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mation in crowded lysozyme
solutions

Ivaylo L. Dimitrov *ab

Lysozyme crystallization in a crowded environment is investigated. Buffered protein solutions at pH 4.0 are

used with no added precipitant (e.g. sodium chloride). Lysozyme concentrations over 250 mg ml−1 and

0.31 M buffer salt (sodium acetate) are attained via equilibration of two microliter volume drops which

possess different initial vapor pressure. The study demonstrates that gradual lysozyme crowding can lead

to abrupt crystal phase formation by effective widening of the metastable zone and narrowing the

nucleation zone towards the unstable region of the protein-salt phase diagram. The nucleation events

occur perceivably in a cooperative manner. The crystal growth is rapid and finally the crystals occupy

almost the whole drop volume. Virtually no temperature dependence of the crystal formation is

observed in the interval 18–33 °C, except for the equilibration rate. The developed approach can be

successfully used for adequate prediction of the time when crystal nucleation starts.
Introduction

The vapor diffusion method1 is one of the most common
methods for crystallization of proteins. Usually, a small volume
of protein-containing solution is deposited on a surface near
a separately placed larger volume of precipitant (salt-rich)
solution in a closed system. Because of the difference in their
vapor pressure, water is transferred from the high vapor pres-
sure phase (the protein-containing solution) to the low vapor
pressure phase (the salt-rich solution) until an equilibrium is
eventually achieved. Thus, the protein concentration rises along
with the concentration of other solution compounds that are
normally added to modify protein–protein interactions and the
protein gradually enters in a region of the phase diagram, where
the probability for crystal formation is expected to be high
enough. The main advantage of the vapor diffusion method is
the slow (e.g. days) concentrating of the protein in the protein-
containing solution. Typically, this leads to mild conditions for
crystallization and allows good control over the processes of
crystal nucleation and growth. Most oen the vapor diffusion
method is used for routine screening experiments and typically
involves mixing of equal volume parts2 of a buffered protein
solution and a chosen precipitant solution to compose the
protein-containing solution before closing the system for
equilibration. The precipitant represents a chemical substance
that may signicantly alter the protein solubility, and thus
facilitates a transformation of the initially dissolved protein to
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another phase. If the precipitant concentration is too high,
a relatively low protein concentration might be needed in order
to bring the solution to the desired metastability. Conversely, if
the precipitant concentration is too low, higher protein
concentration would be needed for reaching the nucleation
zone in the composition–composition phase diagram of the
protein solution.3

There already have been successful attempts towards lyso-
zyme crystallization by the batch method in solutions of very
low ionic strength and practically zero precipitant concentra-
tion (sodium chloride (NaCl)).4 A precipitant-free mode using
either centrifugal concentration,5 drying of highly concentrated
lysozyme solutions containing 10 mM hydrochloric acid6 or
surface-induced crystallization of buffered lysozyme solutions
at surprisingly low concentration7,8 have been benecially
applied as well. Here we present an adaptable experimental
approach that is based on the vapor-diffusion method, and
reproducibly leads to impressive lysozyme crystal formation in
buffered and crowded lysozyme solutions with no added NaCl –
the most common precipitant for this protein. The approach
could be relevant to studies which address the behavior of
complex biological systems in a crowded environment, e.g. the
cytosol.
Experimental section
Materials

The protein-containing solution was prepared by dissolving
commercial lysozyme (chicken egg white from Sigma, 3X crys-
tallized, dialyzed and lyophilized) in sodium acetate (NaAC)
buffer with concentration 0.1 M and pH 4.0. The concentration
of lysozyme stock solution was 80 mg ml−1. The buffer solution
© 2026 The Author(s). Published by the Royal Society of Chemistry
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was ltered through 0.22 mm lter to eliminate the potential
presence of dust particles. The salt-rich solution was prepared
by dissolving NaCl in the buffer solution. The concentration of
NaCl stock solution was 0.85 M. It was also ltered through 0.22
mm lter. All solutions were stored at 4 °C.
Description of the approach

