles and/or centers (generally known as nucleants), associated with the
nucleation process itself; and (2) appearance of nucleation exclusion zones (NEZ) formed around
growing nuclei. NEZ gradually engulf some of the active nucleants, such that are situated close
enough to the formed nuclei, lie in the arising NEZ and are deactivated. This process starts soon after
nucleation onset. However, as seen, NEZ do not change the overall system supersaturation.
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Accounting for the two retardation factors acting in parallel, and under constant supersaturation,
the rate of new-phase heterogeneous nucleation (dn/dt) is expressed by the following single first-order
non-linear ordinary differential equation [16]:

dn
dt

= kn
(

1 − n
ns

)
(1)

Depending on the k-values, nucleation processes can be categorized into the following groups:
(1) fast kinetics, e.g., electrochemical nucleation, characterized by very large k-values (of orders 103 to
104 (s−1)); (2) slow kinetics, e.g., protein crystal nucleation (insulin, bovine β-lactoglobulin), k-values
of order 10−3 to 10−4 (s−1); and (3) extremely slow kinetics, e.g., crystallization of cordierite glass,
k ≈ 10−5 (s−1); see in [16].

Integration of Equation (1) gives [16]:

n/ns = 1/[1 + exp[(−k(t − tc)] (2)

In fact, Equation (1) is a special case of Bernoulli differential equation. Substituting the
dimensionless functions y(x) = n/ns and x = k(t − tc) in it, and with tc = const. we have:

dy/dx = (n/ns)[(ns − n)/ns] = y(x)[1 − y(x)] (3)

The solution of Equation (3) is the standard logistic function:

y(x) = exp (x)/[exp (x) + C]
f (x) = e x e x + C {\displaystyle f(x) = {\frac {eˆ{x}}{eˆ{x} + C}}}

(4)

With constant of integration C = 1 {\displaystyle C = 1} C = 1 , this gives the logistic curve
definition: y(x) = exp (x)/[exp (x) + 1] = 1/[1 + exp (−x)], which is Equation (2).

Equation (1) shows that the maximum nucleation rate is reached when nucleation acceleration
and deceleration tendencies equilibrate, at time tc, when n = ns/2:

(dn/dt)max = kns/4 (5)

which is the (quasi-)stationary nucleation rate, mentioned above.

Unambiguity of the Logistic Nucleation Time-Dependence

Figures 1 and 2 exemplify the high goodness (R2 > 0.99) of logistic plots. Considered from a
physical perspective (as presented above), the good fit of experimental n/ns vs. t/tc data for insulin
crystal nucleation (Figure 4a,b) shows more stringently the logistic nucleation time-dependence.
Firstly, recalling that n = ns when t = 2tc, x = k (t − tc) results in xns = ktc = const., this explains the
self-adjustment between k and tc occurring for all supersaturations. Secondly, the (orange) logistic
curves in Figure 4a,b result from the logistic equation with 2ktc = 10 (see the inserts in the figures).
Hence, these are standard logistic functional plots with ±ktc = 5. Due to the function exponential
nature, the standard logistic function obtains its real values in the range of x = ± 5 on both sides of its
midpoint (Figure 5); in the case under consideration, the latter being at ns/2. It is logical to conclude
that an x-value from −6 to −5 can be attributed to the so-called nucleation induction time.
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Figure 5. Standard logistic function; (0), (0.5) are the coordinates of the midpoint; in the case considered,
it is ns/2.

Further, an almost linear increase of ns on Δμ is observed for insulin (BioChemika, ≥85% (GE),
~24 IU/mg) crystal nucleation in bulk solution, Figure 6. However, it is highly improbable that sets of
nucleants possessing nucleation-promoting abilities which correspond exactly to each supersaturation
used are present. It is rather a situation where lesser nucleants are engulfed by NEZ (and thus,
deactivated) at higher supersaturations.

 
Figure 6. Dependence of ns in bulk insulin solution vs. dimensionless supersaturation, Δμ/kBT = ln(c/ce).

2.2.2. Rate of Homogeneous Nucleation

Notwithstanding the substantially higher supersaturation required, homogeneous nucleation
is indispensable in systems without nucleants. Removal of all nucleants from a protein solution
is not an easy task, albeit achievable in the vapor phase. For instance, liquid droplets nucleate
homogeneously by rapidly expanding and cooling exceptionally pure water vapors. An exponential
increase in water droplet nucleation rate has been measured by means of different techniques [19].
However, homogeneous nucleation could also pose an issue because no unlimited nuclei augmentation
is physically feasible. An evident obstacle for observing nucleation rate limits may be the uncountable
number of the nucleated droplets. Additional experimental work is needed to compare nucleation
rate measurement data to theoretical considerations. Until then, a theoretical approach to the issue is
worth attempting.

Like the heterogeneous case, homogeneous nucleation should be a self-limiting process. Again,
there are two factors decelerating it. The first one is like the one in heterogeneous nucleation,
namely, increase in the number of NEZ appearing around some nuclei and diminishing the volume
where nucleation can still occur. The second decelerating factor, namely, a drop in system’s overall
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supersaturation, is different. It is enacted only during prolonged nuclei growth and consumption
of a noticeable molecule amount. Furthermore, while the two retardation factors act in parallel in a
heterogeneous nucleation, in a homogeneous process they act consecutively, being interrupted by an
intermediate period. This constitutes the substantial difference between both processes.

Effect of NEZ

As already mentioned (see Section 2.2), the overall supersaturation remains constant initially.
Thus, the probability (n/α) for NEZ appearance, where α (s) is the time needed for the formation of
the very first NEZ, also remains constant. The initial nucleation rate (dn/dt)init can be expressed as:

(dn/dt)init = K’n (6)

where K (s−1) 
= k and K’ = K − 1/α are new coefficients.
Preserving the exponential character during the initial nucleation stage, the graphical n vs. t track

of the homogeneous nucleation is indistinguishable from the corresponding part of the heterogeneous
nucleation curve. However, knowing that merely one decelerating factor is acting, the homogeneous
n vs. t dependence should be steeper and relatively longer.

