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Lysozyme crystallisation was first-time performed in a microfluidic device in the presence of different
gases: helium, nitrogen, oxygen, and carbon dioxide microbubbles. It was found that protein adsorbed on
the gas-liquid interface stabilised the gas bubbles in the aqueous solution, and bubble stability increased
with the protein concentration in the solution. The heterogeneous nucleation of protein on the gas-liquid
interface was preferred than on the capillary glass wall, limiting the fouling inside the capillary. The crystals
formed with curved surfaces, and the crystals floated in the solution with gas bubbles. The population
density of lysozyme crystals increased with an increase in the solubility of four types of gases. Three stages
of the protein crystallisation on the gas-liquid, gas-solid and liquid-solid interfaces were discussed.
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Design, System, Application

The work has investigated the molecules interactions, between gases (four types of gases), solvent (water and salt) and protein (lysozyme) molecules on the
gas-liquid, gas-solid and liquid-solid interfaces. The microfluidic system has been designed to generate the gas bubbles and to observe the crystallisation
process with gas bubbles, which can be used in screening and optimisation of the crystallisation conditions for biomaterials. There are advantages to use
microfluidic for optimisation the crystallisation process with limited expensive biomaterials, and it is also able to observe the crystal growth process under
optical microscope, the restriction of the microfluidic is the scalability, as the conditions explored in the microfluidic system need to be transferred to
larger-scale crystallization processes. This study has the potential to be applied in both chemical and biopharmaceutical manufacturing. By using gas
templates during protein crystallization, this system offers several advantages, including shortened nucleation time, controlled crystal size, and optimized
crystal quality, all without introducing other solid templates that may cause impurities. These advantages are particularly important in the manufacturing
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of biopharmaceuticals, where increasing efficiency and minimizing impurities are critical factors.

Introduction

In recent decades, protein-based biological products played
an increasingly significant role in treating many illnesses like
diabetes, cancer and SARS-CoV-2," due to the advancements
in pharmacodynamics and pharmacokinetics. = The
biopharmaceuticals have become one of the fastest growing
therapeutics and is predicted to reach a global market value
of $337 billion by 2025, with an annual growth rate of 7.4%.*
With the rapid growth in demand, protein purification could
become vital. However, manufacturing the
biopharmaceuticals still presents significant challenges, due
to the complexity of the macro molecules and cost of
purification.” The macro molecules have inherent complex
structure and purifying them while maintaining the
bioactivity requires long and complex process.®” The current
protein purification usually employed chromatography,
which requires large amount of resins, making the process
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costly.>®° Crystallisation has been an important unit

operation in downstream processing in pharmaceutical
industry with advantages of stability, storage, and delivery.
Recent research on protein crystallisation has thus focused
from crystallography to developing an efficient technology to
obtain purified protein crystals.'*™"?

Microfluidic systems can be designed by introduction of
different components and different phases into
crystallisation solution at microscale. Microfluidics is an
ideal platform to study crystallisation due to its unique
advantages such as minimum usage of reagents’*'® and
ability to achieve precise control'>'” of pharmaceuticals like
paracetamol’®'® and alanine.’®?° The microfluidic devices
often require only a minimum amount of reagents, a clear
advantage for protein crystallisation as most of the protein
reactants are quite expensive and only available in low
quantity. Nano-litre crystallisation droplets mixed with a
carrier fluid in a microfluidic system was reported for
thaumatin protein crystallisation.*" The system only required
~1 pL protein solution that was separated into hundreds of
nanolitre droplets, which were examined by analysing the
nucleation rate. Another advantage of using microfluidic
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devices is its capability of mixing multiphase flow and
miniaturisation of crystallisation reactors.”® A microfluidic
device enabled injecting microbubbles into a flowing solution
for studying heterogeneous nucleation of paracetamol.’® A
two-phase flow regime was generated by the microfluidic
device with different gas and liquid flowrates to identify the
optimal conditions for microbubble generation. The
nucleation rate was found to increase in the presence of
microbubbles and the manipulation of flowrates allowed
control the crystallisation process of paracetamol. Two
immiscible liquid phases could be introduced in a
microfluidic device for protein crystallisation to improve
mixing and reduce the axial dispersion.”” A microfluidic
device can enhance heat and mass transfer rates due to high
surface/volume ratio for protein nucleation and crystal
growth.”® Microfluidic systems thus provides a unique
opportunity and insight to study protein crystallisation at pL
or mL scale,” and enables the introduction of multiphase
mixing.