The protein-containing solution is deposited in the form of
a small drop on a microscope cover glass. Near the protein-
containing drop is deposited the salt-rich drop. Then the
system is covered with a small glass lid, preliminary greased
with Dow Corning high vacuum grease, and sealed to prevent
evaporation of the drops outside the experimental system. This
procedure takes less than 20 s. The system is le undisturbed.
As time passes, the low vapor pressure drop (salt-rich drop)
drains water from the high vapor pressure drop (protein-
containing drop) until an equilibrium is eventually achieved
when the two drops possess one and the same vapor pressure
(Fig. 1).

Because the volume reserved for the vapor phase (the air
volume under the glass lid) is small (2.15 cm3), we can assume
that the amount of water which remains retained in the vapor
phase is inconsequential.9 Also, because the volume of the
drops falls in the microliter range, we can ignore the inuence
of the drop curvature on the vapor pressure too.9 Being a colli-
gative property, lowering of the water vapor pressure in relevant
systems is driven by the dissolved salts and not by the dissolved
protein, which is due to the much higher molar concentration
of the low molecular weight substance as compared to that of
the protein, even if the macromolecules are in crowded envi-
ronment (hundreds of milligrams per milliliter10). For instance,
200 mg ml−1 lysozyme is expected to contribute less than 1.5%
to the water vapor pressure lowering of a 0.85 M NaCl – the
initial NaCl concentration in the salt-rich solution used in the
present study.

Taking into account the above assumptions, we can make
use of the following set of equations:
Fig. 1 Basic representation of the vapor diffusion method applied for
two small (microliter) volume phases in a closed system. The high
vapor pressure phase donates water to the low vapor pressure phase
until equilibrium is achieved.

© 2026 The Author(s). Published by the Royal Society of Chemistry
C2 = (C1 × V1 + C3 × V3)/(V1 + V3) (1)

V2 = V1 × C1/C2 (2)

V1 + V3 = V2 + V4 (3)

V4 = V3 × C3/C2 (4)

where V1 is the initial volume of the drop with the initial lower
salt concentration (NaAC-buffered protein-containing drop), C1

is the initial salt concentration of the drop with the initial lower
salt concentration (NaAC-buffered protein-containing drop), V2
is the equilibrium volume of the drop with the initial lower salt
concentration (NaAC-buffered protein-containing drop), C2 is
the equilibrium salt concentration of the drop with the initial
lower/higher salt concentration, V3 is the initial volume of the
drop with the initial higher salt concentration (NaCl salt-rich
drop), C3 is the initial salt concentration of the drop with the
initial higher salt concentration (NaCl salt-rich drop), V4 is the
equilibrium volume of the drop with the initial higher salt
concentration (NaCl salt-rich drop). (Because at equilibrium
C2 = C4, C4, the equilibrium salt concentration of the drop with
the initial higher salt concentration, is omitted from
consideration.)

With the help of these equations we can calculate the
protein/salt equilibrium concentration and the equilibrium
volume for arbitrary volume and protein/salt concentration of
the initially deposited drops. Note that when the protein
concentration rises in the protein-containing drop throughout
the concentrating process, so does the buffer salt concentration
in the same drop.
Experimental conditions

In order to test the proposed approach for concentrating
protein solutions and to explore the possibilities for formation
of a new phase, we investigated three set-ups, choosing the total
liquid volume in the closed system to be 20 mL:

1. V1 = 5 mL, V3 = 15 mL.
2. V1 = 10 mL, V3 = 10 mL.
3. V1 = 15 mL, V3 = 5 mL.
Using eqn (1)–(4) with C1 = 0.1 M (NaAC, 80 mg ml−1 lyso-

zyme) and C3 = 0.95 M (NaCl + NaAC), we obtain the following
anticipated equilibrium values of concentration and volume for
the each of the set-ups:

1. C2 = 0.74 M salt (and 570 mg ml−1 lysozyme), V2 = 0.7 mL,
V4 = 19.3 mL.

2. C2 = 0.53 M salt (and 420 mg ml−1 lysozyme), V2 = 1.9 mL,
V4 = 18.1 mL.

3. C2 = 0.31 M salt (and 250 mg ml−1 lysozyme), V2 = 4.8 mL,
V4 = 15.2 mL.

Hereinaer we shall use the following designation for the
three set-ups, depending on the initial volume of the NaAC-
buffered protein-containing drop, starting from the smallest
one: S-conguration (5 mL initial volume of the NaAC-buffered
protein-containing drop), M-conguration (10 mL initial
volume of the NaAC-buffered protein-containing drop) and L-
RSC Adv., 2026, 16, 10080–10087 | 10081
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Fig. 2 Illustration of the experimental set-up. Equilibration of the salt-rich drop (s, 0.95 M) against the buffer drop (b, 0.1 M) in a closed system,
representing the experimental set-up. Column A – S-configuration, column B – M-configuration, column C – L-configuration. The time that
have passed since the deposition of the drops is shown in hours (h) for each configuration. The temperature is 23 ± 3 °C.
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conguration (15 mL initial volume of the NaAC-buffered
protein-containing drop), respectively.

The goals of the study require only approximate experi-
mental validation of the calculated equilibrium data. Because
the protein in the solution was expected eventually to undergo
a phase transition upon concentrating, we tested if the system is
airtight with a drop of the NaAC buffer (protein-free) equili-
brating against the salt-rich drop (Fig. 2).

The experiments are performed at ambient temperature. It
may vary up to several degrees in a single experiment and the
entire covered interval during the study is 18–33 °C. For the
aims of the current investigation – to demonstrate an approach
for obtaining crowded protein solutions and to explore the
conditions for triggering the formation of a solid phase in
a highly reproducible manner – the temperature appears as
a factor of relatively little importance (see below).

The experiments are performed on a hydrophobized micro-
scope cover glass made of chemically resistant borosilicate glass
D 263® M of the rst hydrolytic class. This surface is selected
because the drops remain well-shaped and the volume change
can be easily detected. The only discovered drawback of the
hydrophobic coverage is that the drops can easily slide across
the surface and spoil the experiment. Furthermore, if a drop
contains protein, it reshapes, because it preserves its diameter
when its volume decreases. This observation is valid for both
highly hydrophobic surface (the selected one) and low hydro-
phobic surface (non-hydrophobized borosilicate glass). There-
fore, no adsorbed protein will be lost during drop evaporation.

Additional test trials made in the course of optimization of
the experimental set-up show that (i) an eventual phase
formation does not depend on the degree of hydrophobicity of
the glass surface, (ii) the behavior of the protein solution does
not depend on how freshly prepared the stock solutions are, (iii)
10082 | RSC Adv., 2026, 16, 10080–10087
the presence or absence of protein in the higher vapor pressure
drop does not affect the time for reaching of equilibrium.
Results and discussion

The S-conguration appears most suitable to test how airtight
the assembled system is, because it leads to a volume of the
NaAC-buffered drop (protein-free), which falls in the nanoliter
range. Aer the equilibration is achieved, the drop retains its
volume (Fig. 2A). The drops might eventually evaporate in
several months, but this observation is inconsequential to the
present study. The new phase forms in a much shorter time
frame as we will see below.

Since no temperature control was applied, temperature of
the experiments varied from about 18 °C to about 33 °C for the
duration of the study. It is important to note that even the water
vapor pressure increases more than twice from 18 °C to about
33 °C, the liquid drop volume remains essentially the same,9