Effect of Decreasing Supersaturation

Increasing in number, soon or latter, the NEZ start overlapping. This indicates that the first
nucleation decelerating factor is of no importance on the account of the second one—decrease in
system’s overall supersaturation. Intermediately, new nuclei appear in the remaining interstitials
between NEZ, but there is a substantial deceleration in the exponential increase of n. When Δμ

decreases bellow the nucleation-limiting threshold, n vs. t dependence should reach a plateau,
corresponding to a zero nucleation rate. Supersaturation dependence of nucleation rate is given
by the well-known equation of Volmer. For the second homogeneous nucleation stage, it should be
written as:

(dn/dt)second = Aexp(−ΔG*/kBT) = Aexp(−B/Δμ2) (7)

where A is a pre-exponential coefficient which denotes the number of nuclei that appear in a unit
volume (1 cm3) per unit time (1 s); ΔG* is the thermodynamic energy barrier for nucleus formation;
the constant B for homogeneously formed spherical nucleus is B = 16πΩ2γ3/3 (because ΔG* =
16πΩ2γ3/3Δμ2); and Ω is the volume of a crystal building block. Qualitatively, this behavior of
the system gives a S-shaped dependence of n on time elapsed, t. However, despite the different
scenarios involved in heterogeneous and homogeneous nucleation, the exponential functions make
their S-shaped time dependent nuclei number densities indistinguishable.

Equation (7) shows that a symmetric S-shape (logistic) curve may describe the homogeneous
nucleation, only provided Δμ depends linearly on t, i.e., Δμ = −st, where −s is the line slope.
Under constant temperature, however, supersaturation decrease results from nuclei growth itself,
making the linear dependence physically infeasible. Since the new-phase particles nucleate at
different time-points, they grow in different sizes and the size difference is amplified due to the
Gibbs-Thomson effect [20]—smaller crystals grow slower than larger crystals; the reason being that
the larger the crystal, the lower the saturation with which it stands in equilibrium. That is why, along
with an increase in number, nucleated crystals accelerate their growth with the time and increase
the rate of supersaturation depletion. In view of the extremely high sensitivity of (dn/dt)second
on Δμ-value expressed by Equation (7), only the precise function of Δμ on t (but not its linear
substitute) is meaningful. Thus, in contrast to the symmetric S-shaped (logistic) curve describing
heterogeneous nucleation, a non-symmetric S-shaped curve should describe the n vs. t dependence for
homogeneous nucleation.
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2.3. Biochemical Specificity of the Protein Crystal Nucleation

In proteins, it is only the molecule surface structure that dictates protein ability to bind to partners.
This is attributed to the molecular interactions in protein bulk concealed under amino acid residues
situated on the molecular surface. Because of millions of years of natural selection, physiological
protein-protein bonds are highly specific. Proteins operate within the cellular context with typical
concentrations of up to 300 mg/mL. Therefore, any non-specific inter-protein interaction may be fatal.
It is known that physiological protein-protein bonds result from strong hydrophobic interactions via
which contacting areas occupy relatively large portions on the protein molecule surface.

In contrast, the protein crystal lattice contacts are hydrophilic, polar and smaller in size [21].
Yet again, it is only the molecular surface structure that dictates proteins’ ability to bind to partners in a
crystallization setting. In such a setting, a limited number of discrete patches, that are the only attractive
molecule portions, appear on the protein surface. If supersaturation is extremely high, amorphous
precipitation will occur even under crystallization conditions; such a disordered aggregation is a
result of very strong hydrophobic protein-protein interactions. Therefore, it is logical to assume
that attraction strength between crystallizing protein molecules should be fine-tuned. Attraction
should be large enough to promote crystallization, while not being too large to provoke amorphous
precipitation. This means that also protein crystal lattice contacts are formed by a selection of the most
appropriate patches on the protein molecule surface. Selection preferences have been revealed using
X-ray diffraction data for protein crystal lattice contacts available in Protein Data Bank [21,22].

Strict selection of crystal lattice contacting patches is also evidenced by relatively simple
experiments [23]. Periodically alternated layer-by-layer crystal overgrowth has been observed with
the unique protein couple apo- and holoferritin. Despite the dramatically different core, their surface
structure is identical. Uniform in thickness overlaying crystal layers have been deposited using
equimolar protein concentrations under the same solution conditions, pH-value, CdSO4, and buffer
concentrations. Since no reentrant corners have been observed (Figure 7), those crystals should be
single-crystals composed of alternating apo- and holoferritin layers, rather than poly-crystals. Crystals
of each protein are used as substrates for a sequential in contiguity crystallization of the counterpart
protein in a completely repeatable process. A monocrystalline overgrowth of three to four alternating
layers apo- on holoferritin, and vice versa, was achieved [23]. A clear distinction is allowed as the
layers are of different color (apoferritin crystals are yellowish; holoferritin crystals—reddish-brown).

 

Figure 7. Different orientation of layered monocrystals of apoferritin and holoferritin. Crystal sizes
~200 μm and ~100 μm, respectively.

In contrast, no homoepitaxial monocrystalline overgrowth is possible with proteins possessing
differing molecule surfaces. Apoferritin crystals have been purposefully introduced in solutions
designed for lysozyme crystallization. No single-crystalline overgrowth, but merely formation of
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poly-crystalline lysozyme-apoferritin aggregates, has been observed [23]. This shows that a molecule
attachment to the protein crystal lattice does not occur at random. It requires selection of the binding
partner. It is worth noting that no binding selection is needed for small-molecule crystallization, e.g.,
by electrodeposition of metal alloys.