Gassing (ie, introduction of gas bubbles) in
crystallisation could facilitate the crystallisation process such
as in an airlift crystalliser.>® Protein interactions at the gas-
liquid interfaces are complicated and the process often
includes adsorption, rearrangement, relaxation and
unfolding.>**®* The proteins like bovine serum albumin,
B-lactoglobulin, and lysozyme adsorbed at the gas-liquid
interface at the bulk concentration as low as 0.001 mg
mL %% The transient surface pressure, an indicator for the
level of protein adsorption, can change within 1 h of
adsorption time. The globular protein like lysozyme was
found to hold strong conformational stability and resisted
the unfolding at the gas-liquid interface,” which can
crystallise on the gas-liquid interface.®® However, the
mechanism of crystallisation on the interface between gas-
liquid-solid are still not fully understood, the influences of
the surface properties of the gas bubbles on protein
molecules or the protein crystals require further
investigations.

In this work, the gas bubbles containing helium, nitrogen,
oxygen, and carbon dioxide were injected into the
crystallisation solution by a microfluidic device. The size of
the gas bubbles was controlled to be consistent. The initial
lysozyme concentration in the crystallisation solution was in
the range of 25-60 mg mL™". The stability of gas bubbles in
protein solutions with time and the protein crystallisation
process on the different gas-bubble surfaces were observed.

Experimental section
Materials

Hen egg white lysozyme (~70000 units per mg protein),
sodium acetate (purity >99%), sodium chloride (purity
>99.5%), and glacial acetic acid (purity >99.5%) were
purchased from Sigma-Aldrich and used without further
purification. Buffer solution was prepared as 0.1 M sodium
acetate in deionized water at pH 4.2 by addition of acetic
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acid. Lysozyme solutions with concentrations of 50, 70, 100
and 120 mg mL™" were prepared by dissolving lysozyme in
sodium acetate buffer solution, and NaCl solutions were
prepared in the same method to reach a concentration of 1.1
M. All solutions were filtered through a 0.2 um cellulose
acetate filter and stored at 20 °C in an incubator (VWR INCU-
Line 150R) for experiments. All experiments were carried out
at room temperature (20 °C) to avoid temperature changes in
preparing the samples and crystallisation experiments.

Experimental

The microfluidic device mainly consisted of two parts: the
microfluidic chip for microbubble production and the
capillary tube for crystallisation. As shown in Fig. 1(a), the
gas was supplied to the microchip by a compressed gas
cylinder and controlled by a mass flow controller (Alicat MC
100 sccm); the aqueous solution was injected using a syringe
pump (KD scientific 100 legacy). The microfluidic chip was
made using standard photolithography and
polydimethylsiloxane (PDMS) replica moulding techniques
and details of manufacturing this microfluidic channel were
provided in a previous study.>® A 150 um glass cover slide
was bonded to a cured 500 pm thick PDMS layer with 150
pum deep channels moulded by photolithography. The gas
and liquid inlet were 200 pm wide, where the microbubbles
were produced in a flow-focusing junction and moved into a
1.6 mm wide bubbly flow channel shown in Fig. 1(b). The
mechanism of microbubble formation was reported by
Garstecki et al®* The second part of the device was a
borosilicate glass capillary with an internal diameter of 0.58
mm and OD 1 mm (World Precision Instruments), which
were cleaned by an ultrasonic cleaner, and thoroughly rinsed
with filtered DI water using a syringe pump, ensuring clean
environment and maintained flow stability. The liquid inflow
containing crystallisation solution was introduced into the
microfluidic chip by a syringe pump, whereas the gas flow
was supplied by a gas cylinder and controlled by a mass flow
controller as shown in Fig. 1(a).