and so does the concentration of the respective drop constitu-
ents. Different temperature values in this interval, however,
effectively alter the time for reaching of the equilibrium, or
basically the evaporation and condensation rates. Under used
solutions' composition the time for reaching of the equilibrium
is dependent also on the initial volume and surface of the salt-
rich and protein-containing drops, and falls in the range 24–168
hours for the different experimental congurations. Still, the
main transfer of water through the vapor phase occurs roughly
during the rst 20–30 hours for S- andM-congurations, and 2–
3 days for L-conguration (empirical evidence, e.g. Fig. 2).
During this transfer, >90% of the water volume, that is expected
to be transferred throughout the process, is transferred. That
means at least 3.9 mL of water for S-conguration (4.3 mL full
transfer at equilibrium), at least 7.3 mL of water for M-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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conguration (8.1 mL full transfer at equilibrium), and at least
9.2 mL of water for L-conguration (10.2 mL full transfer at
equilibrium). The time of transfer is represented by interval of
values, because the rate at which the protein-containing drop
concentrates is dependent on temperature. It should be
emphasized here, that the rate of drops' equilibration will
decelerate considerably when the vapor pressure difference of
the drops becomes smaller and smaller. This fact justies the
pragmatic focus on the main transfer of water. Note also that
the size bars are intentionally present on each of the images,
because every image was processed individually, and the images
must not be just compared to one another.

Upon concentrating the protein-containing drop, we found
that the protein reproducibly crystallizes (Fig. 3). It is worth
noting that no other types of phase formation (e.g. amorphous
precipitation, liquid–liquid phase separation) were observed in
the present investigation.
Fig. 3 Equilibration of the salt-rich drop (s, 0.95 M) against the protein-co
represent separate experiments. The time that have passed since the dep
2 °C. The temperature of B is 21 ± 3 °C. The nucleation starts around th
tallization can be easily detected even macroscopically. An example of a

© 2026 The Author(s). Published by the Royal Society of Chemistry
An important observation in this study is that the crystalli-
zation outcome is basically the same across all of the used
congurations (Fig. 4). The NaAC-buffered crowded lysozyme
solutions crystallize in the tetragonal form (Fig. 3 and 4) in the
absence of added NaCl even at temperature above 30 °C, where
the orthorhombic crystal form is normally expected to
develop.11

The crystallization process exhibits remarkable reproduc-
ibility among all individual experiments for each of the
congurations, both in time and crystallization outcome. That
reproducibility leads to the opportunity of successfully fore-
casting the time of crystallization and allows investigation of
the nucleation onset and the subsequent crystal growth (study
in progress). The higher is the nal concentration of lysozyme
in the protein-containing drop, the higher is the probability for
proper timing and capturing of the initial stages of the new
phase formation.
ntaining drop (p,z 0.1 M) in S-configuration. Column A and column B
osition of the drops is shown in hours (h). The temperature of A is 22 ±

e 20th hour of equilibration. Some of the images show that the crys-
top view is also shown.

RSC Adv., 2026, 16, 10080–10087 | 10083
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Fig. 4 Representative images of the lysozyme crystal population inM-
configuration (A), and L-configuration (B). The time that have passed
since the deposition of the drops is shown in hours (h). The temper-
ature of A and B is 23± 3 °C. The nucleation in A starts around the 42nd
hour of equilibration. The nucleation in B starts around the 192nd hour
of equilibration.
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It is not necessary for the system to attain equilibrium for the
nucleation to start. Depending on the experimental conditions
(e.g. lysozyme/salt concentration, volume of drops), the nucle-
ation could be triggered before equilibrium is attained, but
certainly a particular lysozyme solution composition is required
for the process to start. Because the nucleation and the subse-
quent crystal growth could lead to a volume change in the
protein-containing drop and a change in the solution compo-
sition, the equilibrium cannot be precisely estimated. There-
fore, it would be more adequate if we speak of a quasi-
equilibrium in the case of S-conguration and likely in the
case ofM-conguration. Because the protein-containing drop in
L-conguration does not nucleate for a period that is longer
than the time needed for attaining of the quasi-equilibrium (3–4
days for the lowest values of temperature), we can say that the
equilibrium protein/salt concentration in this conguration is
the limit at which the nucleation occurs. This limit is 250 mg
ml−1 lysozyme and 0.31 M salt.