Selection of protein-protein patchy interactions has been accounted for by the so-called bond
selection mechanism (BSM) [24]. It assumes that a successful collision between protein molecules,
leading to formation of a crystalline connection, requires not only sufficiently close proximity of the
protein molecules (respectively molecules to clusters), but also their proper spatial orientation. Because
relatively small fractions of molecule surface are occupied by contacting patches, the arising steric
restriction to protein-protein association postpones the nucleation process significantly. Thus, based on
the biochemical specificity of proteins, BSM explains the slow protein crystal nucleation kinetics [25].
Although requiring unusually high supersaturation, it is orders of magnitude slower in comparison to
the process with small molecule substances, e.g., during electrochemical nucleation [13,14]. Recalling
that crystal nucleation rate changes with process stages, one can only compare the (quasi)-stationary
nucleation rates expressed by Equation (5). As seen in Section 2.2.1, k-values determining nucleation
frequency are 6 to 8 orders of magnitude lower for protein crystallization than k-values for small
molecule new-phase nucleation, e.g., electrochemical nucleation (also proceeding in solutions). So,
due to BSM, a much lower attachment frequency (νR*) of molecules to the critical cluster must be in
place in the pre-exponential coefficient of Volmer’s equation:

(dn/dt)st = c1νR*Z exp(−ΔG*/kBT) (8)

where c1 is solute concentration, and Z is known as Zeldovich factor.

3. Materials and Methods

Insulin crystal nucleation kinetics was studied via the so-called nucleation and growth separation
principle. Two different insulin sorts, from BioChemika (BioChemika, ≥85% (GE), ~24 IU/mg)
and from SIGMA, Denmark, Lot # 080M1589V, were used under identical crystallization conditions.
BioChemika-insulin was shown to be more prone to crystal nucleation than SIGMA-insulin. Because
more crystals ensure better statistics, BioChemika-insulin was preferred in our studies. Sufficient
details allowing replication of the experimental studies are provided in the original paper [17].

4. Conclusions

The early stages of crystal nucleation dictate crystal polymorph selection, which is of great
interest to the pharmaceutical industry. Unfortunately, our understanding of these stages remains
insufficient [26]. Because of the molecular-scale involved, numerous specifics of nucleation remain
largely unknown. Even with state-of-the-art measurements, it is exceptionally challenging to probe
the processes in real time. Moreover, new-phase embryos are not labeled, making it impossible to
distinguish them in the vast ensemble of constantly growing and decaying clusters of different sizes.
The aim of this paper is to shed some additional light on the problem.

A physical aspect of crystal nucleation is considered from the fluctuation-based perspective
to cover both CNT and TSNM. Logistic functional dependences according to Equations (1) and (2),
symmetric S-shaped curves, characterize the heterogeneous nucleation, while homogeneous nucleation
obeys non-symmetric S-shaped functional dependences. Due to the highly inhomogeneous (patchy)
surface, proteins are characterized by highly directional interactions which postpone substantially
protein crystal nucleation. This is a biochemical constraint imposed on the process. Provided molecule
surface patches enabling crystal lattice formation are known, the so-called BSM hypothesis may
help in offering clues to proper polymorph selection. Suitable crystal polymorphs can be grown by
changing adequately solution conditions (and/or protein molecule surface residues), thus, activating
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or deactivating different surface patches. However, it is worth also noticing that the precipitants used
as crystallizing agents play a specific role [27].
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Abstract: The formation of minerals such as calcite and struvite through the hydrolysis of urea
catalyzed by ureolytic bacteria is a simple and easy way to control mechanisms, which has been
extensively explored with promising applications in various areas such as the improvement of cement
and sandy materials. This review presents the detailed mechanism of the biominerals production
by ureolytic bacteria and its applications to the wastewater, groundwater and seawater treatment.
In addition, an interesting application is the use of these ureolytic bacteria in the removal of heavy
metals and rare earths from groundwater, the removal of calcium and recovery of phosphate from
wastewater, and its potential use as a tool for partial biodesalination of seawater and saline aquifers.
Finally, we discuss the benefits of using biomineralization processes in water treatment as well as the
challenges to be solved in order to reach a successful commercialization of this technology.

Keywords: biomineralization; calcite; seawater; wastewater; heavy metals removal; biodesalination

1. Introduction

Without water, there is no life and, in recent years, this resource is increasingly scarce.
Various factors such as climate change, droughts and population increase contribute to its scarcity [1].
Although the earth’s surface consists of 70% water, only 3% corresponds to freshwater. In addition,
a significant part of that percentage is found in ice caps and glaciers, consequently only 1% of the
surface freshwater is usable. Efficiency in water use can significantly increase if the capacity to reuse it
increases by using new and improved technologies. In the case of seawater, desalination emerges as an
alternative to extract salt and other polluting elements from it, turning it into water suitable for human
consumption, or for productive uses such as agriculture and mining, among others. Desalination is
identified as a safe source of water that guarantees a stable supply as compared with the variability of
natural sources and the scarcity of this resource in the basins. However, the application of chemical
methods generates waste that affects the environment [2,3].