A white light LED source (Kern Dual Fiber Unit LED), and
a high-speed camera (Photon Fastcam, M2.1) with a
microscope lens (INFINITY KC IF-3) were focused on the
microfluidic channel to capture the bubble formation in the
channel. The bubbles generated within the chip had a narrow
size distribution as the bubbling process was tightly
controlled. The outlet of the microfluidic chip was connected
to the capillary by a 5 cm long polytetrafluoroethylene tube
(Cole Palmer) with an inner diameter of 1.5 mm.

The protein solution, with concentration of 50 mg mL™ to
120 mg mL ™", and the precipitant solution of 1.1 M NaCl with
pH 4.2 sodium acetate buffer were mixed at 1:1 ratio in a
clean beaker, and the premixed solution was filled into a
syringe pump of 5 mkL. After mixing, the crystallisation
solution had 0.55 M NaCl and 25-60 mg mL™" lysozyme. The
period between mixing and injecting into the microfluidic
device was under 2 min, which was very short compared to

This journal is © The Royal Society of Chemistry and IChemE 2023
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Fig. 1 Schematic set-up for protein crystallisation (a) and microscopic image of bubble formation inside the microfluidic chip (b).

the nucleation time at the equal crystallisation condition,*
to ensure there was no nucleation before the mixed solution
was pumped into the capillary. The liquid flowrate to the
microfluidic chip was set at 60 ml h™. The variation of
protein concentrations was tested with the four types of gas
(helium, nitrogen, oxygen or carbon dioxide), supplied by a
compressed gas cylinder and controlled by the mass flow
meter at a constant flowrate of 0.4 scem. Since the volumetric
flowrate for gas and liquid are constant, the ratio between
gas and liquid phase is constantly 3:7 across all the
experimental conditions. The initial bubble diameter (400 +
10 um) and the number of bubbles per unit volume were
constant for all types of gasses. After filling the solutions
containing stable bubbles in the capillaries, the capillaries
were disconnected from the microfluidic device and were
immediately sealed at both ends with paraffin oil to avoid
evaporation of the solution. The capillaries were stored at 20
°C in an incubator (VMR, INCU-Line 150R) and observed
periodically under an optical microscope (GT Vision, GTC-20)
with an observation period of 56 h.*° All the experiments
were repeated at least 5 times.

Image] software (Wayne Rasband, National Institute of
Health, USA) was used to examine the microscope images of
the crystals inside the capillary. With the same magnification
(x40), the section of capillary captured in the microscope was

This journal is © The Royal Society of Chemistry and IChemE 2023

consistent to be 1.5 pL. For each condition, microscope
images at least 5 fixed locations distributed along the whole
capillary were taken. The number of crystals and number of
bubbles were counted individually in the Image]J software
and crystal sizes and bubble sizes per section were measured
and recorded. For each condition, all the recorded sizes were
used to find the number average and calculate the standard
deviation of the size distribution according to the descriptive
statistical model. The population density (P), defined as the
number of crystals per unit volume, and calculated as the
average value of the crystal numbers divided by 1.5 pL
solution in each microscope image for each condition. P was
used to compare the influence on crystallisation progress of
different conditions. The minimum diameter circle was
drawn in Image] to enclose the crystals edges in the images
for estimation of the crystal facets, which was then converted
into crystal size. The crystal size and bubble size were
estimated by using the circular equivalent diameter:

d=2x - (1)

where A is the area of the minimum diameter circle drawn as
above. The volume of a crystal is estimated to be
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where d is the diameter of crystal, based on the sized
minimum circle which covers each whole crystal in the
microscope images. The crystal mass produced per unit
solution volume in this experiment could then be calculated
by the average crystal volume, the density of crystal, and the
average population density. The density of lysozyme (p) was
1.2354 ¢ ml™" at 20 °C** and hence the mass of crystal per
unit solution volume (), mass yield, is calculated as

m=VxpxP 3)

After dried by filter paper, protein crystals on the
calcined mesoporous silica placed onto carbon conductive
adhesive tape. The sample were coated with Au/Pd (80%/
20%) using a Q150T turbomolecular-pumped coating
system from Quorum Technologies with maximum sputter
current of 1 pA and a maximum sputtering time of 90
seconds. The Au/Pd-coated sample was then analysed
using a JSM-7100F Field Emission Scanning Electron
Microscope from JEOL Microscopy, operating at an
accelerating voltage of 5 KkV.