It is shown that lysozyme solubility rises in NaAC above
0.1 M at pH 4.0,12 but decrease again at higher NaAC concen-
tration, e.g. 0.5 M, the percentage effect of the buffer concen-
tration on the lysozyme solubility being less pronounced at
descending NaCl concentration. Therefore, we can suggest that
it is the high concentration of the protein4 that is predomi-
nantly responsible for the very phase transition. On one hand,
10084 | RSC Adv., 2026, 16, 10080–10087
this suggestion is supported by the unusually abrupt onset of
nucleation, when there is essentially constant and moderate
NaAC concentration, that is not expected to lead in any way to
a sharp decrease of the protein solubility. On the other hand,
the above suggestion is made on the basis of investigated
lysozyme solutions that contain both NaAC and NaCl, and the
assumed irrelevance of the NaAC concentration might appear
inadequate. Note also, that in the absence or low concentration
(up to 0.1 M) of NaCl the lysozyme supersaturation ratio at pH
4.0 is shown to be small (up to 1.5), but could increase several
times (up to 7.3) upon rising the concentration (up to 1.2 M) of
this strong precipitant for lysozyme.4 In 0.1 M NaAC and pH 4.0,
like in the case under consideration, rising NaCl concentration
only 3.5 times can reduce the solubility of lysozyme as much as
30 times.12 All that suggest complex interplay between the
protein and different salt ions.

It is known that lysozyme is very soluble in 0.1 M NaAC, pH
4.0, and small NaCl concentration (less than 0.2 M) even at
temperature around 12 °C.13 Based on the uncommon results of
the present study, we suggest that salting-in effect (lysozyme
becomes more soluble) takes place initially with the increase of
NaAC buffer concentration beyond 0.1 M during the decrease in
volume of the protein-containing drop. This increase is
accompanied with increase in the lysozyme concentration,
gradually driving the solution to metastability. Then, at some
buffer concentration, most likely around 0.3 M, a salting-out
effect (lysozyme becomes less soluble) begins to dominate the
solution behavior, adding to the effect of the accretive crowding
of the protein if the equilibrium in the experimental system is
still not achieved. These two effects (the salting-out effect and
the crowding effect) transfer the system to the labile, nucleation
zone, where the nucleation process unfolds quickly. However,
we might also have witnessed an effective widening of the zone
where the protein solution cannot nucleate in a reasonable time
frame (a.k.a. metastable zone), and hence narrowing of the
nucleation zone. Probably, the crowding effect, facilitated by the
initial salting-in effect, results in restricted motion of the
protein molecules, thus providing for “nucleation-free meta-
stability” (e.g. the alignment of the protein surface patches,
needed for the formation of crystal contacts, is rendered diffi-
cult). Moreover, we can see that most of the lysozyme in the
protein-containing drops turns into crystal (Fig. 3 and 4), which
testies for low solubility. That means NaAC could really appear
to be a good salting-out agent at a moderate concentration (e.g.
0.3–0.7 M). A representation of our hypothesis is shown in
Fig. 5.