In contrast, the use of new biotechnological tools could favor the recycle of wastewater and
improve the quality of seawater and freshwater. Such is the case of biomineralization, a process
that is mediated by bacteria and other organisms for the formation of minerals from ions present in
the surrounding environment. A particular form of biomineralization is microbiological carbonates
precipitation (MICP), and is defined as the process involving the formation of minerals mediated
by living organisms as a result of the cellular activity that promotes the physicochemical conditions
required to carry out the formation and growth of the biominerals [4]. There is a great variety of
structures and, in nature, more than 60 types of biological minerals have been described [5]. From
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an evolutionary point of view, this process is generated mainly from bacterial activity. Bacteria are
capable of inducing mineral precipitation through three types of mechanisms [6].

i) Biologically controlled mineralization consists of cellular activities specifically aimed at the
formation of minerals [6–8]. Organisms direct the synthesis of minerals in a specific part of the
cell but only under certain conditions. For example, the formation of magnetite by magnetotactic
bacteria. The magnetotactic bacteria have control over the mineral phase and its biosynthesis in the
magnetosome, at the level of genes.

ii) Biologically influenced mineralization corresponds to the passive precipitation of minerals
due to the interaction between the environment and its chemical and compound changes present in
the cellular surface as a result of the bacterial metabolic activity, for example extracellular polymeric
substances associated with biofilms [7–10]. In this type of biomineralization, the biominerals are
secreted due to the metabolism of the microorganisms, and the system has very little control over
the minerals that have been deposited. There are a large number of bacteria capable of biologically
inducing the extracellular precipitation of a wide range of minerals, involving the geochemical activity
responsible for mineral deposits in terrestrial evolution.

iii) Biologically induced mineralization, which corresponds to the chemical modification of
an environment mediated by the biological activity producing oversaturation and precipitation of
minerals [6,8,11].

In the third case, the bacteria contribute actively to the formation of minerals, but also in a passive
way, through cellular structures that act as nucleation sites [12–15]. In addition, bacteria can induce
heterogeneous nucleation of minerals, given not only by a surface with a lower energetic barrier to
minerals precipitation, but also with a stereochemical structuring of the mineral components. However,
there may be a combination of the three different processes active in the same system [8]. Some studies
highlight the role of the extracellular polymer substances (EPS). These exopolymers and the biofilms
are commonly dominated by negatively charged polysaccharides [16] and may contribute to the
precipitation of minerals in different forms;

i) By trapping positively charged cations in negatively charged sites of the EPS that act as a
tempering for crystal nucleation [9,17].

ii) By entrapment of crystal seeds that act as a nuclei for the heterogeneous precipitation of
minerals [9,14].

Within this point, biological processes that increase the pH of the medium and create the
oversaturated conditions necessary for its precipitation have been identified [4,18]. Different bacteria
with varied metabolisms are able to precipitate biominerals from carbonates [19–23], oxides [24,25],
sulfates [26,27] and phosphates [28,29]. This review focuses on biomineralization mediated by ureolytic
bacteria. The best-studied mechanism is the precipitation of calcium carbonate by ureolysis, in
which the bacteria metabolize urea through an intracellular urease enzyme, producing HCO3

− and
NH3. The latter is converted into NH4

+, alkalinizing the medium, and the HCO3
− is converted into

CO3
2− [30,31]. When any calcium ion is present and oversaturation of calcite occurs, precipitation of

calcium carbonate is induced [32].

2. Ureolytic Metabolism

The urease enzyme is present in a great diversity of microorganisms (urea amidohydrolase;
EC 3.5.1.5) reviewed in [6,8,33] enabling the cell to use urea as a source of nitrogen [34]. Sporosarcina
pasteurii ATCC11859, formally Bacillus pasteurii [35], is the terrestrial ureolytic bacterium most used as
an example of MICP and presents an active intracellular urease [4,11].

The water treatment processes mediated by ureolytic bacteria described in this review are based
on the general mechanism of carbonates biological precipitation, which basically consists of the
microorganisms´ ability to alkalize the surrounding environment according to the physiological
activities they perform. These bacteria are widely distributed in nature and their role is to catalyze
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the hydrolysis of urea to produce carbonic acid and ammonium [8,30,36]. These products, in solution,
have as final result to induce a change of pH in the medium (Ecs. 1–4) [30]:

CO(NH2)2 + H2O urease→ NH3 + CO(NH2)OH (1)

CO(NH2)OH + H2O → NH3 + H2 CO3 (2)

H2CO3 ↔ HCO−
3 + H+ (3)

2NH3 + 2H2O → 2NH+
4 + 2OH− (4)

The increase in pH leads to an adjustment of the bicarbonate equilibrium to form carbonate ions,
further favoring the formation of CO3

2− from HCO3
− [37]. A high carbonate concentration induces

CaCO3 precipitation around the cells and the presence of calcium ions in the surrounding environment
(Ecs. 5–7) [38].

2HCO−
3 + 2H+ + 2NH3 + 2OH− ↔ 2CO2−

3 + 2NH+
4 + 2H2O (5)

Ca2+ + Cell → Cell : Ca2+ (6)

Cell : Ca2+ + CO2−
3 → Cell : CaCO3 (7)

Under natural conditions, the precipitation of carbonates occurs very slowly. In this sense,
microorganisms would act as catalysts in the carbonate formation process. Carbonates, especially
calcite (CaCO3) and dolomite (CaMg(CO3)2) are found as limestones on the Earth’s surface,
representing an important carbon stock in the lithosphere [38,39].

The mechanisms through which the biological precipitation of carbonates occurs are not
fully described. However, three mechanisms have been proposed to explain this process [40]:
i) Biomineralization occurs as a bioproduct of the microbial metabolism; ii) Extracellular molecules
are involved in the carbonate mineralization process; iii) A nucleation process of carbonates occurs in
the cell wall of microorganisms. Based on the latter proposed mechanism, the role of microorganisms
in creating an alkaline environment through various physiological activities is known. Under these
circumstances, the bacterial surface plays an important role in the precipitation of carbonates due
to the presence of various negatively charged groups at neutral pH, positive ions can bind to the
bacterial surface favoring heterogeneous nucleation [40]. The microbiological precipitation of minerals
has several technological applications, such as the restoration of limestone monuments and statues,
biocement production, improvement of soil quality and removal of soluble pollutants such as heavy
metals and radioactive elements [30]. Additionally, this process promoted specifically by the ureolytic
capacity of bacterial species also allows the removal of secondary ions such as calcium and magnesium
present in wastewater [33,41,42] and in seawater [43]. Furthermore, the precipitation of calcium
carbonates mediated by ureolytic bacteria is widely described in the literature, mainly under the
application of soil biocementation [8,44,45]. Other uses are related to carbon dioxide capture and
remediation of soils and water [40,46].