(a) With Bubbles

Direction
of gravity

(b) Without Bubbles
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Result and discussion
Gas-solid interface during crystallisation

Fig. 2(a) shows that many crystals formed on the bubble
surfaces, and Fig. 2(b) shows that many crystals formed on
the wall surfaces and some crystal formed in the solution
and sank on the bottom of the capillary due to gravity.
Fig. 2(a) shows that the crystals formed on the interface of
the gas bubbles, which were much larger than the crystals
formed on the wall surfaces in the solution without gas
bubbles, shown as Fig. 2(b). It was consistent with report that
the presence of gas bubbles could improve the protein crystal
growth.>® The first observation of crystals in the solution
without gas bubbles were always on the inside capillary wall,
while the first observation of crystals in the solution with gas
bubbles were always on the gas bubbles. In the experiments
without gas bubbles, the formation of tiny crystals on the
capillary wall, as fouling, due to heterogeneous nucleation on
the capillary wall.'' In the experiments with gas bubbles,
crystals preferred to nucleate on the gas bubble surface.
Fouling could lead to troubles in heat transferring and
process  control,>®> and, especially for continuous
crystallization of proteins,®® with much longer operation
period to reduce the risk of blockage and maintain the

6

Fig. 2 Microscope images and schematic images of crystal formation in the solution: (a) 60 mg mL™ lysozyme, 0.55 M NaCl with (a) and without
(b) helium gas bubbles. (c) Schematic diagram for floating crystals grown on the bubbles. (d) and (e) two examples of the curved crystals initially
grew on the bubble template obtained in this solution with helium gas bubbles.
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mixing efficiency. As shown in this work, gas bubbles as
template could be a possible technology to limit the fouling.

The SEM images of the lysozyme crystals show a curved
surface of each crystal in Fig. 2(d) and (e) instead of normal
tetragonal shape without the gas bubble. The curved surface
were observed in nearly all the crystal nucleated on the gas
bubbles, but the curved surface areas were different. Crystals
with different part-spherical curved surfaces resulted by the
nucleation on the gas surface and crystal growth blocked by
the air bubble template, which were dependant on the crystal
growth direction. Some of the curved surfaces were porous
surface and some were smooth surface, but no correlations
were found with concentrations of lysozyme and the salts. It
is worth to mention that due to the strong attachment
between the curved crystal with gas bubble, at early stage of
crystal growth, there was limited chance the gaps appeared
between the curved crystals with gas bubble surfaces. As
shown in our previous work,*® the gas bubble surface
attached on the crystals maintained the shape while the gas
bubble surface without attaching on the crystals shrank
much faster. It is very interesting to observe that crystals
formed on the bubble surface were able to float, as shown in
Fig. 2(a) and (c), proving the strong attachment of the crystals
on the gas bubbles. The crystals that floated with bubbles or
those sank to the bottom can be easily distinguished by
rotating the capillary. When the buoyant force overcame the
gravity of the crystals (the volume of crystals was estimated to
be smaller than 1.2 times of the bubble), the bubbles floated
with crystal. Oversized crystals crystallised on the air bubble
surface dragged the bubble together to sink to the bottom,
which was observed in a few cases. The curved crystal surface
and the floating crystals in this work, as well as the rotation
of the crystals in previous work,*® all revealed the strong
attachment of crystal on the gas bubble surface and the
interactions between the protein molecules with the gas
molecules on the solid-air interface.

The yield increased with increase in the lysozyme
concentrations as expected. The solubility of lysozyme was
7.9 mg mL™" at the experimental temperature of 20 °C with
1.1 M NaCl precipitation solution (0.55 M in the mixed
solution)."” The lysozyme concentration raised from 25 mg
mL™ to 60 mg m™" and supersaturation increased from 3.2
to 7.6, leading to the higher yield at the end of experiment.
Larger crystals were obtained with high concentration of the
lysozyme at the end, due to longer growth period,*® but much
higher of the lysozyme concentration may decrease the
average crystal size due to the dominating effect of the crystal
nucleation over the crystal growth as reported in literatures.*
The mean crystal size at 55 h increased from 149.6 pm in 25
mg mL™" lysozyme solution to 268.3 um in 50 mg mL™"
lysozyme solution. In the 60 mg mL™" lysozyme experiment,
the mean crystal size reduced to 203.4 pm due to formation
of much more crystals.