Note that depending on the initial solution composition and
other experimental parameters, the white dashed single arrow
in Fig. 5 can be of different length and situated anywhere across
the phase diagram, but for a vapor diffusion approach it makes
sense only if it begins in the stable or the metastable region.
Also, it must reect the equal rise of concentration for all of the
solution constituents. Besides the importance of the initial
solution composition, of signicance would also be the rate at
which the solution concentrates, possibly leading to variety of
kinetic effects. The concentration path, traced by the white
dashed single arrow in Fig. 5, is an illustration of the change in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Visualization of the hypothesis, discussed in the text. The
scheme shows the structure of a common protein-salt (composition–
composition type) phase diagram. The salting-in effect is represented
by a solubility line that exhibits a maximum. The supersolubility line
(dashed line) is an imaginary line that divides themetastable region into
two parts – metastable zone and nucleation zone. This division is
artificial and is made from experimental perspective. The metastable
zone is the zone where no crystals will be observed, although the
solution is supersaturated. The nucleation zone is the zone where
crystals will eventually be observed in the timeframe of the experi-
ment. The metastable and the unstable regions are divided by the
decomposition line. In the unstable region a protein-rich and protein-
depleted phases appear spontaneously. Transparent dashed double
arrow shows the initial width of the metastable zone. Black solid
double arrow shows widening of the metastable zone through
displacement of the supersolubility curve toward the decomposition
line and thus narrowing the nucleation zone. The double dashed line
marks the new position of the supersolubility line, and the label
“nucleation zone” in the figure points to the new, narrowed nucleation
zone. Both double arrows, measuring the width of the metastable
zone, are vertical under the assumption that only the protein
concentration changes in the initial phase after the protein crystal
nucleation and growth. Transparent dashed single arrow shows an
example of the path of concentrating the initial phase in a vapor
diffusion set-up.
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solution composition in our experimental set-up. The direction
of this path is one and the same for S-conguration, M-cong-
uration, and L-conguration. However, the rate of solution
concentration under the applied experimental conditions is
different, and such would be the length of the concentration
path. Due to kinetic phenomena (e.g. restricted diffusion of the
protein molecules in crowded environment), a higher rate of
solution concentration may place the solution even deeper in
the nucleation zone before initiation of the crystallization.
Hence, very high probability for nucleation could be achieved.
This would effectively make the metastable zone even wider
(imagine a longer black solid double arrow (Fig. 5) that is
shied to the right). As already mentioned earlier, the nucle-
ation is not necessarily triggered at equilibrium. For S-
© 2026 The Author(s). Published by the Royal Society of Chemistry
conguration the nucleation process will takes place some-
where between 250 and 570 mg ml−1 lysozyme, and the
respective buffer concentration between 0.31 and 0.74 M. This
situation would result in the highest nucleation rate, which is
manifested by the highest number of smallest crystals (Fig. 3,
roughly 50 mm average crystal length). Accordingly, larger crys-
tals of lower number are observed for the less concentrated
(nucleation occurs in the concentration range 250–420 mg ml−1

lysozyme, 0.31–0.53 M NaAC) solution in M-conguration
(Fig. 4A, roughly 75 mm average crystal length), and largest
crystals of lowest number for least concentrated (z250mgml−1

lysozyme,z 0.31 M NaAC) L-conguration (Fig. 4B, roughly 100
mm average crystal length).

The proposed effective displacement of the supersolubility
curve toward the decomposition line means that the nucleation
zone can be described as a zone of very high probability for
nucleation. That is why we observe an abrupt onset of crystal
nucleation aer a certain solution composition is established.
Although a decomposition into ordered solid phase seems not
reasonable,3 it is worth mentioning that if the protein-
containing drop is inspected for the rst time 24–30 hours
aer the beginning of the experiment, the complete phase
transformation in S-conguration could be mistaken for
manifestation of a spinodal decomposition – virtually all of the
drop volume turns into a population of relatively small crystals
(e.g. Fig. 3). An example of the behavior of lysozyme solutions in
the unstable region of a phase diagram can be found
elsewhere.14

As noted above, 250mgml−1 lysozyme in 0.31 MNaAC buffer
at pH 4 is estimated as particular solution composition for
nucleation of lysozyme crystals (L-conguration). Because both
lysozyme and NaAC concentration values are practically
invariable at equilibrium, the crystal phase formation could still
be inuenced by uctuations in temperature. The nucleation
and crystal growth occur in a relatively short time frame even in
L-conguration (up to few hours for nucleation and up to few
days for crystal growth) compared to the time needed for the
drop to nucleate (around 8–9 days at a lower temperature
interval (18–26 °C), and around 3–4 days at a higher tempera-
ture interval (28–33 °C)). And this time is longer than the time
needed for the quasi-equilibrium to be achieved for each of the
temperature intervals. We remind that the L-conguration
denes the mildest nucleation condition in the present study,
and the particular one that clearly exhibits temperature
dependence of the nucleation, but only with respect to the
equilibration time, and hence to the rate of equilibration. The
effect of temperature on the crystallization kinetics is expected
to be similar across used congurations, leading to accelerated
crystal growth at higher temperatures. Because we can nd in
the literature no evidence for inverse temperature dependence
of the lysozyme solubility,15 such issue is not considered here.