3. Types of Biominerals Produced by Ureolytic Bacteria

Compared with inorganically produced minerals, biominerals often have their own specific
properties including unique size, crystallinity, isotopic and trace element compositions [47]. There are
several types of biominerals such as organic crystals, oxides, hydroxides, sulfates, sulfides, chlorides,
phosphates and carbonates [39,48–50] highlighting calcium carbonates. Calcium carbonate exists in
three different crystalline structures: vaterite, calcite and aragonite, and in two hydrated crystalline
phases: monohydrocalcite (CaCO3·H2O) and ikaite (CaCO3·6H2O), and various amorphous phases
(ACC) [8,40]. Although the crystalline structures of carbonates due to bacterial activity are clear, little is
known about the causes of the selection of different polymorphisms during bacterial biomineralization.
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Although there are studies suggesting that the amount and morphology of calcium carbonate minerals
depend on oversaturation, temperature, pH, [Ca2+]/[CO3

2−] ratio [51] and the concentration of
urea [42]. Hammes et al. [33] during a study of ureolytic microbial calcium carbonate (CaCO3)
precipitation by bacterial isolates collected from different environmental samples, morphological
differences were observed in the large CaCO3 crystal aggregates precipitated within bacterial colonies
grown on agar. This fact was verified at our laboratory confirming that different halophilic and
halotolerant ureolytic bacterial strains isolated from the Atacama Salar produce calcium carbonate
crystals with different polymorphism when they were cultivated in nutrient broth (NB) supplemented
with Ca2+ (Figure 1). This is exactly what Uad et al. [50] described: biominerals present a variety of
forms from spheres, hemispheres and pseudopolyhedral forms, which appeared either in isolation or
in group.

Although calcium carbonates are the most studied crystals, ureolytic bacteria are capable of
forming different types of crystals depending on the medium in which they are (Table 1). For example,
vaterite is found to be in a lower percentage, metastable or in the transitional phase of calcite [8]
and it has been described that it depends on the concentration of EPS and the organic matter that
would influence its formation, which could be stabilized in the presence of certain organics [8,52].
The maturation of CaCO3 from vaterite to calcite follows the Ostwald’s step rule, where metastable
forms nucleate and then are replaced with more stable forms, with this sequential formation in time is
also known as paragenesis [53]. However, the mechanisms of initial nucleation that are influenced
by bacterial growth conditions, the presence of organic matter such as EPS, saturation conditions of
the fluid and crystals maturation are still not well understood [8,54]. The size of crystals is also a key
factor. The CaCO3 crystals precipitated by ureolytic metabolism are generally large and less soluble
than those precipitated under abiotic conditions [51,55].

Table 1. Examples of crystals produced by ureolytic bacteria.

Bacterial Species Crystal Aplication Reference

Enterobacter cloacae Calcite Heavy metals
bioremediation Kang et al. [56]

Bacillus sp. Calcitemagnesium carbonate trihydrate
(MgCO3·3H2O) Biocementation Cheng et al. [57]

Sporosarcina
ginsengisoli As(III)–calcite calcite, aragonite and vaterite As(III) remediation Achal et al. [58]

Halomonas sp. calcite, vaterite and aragonite along with
calcite–strontianite (SrCO3) solid Sr remediation Achal et al. [59]

Rhodococcus
erythropolis

Halite (NaCl)
Monohydrocalcite (CaCO3·H2O)

Struvite
Anhydrite

Calcium and magnesium
precipitation from sea water Arias et al. [43]

Strains of Bacillus
sphaericus group rhombohedral calcite, hexagonal vaterite Hammes et al. [33]
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Figure 1. Scanning electron microscopy with energy dispersive X-ray (SEM-EDX) analysis of calcium
carbonate crystals produced by various bacterial ureolytic species in aqueous solution supplemented
with Ca2+. Crystals produced by B. subtilis LN8B (a), Halomonas sp. LM12ABN (b), Rhodococcus
erythropolis TN24F (c), Bacillus subtilis TN21G (d), Salinivibrio sp. LM9A (e) and Bacillus subtilis
LN13DC (f). Methodology can be reviewed in [43].
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The use of ions present in seawater for crystal formation mediated by ureolytic bacteria,
specifically Bacillus sp. DSM23526 strain MCP-11 [60] was first described by Cheng et al. [57]. Bacillus
sp. induced calcite crystals formation, additionally the presence of magnesium carbonate trihydrate
(MgCO3·3H2O) was detected, which is a consequence of the high concentration of magnesium ion in
seawater (above 50 mM), which is five times more than the calcium concentration (10 mM) [57].

From calcite precipitation induced by ureolytic bacteria, some authors have evaluated to add
divalent metals (e.g., Pb, Zn, Ba and Cd) and radionuclides (e.g., 90Sr and 60Co) [61] in a coprecipitation
of the contaminants in the original calcite precipitates, which would occur by the isomorphic
replacement of the Ca2+ in the lattice structure and the incorporation in the interstitial positions or at
defect vacancies [62,63] generating an important application for biomineralization as a remediation
strategy for contaminated groundwater [63].

4. Application of Ureolytic Bacteria for the Removal of Heavy Metals and Radionuclides from
Aqueous Solutions

The increase in industrial activity has resulted in the accumulation of a number of pollutants such
as heavy metals and radionuclides that cause problems both to the environment and to human health.
These come from industrial effluents, mining activities, waste from the use of fertilizers and pesticides
in agriculture, burning of waste and fossil fuels, and leaching of dumps [47]. Urban solid waste dumps
are the common method for the organized disposal of waste in the world and the produced leachate
contains a wide variety of organic and inorganic pollutants that occasionally can reach groundwater.