Four different gases, He, N,, O, and CO,, were tested in
the microfluidic device with solution of the same volume at
50 mg mL™" lysozyme and 0.55 M NaCl. The same size of the

This journal is © The Royal Society of Chemistry and IChemE 2023
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gas bubbles was injected shown in Fig. 1, and different size
of the gas bubbles remained at final stage of the experiment,
shown in Fig. 3(a-d). All the bubbles of different gases
shrank (decrease in average size), and the shrinking rates
were different. Fig. 3(d) shows CO, bubbles shrank most than
the bubbles of the other gases in the solution, due to its
highest solubility in the solution. Despite the different
degrees of shrinkage for all the gas bubbles, the crystals
formed on the bubble surfaces were still strongly attached to
the gas bubble surface. Some crystals on the bottom of the
capillary were observed in the solutions with He, N,, and O,
bubbles, but there were all above 80% of crystals formed on
bubble surfaces of all types, and almost 100% of the crystals
formed on the CO, bubble surface.

Fig. 3(e) shows a higher solubility of the gas linked to
formation of more crystals. There was a highest possibility of
the crystal forming on the CO, bubble surfaces, crystals on
CO, bubbles were most, and the lowest possibility and lest
crystals were on He bubbles. It is noted that CO, is an acidic
gas, but it was found that pH in the solution did not change
within the range of CO, addition in this work (tested in
experiments), due to the acetate buffer solution used in
protein crystallisation. Based on the experimental condition
that 0.04 mol of carbon dioxide in 1 L solution,*® and the
maximum carbon dioxide concentration that could be
dissolved in the solution was about 0.01 M estimated with its
solubility of 0.878 mL mL™" in water. The maximum amount
of dissolved CO, was much smaller than the acetate buffer
concentration. In addition, the pK, of carbonic acid was
about 6.4,>° which was within the buffer range of acetate
buffer. Despite no change of pH in bulk solution, but local
pH changes near the CO, gas-liquid interfaces may influence
the nucleation on the air bubble surfaces.***'

The mean lysozyme crystal sizes at 56 h were 268.3 pm,
207.5 pm, 349.6 um and 325.2 um in the solution with
bubbles of He, N,, O, and CO,, respectively. The mean size of
crystals obtained in the solution with He and N, bubbles was
smaller than the crystals obtained in the solution with
bubbles of oxygen and carbon dioxide. Solubilities of He, N,
0O, and CO, in 1 ml fresh water at 20 °C and under
atmospheric pressure are 0.0138, 0.0164, 0.031, and 0.878 ml,
respectively.®” The trend in mean crystal size was similar to
the trend of gas solubility. The yield estimated by eqn (3) in
the solution with CO, bubbles was the highest, 48.1 mg
mL ™, more than four times than that in the solution with
the N, bubbles.

Fig. 3(f) shows with increase of the gas polarizability, the
percentage of crystals formed on the bubble surfaces tended
to increase. The covariance between these two variables were
found to be 0.05, and the square of the correlation coefficient
(R?) was calculated as 0.80, which indicate a moderately
positive linear correlation between the polarisability of the
gas and the percentage of crystals formed on the bubble
surfaces. The gas polarizability could impact the interactions
with protein molecules in the solution. The isoelectric point
of lysozyme was pH 11 and the lysozyme was partially

Mol. Syst. Des. Eng., 2023, 8,1275-1285 | 1279
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Fig. 3 Crystallisation at 56 h in helium (a), nitrogen (b), oxygen (c) carbon dioxide (d) with scale bar of 100 um. (e) Population densities of
lysozyme crystals obtained with 50 mg mL™ lysozyme and 0.55 M NaCl vs. gas solubilities®” for different gases. (f) Percentage of crystals formed
on the gas bubble surface vs. the gas polarizability.3® Error bars for the variations in repeated experiments and dash lines for a guiding.