The isoelectric point (pI) of lysozyme is close to 11.16

Accordingly, at pH 4 the net charge of lysozyme is strongly
positive and the interaction between protein molecules is
repulsive. Increasing the ionic strength of a solution reverses
this behavior and the interaction becomes attractive.17 Although
for lysozyme the salting-out anions are known to obey a reversed
RSC Adv., 2026, 16, 10080–10087 | 10085
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Hoffmeister series, the chloride anion appearing to be the
stronger precipitation anion,18 acetate anion could also be
powerful precipitant when its concentration rises beyond
certain limit, as suggested above. However, the very high
protein concentration could be even more important and we
also should not exclude a possible synergistic effect.

The molecular crowding of lysozyme with effective radius of
17 Angstroms18 would result in a volume fraction of 0.22 for the
lysozyme in L-conguration and 0.51 for the lysozyme in S-
conguration (on the condition that the equilibrium is reached
before the nucleation onset). Sticking to the spherical approxi-
mation, the former value would roughly correspond to mean
distance between lysozyme molecules which is 2/3 of the
molecular diameter. The second value, respectively, is pretty
close to the relatively loose sphere packing in the simple cubic
lattice (0.52).19 Such very close proximity is probably of crucial
importance for the nucleation-related processes in our experi-
mental system. Translational and especially rotational diffu-
sivity could drop signicantly along with an increase in viscosity
at high values of protein volume fraction.20 That might slow
down patch–patch recognition and the alignment of protein
molecules in the process of formation of crystal contacts,
already proposed as a reason for the presumed “nucleation-free
metastability” (see above). The effects of excluded volume or
other crowding-related effects21 could also be important in the
case under consideration.

It has been proposed that there is a formation of a weakly
specic complex in the protein–protein association, followed by
a precise molecular docking.22 Similar processes might also be
involved in protein crystallization.4 Alike two-stage behavior
may be relevant to the protein solution behavior in our study,
potentially explaining the observed nucleation in a very small
time frame (e.g. several minutes for S-conguration) and in
presumable cooperative manner (each single nucleation event
seems like “facilitated” by the preceding nucleation event). This
cooperative effect could be connected to local changes of
density in the crowded environment that lead to successful
protein–protein crystal association via molecular
rearrangement.

Conclusion

In the present study we demonstrate a vapor diffusion method
for concentrating buffered protein solution in three particular
congurations, represented by different initial volumes of
a protein-containing drop and a salt-rich drop equilibrating
against each other. We found that nucleation of tetragonal
lysozyme crystals can be triggered in crowded solutions that
contain approximately 250 mg ml−1 and 0.3 M NaAC at pH 4.
Even for this solution composition, which is the least concen-
trated among the used congurations, the nucleation is abrupt
and intensive. We propose that the protein concentrating
process is accompanied with effective displacement of the
supersolubility curve toward the decomposition line in the
protein-salt phase diagram. This leads to widening of the
metastable zone and narrowing of the nucleation zone, gradu-
ally bringing the experimental solutions to a crowded
10086 | RSC Adv., 2026, 16, 10080–10087
environment, where the nucleation probability appears to be
unusually high. A possible nucleation cooperative effect is
guessed, which could be driven by local density changes that
may stimulate protein molecules readily to rearrange and form
crystal contacts. The temperature mainly controls the rate of
reaching equilibrium. The demonstrated method ensures
remarkable reproducibility both in time and crystallization
outcome and allows successful forecasting of the nucleation
onset, which is particularly difficult for stochastic processes like
nucleation.
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