The most important pollutants include metals such as Cu, Cr, Cd, Hg, Sb, Pb, As, Co, Zn and Sn,
and radionuclides such as U, Th, Am, Ra and Sr [38]. The latter is one of the most studied through
the use of ureolytic bacteria, which comes from various sources such as plastics, concrete, plasters
or other manufactured products [64]. The danger with heavy metals and radionuclides is that they
are not chemically or biologically degradable and once used and/or released, they can remain in the
environment for hundreds of years, and their concentration in living beings increases as they are
ingested by the members of the food chain [65].

Regarding heavy metals, there are several conventional techniques for their elimination including
chemical precipitation, oxidation/reduction, filtration, ion exchange, reverse osmosis, membrane
technology, evaporation method and electrochemical treatment. However, these traditional methods
often are ineffective, expensive, consume energy and high quantities of chemicals [6]. When the
concentration of the heavy metals is less than 100 mg/L, these technologies become inefficient leading
to the use of bioremediation technologies [6,66].

One of the most used bioremediation technologies in the removal of heavy metals mainly from
soils is phytoremediation. However, it has some limitations due to reliance on plant growth conditions
such as climate, geology, altitude and temperature [58].

Alternatively, there are other soil and water remediation technologies based on the use
of microorganisms mediated by different bioremediation mechanisms, including biosorption,
metal–microbe interactions, bioaccumulation, biotransformation, bioleaching and finally,
biomineralization [66].

So far, the most described biomineralization technology is mediated by the action of ureolytic
microorganisms. One of the advantages of using this type of microorganism for bioremediation of
metals from soil or water is its ability to efficiently immobilize these toxic metals by precipitation or
coprecipitation with CaCO3, dependent of metal valence status and redox potential [38]. In addition,
its high stability and the coprecipitation potential of radionuclides or heavy metals is an attractive
application of the ureolytic bacteria use [6].

Ammonium ions can exchange heavy metal ions and other ions like calcium on grain surfaces in
subsurface environment, and this in turn increases the bioavailability of these heavy metals [67]. On the
other hand, the carbonate ions promote the precipitation of calcium carbonate and coprecipitation
of heavy metals in high pH environments [68,69]. Although most of the studies are related to
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the bioremediation of contaminated soils, they begin with tests on aqueous solutions and the
immobilization process may enable metal(loid)s to be transformed in situ into insoluble and chemically
inert forms and are applicable to removing metals from aqueous solution. For example, Achal et al. [70]
describe the ability of Kocuria flava CR1 to remove Cu from the environment at concentrations of
100 mg/L. In the presence of urea, K. flava is able to remove 95% of copper in 120 h, without urea
it removes only 68% evidencing the ureolytic character of the metabolism used by the bacterium;
this is corroborated with an optimum pH of 8 for a complete removal of copper. Another study
by Achal et al. [58] assesses tolerance to As(III) of Sporosarcina ginsengisoli CR5 isolated from a site
contaminated with As in Urumqi, China. Bioassays in the presence of urea and 50 mM of As(III)
indicated that this strain is capable of synthesizing ureases for 7 days of a test, with a maximum
production of 412U/mL at 120 h, remediating 96.3% of the As present. The introduction of this
indigenous bacterium provides a potential bioremediation process to highly metal-contaminated water
and soils.

Among the examples, Isik [71] uses ureolytic bacteria as nickel adsorbents by comparing a
living and nonliving ureolytic mixed culture (UMC) to remove Ni2+ from synthetic wastewater
solutions, demonstrating a greater efficiency in the living culture dependent on ureolytic metabolism.
For chromium, a study by Altaş et al. [72] determined the potential as sorbent for Cr6+ from an aqueous
solution and regarding to Cu2+, Simsek et al. [73] confirmed the ability of UMC for its adsorption by
ureolytic bacteria. This last study was carried out under batch conditions, removing 99% Cu2+ from an
initial solution with 100 mg/L of this metal.

Several studies have also been carried out regarding the removal of radionuclides, particularly
Mitchell and Ferris [63] analyzed the coprecipitation of Sr2+, establishing nucleation and growth of
calcite precipitates by bacterial ureolysis in artificial groundwater free of Sr replicating the composition
of a contaminated aquifer. It was established that in the presence of Sr2+, the calcite crystals had an
average diameter of <840 nm as compared, the diameter in the absence of Sr2+ had a gradual size
increase of <1000 nm. The speed of growth of the crystals is limited by the speed of advection of
the solute to the surface of the crystal. The crystals generated in the presence of Sr are smaller and,
therefore, more soluble. However, it does not significantly reduce the long-term effectiveness of Sr
immobilization, obtaining 99% of the calcite precipitation and the coprecipitate of Sr.

Another example is described by Achal et al. [59], who determined the precipitation of calcite
by ureolysis to remediate the radioactive Sr (90Sr) present in the quartz sand of an aquifer using
the Halomonas sp. bacterium, resistant to this element. It was determined an 80% removal of
90Sr from the soluble–exchangeable fraction of the quartz sand of the aquifer. X-ray diffraction
detected calcite, vaterite and aragonite along with a solid solution of calcite-strontianite (SrCO3) in a
bioremediated sample indicating that Sr was incorporated into calcite. This demonstrates that through
biomineralization, the soluble Sr in the form of biomineral is abducted and playing an important role
in the bioremediation of Sr from the ecological and economic point of view. The Sr has also been
removed using the Bacillus pasteurii bacterium [69] from synthetic waters whose composition simulates
an aquifer from the Snake River plain, Idaho. It was possible to demonstrate the co-precipitation of
calcite with Sr by X-ray diffraction and Time-of-flight secondary ion mass spectrometry (ToF SIMS),
proving that Sr was not only absorbed at the surface, but was present in depth within the particles. This
is determined by the global rate of calcite precipitation, while the latter indicates a higher absorption
of Sr in the solid. Subsequently, Fujita et al. [68] confirmed the presence of the ureC gene in waters and
sediments in Sr removal tests in situ with combined calcite precipitation.