charged under the acidic buffer.”” There were possible two
kinds of interactions®® and attractive forces. A stronger
interaction was electrostatic force due to partially charged
molecules and van der Waals force was the weaker
interaction between lysozyme molecules and gas due to their
induced dipoles. These interactions could induce adsorption
of more protein molecules on the bubble surface,
contributing to nucleation process. It is noted that the
percentages of crystals forming on the bubble surface in the
solution with different gases followed the same trend of zeta
potentials (in the pH neutral environment) of these gases,
oxygen < nitrogen < carbon dioxide.****> The links between
crystal products and gas properties could provide guidance
for selectively protein crystallization, and it is worth in
further investigations on other gas types, which could
contribute to better understanding of the complex system
and progress involving gas-solid-liquid interfaces. With
these new phenomena and detailed analysation, we want to
explore a new and complex and multidisciplinary (surface,
crystallisation, colloid, gas) system and inspire more further
research to have a fully understanding the underpinning
mechanism.

Gas-liquid interface before crystallisation

After the crystallisation solution with equal size bubble
injected into capillary, shown in Fig. 1(b), before
nucleation the bubbles average size of the gas bubbles in

1280 | Mol Syst. Des. Eng., 2023, 8, 1275-1285

capillaries gradually reduced, shown in Fig. 4(a). Fig. 4(c)
shows that the bubbles of the gas with high solubilities
had a smaller average bubble size at the final stage. The
bubbles of all kinds of gases had an obvious reduction of
average bubble size due to dissolution, and the percentage
reduction of the average gas bubble diameters was in the
order of He < N, < O, < CO,, which was consistent with
the order of their solubility in the solution. The average
bubble sizes of helium, nitrogen, oxygen and carbon
dioxide were 372.3 + 29.8 um, 328.8 + 5.0 um, 317.6 *
15.7 pm, and 153.8 + 9.8 pm at the end of experiments,
respectively.

Despite the decrease in average size of the air bubbles
(overall gas bubble shrinkage), many bubbles became smaller
with time but many bubbles became larger than initial stage,
shown in Fig. 4(a). Therefore, the variations of the bubble
sizes highly increased, and the gas bubbles can be easily
sorted into groups of either large or small diameter. The
phenomenon was due to the Ostwald ripening as a result of
Laplace pressures difference among bubbles,*® shown in
Fig. 4(b). Laplace pressure, AP, measures the pressure
difference between inside and outside of a curved gas surface

in a liquid, and for a spherical bubble it is*’
2y

AP:7 (4)

where y is the interfacial tension and r is the radius of the
bubble. As the bubbles existed in the same liquid medium

This journal is © The Royal Society of Chemistry and IChemE 2023
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with same gas composition, the difference in bubble
pressures is their difference could be given as
1 1
AP =2y — - = 5
(- 7) 5)

where r; and r, are the radius of different bubbles. During
the bubble generation in the microfluidic chip, the bubbles
were in uniform size, despite of some slight differences of
the bubble radius. At the beginning of the experiment, the
average bubble sizes for He, N,, O, and CO, were recorded in
the capillary to be 406.9 + 12.2 pm, 438.5 + 14.1 pm, and
397.7 £ 12.6 um, and 389.9 + 10.3 um, respectively. The size
variation among each type of gas bubbles was quite small,
below 5%. This small variation in sizes was able to generate
the gradient of gas pressure as provided in eqn (5).*® The
slightly larger bubble was able to draw in the gas diffused
from the slightly smaller bubble, shown in Fig. 4(b).
Correspondingly, the smaller bubbles continued to shrink,
and the larger bubbles continued to expand, to form small
and large groups of gas bubbles.

This journal is © The Royal Society of Chemistry and IChemE 2023

Fig. 4(d) shows that for He, N,, and O, gas bubbles, the
average size of large-bubble group was higher than the initial
size of the bubbles. The size splitting of gas bubbles between
the small-bubble and large-bubble groups of N, and O, were
about 350-410 pm, and the size splitting for He and CO,
were much less, below 200 pm. The He bubbles were
relatively stable with less diffusion, but, for CO, bubbles, the
large size bubbles tended to dissolve due to high solubility,
resulting in less variations of the large-bubble and small-
bubble group bubbles.

The shrinkage was dependent on the gas solubility and
was also influenced by the concentration of the protein in
the solution. With same gas, the change of the average
bubble size decreased in higher protein concentration
solution, shown in Fig. 5(a) as an example of solutions with
different concentration of protein and all with same helium
gas. The surfactant can lower the surface tension of the
bubbles, increase the elasticity of the bubble surface,
promoting the gas bubble stability in the solution.***° The
gas bubble could adsorb lysozyme molecules, covering the
gas-liquid interface, due to specific geometric distribution of
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Fig. 5 Change in average bubble size between 5 h and 56 h in the lysozyme solution of concentrations 25-60 mg mL™* with helium gas
microbubbles (a) and corresponding schematic diagrams of lysozyme adsorption on the bubble surface during the bubble shrinkage (b).

the hydrophilic and hydrophobic function groups in the
protein. This created an accumulation of proteins onto the
bubble surface and acted as a surfactant’® to reduce the
interfacial tension between the gas and the solution, to
reduce the gas dissolution rate in the solution,”® and,
therefore, to stabilise the gas bubbles in the solution. With
higher protein concentration in the solution, more lysozyme
molecules can be adsorbed on the bubble surface, enhancing
the stability of the gas bubbles, shown in Fig. 5(b).

It is proposed that before nucleation, the protein attached
onto the bubble surface, as reported in literatures.”>>* The
adsorption was likely to induce a local supersaturation
around the gas bubble and the higher Ilevel of
supersaturation at the gas-liquid interface could promote the
protein nucleation. The phenomena were consistent with the
previous work and the literature that indomethacin
accumulated near the minute gas-liquid interface leading to
a local supersaturation increase during antisolvent
crystallisation.”>*®> The shrinkage of gas bubbles could drag
protein molecules attached on the gas bubbles surface
toward closer, shown in Fig. 5(b), leading to a higher local
concentration of protein molecules and higher local
supersaturation near the interface to accelerate the
nucleation. The promotion of the nucleation was consistent
with the previous work that the nucleation preferred to occur
on the gas bubble with a larger shrinkage.’® The nucleation
time were mainly in the range of 12-24 h, ensure the
nucleation occurred after injection of the crystallization
solution into the capillary. However, in this work, the
nucleation times were not systematically compared, because
it was difficult to determine the accurate nucleation times. In
the hanging drop experiments, one microscope image was
able to observe the whole droplet, but in this work for the
long capillary, more than five locates of each capillary were

1282 | Mol Syst. Des. Eng., 2023, 8, 1275-1285

used to observe the crystallization process, which still not
covered the whole capillary. It was not possible to predict
where the nucleation occurred firstly, and it would take long
time to check the whole capillary, inducing variations of the
temperature inside the capillary and the nucleation process.

Three stages in crystallisation with gas bubbles

The protein crystallisation is proposed with three stages:
adsorption of protein on gas-liquid interface, nucleation on
gas-liquid-solid interface, and crystal growth on gas-solid
interface. Fig. 6(a) shows a schematic diagram for free energy

(@)

adsorption

7 N\
3 %
P - Critical nuclei % & ..z....
" L
Proteinin . formation 5% ,
\
solution ‘ 000 e
(<D 2 YY) @\
> ® cee R
o s
— % \
g O; \‘ ..‘...
®
o Protein \ L?./
o \
i

Nucleation and Crystal Growth Process

Fig. 6 (a) Schematic diagram of the protein nucleation and crystal
growth processes with and without gas bubbles and (b) contact of
protein molecules with gas molecules at the gas-liquid interface.
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change during the crystallisation process with and without
gas bubble templates. Without gas bubble templates, the
nucleation occurred after across the free energy barrier
AGROmO for homogeneous nucleation, shown as dashed curve
in Fig. 6(a).