5. Phosphorus Precipitation from Wastewaters

The high demographic and industrial growth in recent years have led to an increase in water
pollution. In particular, nutrient discharges into natural waters have contributed to an increase in
eutrophication problems, resulting in serious consequences for aquatic life as well as for the provision
of water for industrial and domestic use [74]. In the case of the food industry related to the production
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of frozen vegetables and prefried potatoes, the main problem lies in the presence of large amounts
of phosphate in wastewater, leading to its accumulation in the process water unless elimination of
phosphate occurs before to be reused [75]. One of the major contaminants due to this process is struvite.
Struvite (NH4MgPO4·6H2O) is the most common form of magnesium phosphate found in nature [76].
Regarding wastewater treatment plants, the areas most affected by struvite deposition are places where
there is an increase in turbulence, such as pumps, aerators and pipe curves [77].

Although struvite is a problem in wastewater treatment plants, it also has a potential use as
fertilizer [78]. Moreover, other benefits of struvite precipitation include the reduction of phosphorus
and nitrogen loading on secondary mud and recycled mud to the top of the list of wastewater
treatment works [79]. Phosphorus recovery not only prevents eutrophication but also preserves limited
natural resources.

The conventional method to eliminate phosphorus from wastewater is the addition of flocculants
such as ferric chloride and aluminum [80]. However, the main problem is the high economic cost
of these chemical flocculants, and in many cases, this process can be replaced by the biological
crystallization or biomineralization of phosphorus [80]. There are three types of commercial
technologies for phosphorus biological disposal, called Phostrip, modified processes of Bardenpho
and Rotanox [81].

Several studies have been published that focus on the treatment of wastewater both to prevent
eutrophication and to recover phosphorus and its potential use as a fertilizer using the ureolytic
metabolism of bacteria. Carballa et al. [78] describe a method to remove phosphate from wastewater
from anaerobic effluents by ureolytic precipitation. This study applied phosphate precipitation
mediated by ureolytic bacteria when the concentration of this ion in wastewater from a vegetable
processing industry was below <30 mg PO4

3− -P levels by liter. MgO (preferably Mg(OH)2) and
urea were added to facilitate precipitation, decreasing its concentration to approximately 5−7 mg
PO4

3−-P per liter. A study by Desmidt et al. [75] evaluated the removal of phosphate from industrial
anaerobic effluents. They first modeled the precipitation of magnesium ammonium phosphate (MAP)
as struvite with MAPLE and PHREEQC programs; however, the obtained experimental results were
better than those expected with precipitation models. According to this, they indicated that a pH above
8.5 and the use of MgCl2 produced better results compared with the use of MgO for the phosphate
precipitation from industrial anaerobic effluent. Subsequently, Desmidt et al. [82] used water from a
potato processing company for the comparison of MAP precipitation using ureolytic crystallization
combined with an autotrophic nitrogen removal process with NuReSys®technology, which increases
pH by NaOH and recovers orthophosphate (PO4−P) and ammoniacal nitrogen (NH4-N) to form pure
struvite crystals (NH4MgPO4·6H2O) (http://www.nuresys.be/). The importance of this comparison
is to establish that MAP ureolytic crystallization is competitive with NuReSys®technology in terms of
operational cost and removal efficiency; however, further research is still needed to obtain more crystals.
Desmidt et al. [83] determined that several factors influence struvite precipitation, including calcium
concentration, concentration of PO4–P, Mg2+:PO4

3− molar ratio and ionic strength. Despite good
results, the fact that the wastewater contains a low concentration of PO4–P influences the application
of this technology economically since the addition of other chemicals like urea to carry out the process
is necessary.

Another application in the recovery of phosphorus (P) by ureolytic bacteria corresponds to its
removal from urine using seawater. Dai et al. [84] determined that 98% of P from urine can be
precipitated in the presence of seawater, in only 10 minutes when 40–75% of the urea present in
the urine is hydrolyzed, while magnesium and ammonium phosphate (MAP) was the predominant
component of the precipitates found. However, in this study they do not mention ureolytic bacteria
unlike Tang et al. [85], who describe the Seawater-based Urine Phosphorus Recovery (SUPR) system
indicating that native urine and/or seawater bacteria provide a ureolytic population in situ facilitating
phosphate precipitation in SUPR.
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6. Precipitation of Ions from Wastewater and Seawater

Calcium present in wastewater and seawater generates several operational problems—mainly
scaling in pipelines and reactors due to its precipitation as sulphate, phosphate and/or carbonate
salt [86]. Regarding seawater, this has a typical salinity of 35 g/kg of solution and the NaCl
concentration around 0.5–0.6 M. In addition to this salt, seawater contains a number of important
secondary ions. Most cations such as calcium, magnesium and strontium are free; however, there is a
tendency to form ionic pairs with sulphate [87]. To remove calcium, there are chemical crystallization
reactors based on the addition of a base (NaOH or Ca(OH)2) in the presence of nucleation sites for
the precipitation of crystals; however, most of the time these are expensive, complex and sometimes
generate highly alkaline effluents due to the reagents used.

For example, in the mining industry, the seawater is used without desalination, affecting mineral
flotation of copper-molybdenum due to the presence of high concentrations of secondary ions, such
as Mg2+ and Ca2+, which generate a buffer effect [86,88] and increases the consumption of reagents
used to modify the pH in the solution. In the case of adding lime or another alkalizing agent, colloidal
precipitates of these ions are produced which prevent the recovery of some relevant species such as
molybdenite (MoS2) [88–91]. In addition, the Cl− ion can react with the Fe2+ ions present to create
FeCl2. This compound reacts with the dissolved oxygen producing Fe2O3 and FeCl3, which are
considered strong oxidizing agents of pipes and/or equipment [91]. Another mineral originated
through this mechanism is calcium carbonate (CaCO3), the most common sedimentary mineral present
on Earth [30].

The application of biomineralization processes mediated by ureolytic bacteria for calcium removal
and other ions from seawater and wastewater is poorly described.

One of the earliest studies is by Hammes et al. [33], which looked at the removal of calcium
by biomineralization from industrial wastewater (Ca2+ 500–1500 mg/L) through the use of a
semicontinuous reactor (BCR), removing about 90% of calcium in the period under test. The
water came from a paper recycling facility. Although they do not specifically detail the type of
microorganisms used, they attribute calcium precipitation to ureolytic metabolism. They also suggest
that the chemical precipitation of calcium carbonate is controlled by four factors: i) calcium ion
concentration; ii) carbonate concentration; iii) pH and, iv) presence of nucleation sites. In the microbial
precipitation of calcium carbonate, the first three factors are key, while the fourth is replaced by the
presence of bacteria as they act as nucleation sites themselves. Then Işik et al. [42] determined the effect
of urea concentration on the BCR reactor yield in terms of the removal of organic matter over time
and, secondly, evaluated the ammonia toxicity in the ureolytic mixed culture of S. pasteurii confirming
that this bacterium isolated from alkaline environments (pH values of 9–13) can induce the calcite
biomineralization. Furthermore, this bacterium is widely used in controlled laboratory conditions and
in the presence of industrial solid waste such as cement kiln dust (CKD) and lime kiln dust (LKD).
Its potential for grain consolidation for a type of CKD mixed with granulated blast furnace slag (GGBS),
has potential application in bioclogging and biocementation. The results demonstrate the formation of
stable biocalcite in the presence of CKD, with a yield that depends on the pH value and the content of
free calcium ions, the benefits of this technology in construction costs and reduction of environmental
contamination are promising [92].

In a study developed by Uad et al. [50], the biomineralization of calcium carbonate was carried
out by bacteria of the Bacillus and Virgibacillus genus isolated from saline environments and cultivated
in seawater and brines from desalination plants, confirming that these species are able to precipitate
calcium carbonate when grown in culture media supplemented with organic matter.

Regarding magnesium, most publications on its precipitation indicate that they are part of
struvite crystals and are related to the recovery of phosphates from wastewater through chemical
crystallization [93]. However, there are also records that biologically mediated struvite precipitation
is possible [94]. Various bacteria isolated from waters and soils such as Myxococcus sp., Arthrobacter
sp. and Pseudomonas sp. have been described as capable of precipitating struvite under laboratory
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conditions [94]. Among them, Myxococcus xanthus biomineralizes struvite [95] and on the other hand,
Halorubrum distributum, Halobacterium salinarium and Brevibacterium antiquum have also been reported
as forming magnesium phosphate crystals [96]. However, precipitation of magnesium from seawater
using ureolytic bacteria has been poorly described and is related to what has already been described
for the precipitation of struvite from wastewaters. Nevertheless, Arias et al. [43] determined that
ureolytic bacteria isolated from the Atacama Desert act as biomineralizers of calcium and magnesium
ions present in seawater; this could be used as a potential pretreatment technology to seawater or as
a selective biodesalation. In this case Rhodococcus erythropolis precipitates to ~95% soluble calcium
and 8% magnesium. The analysis of crystals showed that the components correspond to ~12.69%
monohydrocalcite, ~30.72% struvite and ~56.59% halite, concluding that these results have great
potential for their application as a pretreatment to improve water quality for industrial processes.

7. Current Limitations for the Application of Biomineralization

Biomineralization as technology has many interesting applications that could solve many
problems without a high economic or environmental cost; however, it is necessary to solve some
limitations to reach a commercial scale. Firstly, a complete life cycle analysis of the biomineralization
technology should be carried out. In the case of using ureolytic bacteria, as byproducts of the
metabolism, ammonium and nitrate are produced, which could be toxic and harmful to human
health in high concentration [6,97]. Secondly, microbial metabolic processes are generally slower and
more complex than chemical processes; consequently, it is necessary to optimize all factors involved,
such as temperature, pH, urea concentration, salts present, considering without doubt the bacterial
species to use and the necessary conditions to favor its metabolism. Thirdly, the implementation of
technologies based on biomineralization for water treatment requires the expertise of many disciplines
including the efforts of engineers, microbiologists, biochemists, among others. Finally, it is necessary to
consider the economic limitations, especially in the replacement of reagents and nutrients of analytical
grade used in most studies by others of lower cost. Additionally, although some studies, such as those
by Hammes et al. [33] and IŞik et al. [41], use a semicontinuous reactor, there are no other described
technologies that allow for further thought in regards to scale thus far.

8. Conclusions

Biomineralization or MICP provides the basis for numerous technologies that allow for the
removal of ions from different types of water including freshwater, wastewater and seawater, which
would allow for the discharge and/or a harmless use of these waters. Numerous studies have
employed the use of microorganisms whose ureolytic metabolism facilitates the formation of various
types of biominerals, with calcite formation the most common. The various applications of ureolytic
metabolism include the removal of heavy metals and radionuclides—such as Cu, As, Ni, Cr and Sr,
among others—through calcite coprecipitation demonstrating the great potential of this technology
in incorporating these elements into low-solubility biominerals that are stable over time and inert
compared to phytoremediation technologies. In addition to the above, MICP also facilitates the removal
of specific ions from wastewater and seawater, including phosphorus, magnesium and calcium. Even
though the MICP process has many merits, further study is needed to overcome the limitations to use
this technology prior to its commercialization.
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