With the gas bubble templates, in the first stage,
adsorption stage, the protein molecules in the solution were
adsorbed rapidly at the gas-liquid interface, and the protein
molecules were assumed to form multiple layer structures
outside the gas bubbles during the adsorption process,
forming a network of protein molecules via hydrogen bonds
and van de Waals forces.”® The Gibbs free energy change
(AG) for the nucleation of a protein nucleus at the gas-liquid
interface after the adsorption process is:

AG = AGaqs + AGpye (6)

where AG,,. is the free energy change for the nucleation, and
AG,qs is the free energy change for the adsorption of proteins
at the gas-liquid interface, which can be estimated by:*®

AGads = _rAAﬂads (7)

where Gibbs absorption density I' is the number of moles of
protein molecules adsorbed per unit area, A is the surface
area, and Au,qs is the chemical potential change of protein. It
is worth mentioning that lysozyme, a globular protein has
strong conformational stability at the gas-liquid
interface.”**® The formation of adsorbed protein layers was
thermodynamically favoured, with negative AG,qs, and,
therefore, the free energy decreased with the adsorption of
protein on the gas bubble.”®

In the second stage, nucleation stage, heterogeneous
nucleation started on the gas-liquid interface and completed
with forming new gas-solid interface and gas-liquid-solid
interface. The protein molecules adsorbed on the gas surface
or the protein molecules very closed to the gas bubbles
started to form cluster (based on the classical nucleation
theory) or form concentrated liquid phase (based on the
secondary nucleation theory). With a foreign gas surface in
the solution, the heterogeneous nucleation free energy is
lower than the homogeneous nucleation free energy due to
the factor ¢, which is always below 1. The ¢ can be estimated
from contact angle, which is dependent on the interactions
of gas-liquid phase, gas—solid phase and liquid-solid phases,
shown in Fig. 6(b).

AGnuc = AGrac"™ = pAGri™ 8)

During the nucleation stage, the free energy increased, and
as the heterogeneous nucleation on the gas surface was
preferred comparing with the homogeneous nucleation, the
nucleation occurred on the gas bubble surface. It is noted
that there can be another two factors which contribute to the
nucleation compared with the heterogenous nucleation with
solid and rigid templates. The shrinkage of the gas bubble

This journal is © The Royal Society of Chemistry and IChemE 2023
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caused the protein molecules on the surface becoming closer,
possibility contributing to higher local concentration and
local supersaturation to accelerate the nucleation. The
dissolution of air molecules could increase the molecules
exchange and the molecular kinetics around the air bubble,
which might prompt the probability of colliding of the
molecules. The faster kinetics may facilitate the nucleation
around or on the bubble surface.*>*°

In the third stages, crystal growth stage, the crystals
grew larger on the gas-solid interface with the decreasing
free energy. The crystals nucleated on the air bubble
surface continued to grow larger, but the growth direction
towards the gas bubbles was blocked, forming curved face
on one direction and normal crystal face on the opposite
direction. The shape and size of the part-spherical curved
face were dependent on the nucleation location on the gas
bubble, size of the bubble, and the crystal growth
directions. The crystals nucleated on the gas-liquid
interface strongly attached on the gas bubbles, and many
of the crystals could float with gas bubbles in the solution,
but some very large crystals sank together with gas bubbles,
dependent on the buoyant force of the gas bubbles and the
gravity force of the crystals.

Conclusions

Protein crystallisation was performed in a microfluidic device
with the helium, oxygen, nitrogen, and carbon dioxide gas
bubbles as soft template. The crystallisation process was
proposed with three stages: adsorption of protein on gas-
liquid interface, nucleation on gas-liquid-solid interface, and
crystal growth on gas-solid interface. The protein molecules
adsorbed on the gas bubble surface and stabilised the gas
bubbles. The heterogenous nucleation occurred on the gas
bubble surface, which highly prevented the crystallisation
fouling inside the capillary wall. The gas bubble shrinkage
pulled the molecules closer, would contribute to the
nucleation preference. With equal concentrations, there were
most proportion of crystals on CO, bubbles and least on He
bubbles, and the total number of crystals followed the same
trend as the solubility and polarizability of the gases. The
crystals grown on the gas bubbles were strongly attached and
able to float in the solution. Part of the crystal growth was
blocked by the spherical gas bubble templates, and,
therefore, the part-spherical curved crystal surfaces were
formed with other crystal surfaces remained flat. This work
demonstrated the influences of the interactions among the
gas, solid and liquid phases on the protein crystallisation,
which would lead to potential applications of new systems
and platforms to design and control the protein crystal
products and the crystallisation processes.
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