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A B S T R A C T   

The stability of free-standing nanobubbles is a long-standing controversial problem due to the Laplace pressure 
catastrophe at the nanoscale. In most industrial circumstances, a large quantity of surfactants is required as 
stabilisers or emulsifiers to generate stable bubbles or foams. However, when surfactants exceed a certain level, 
they can adversely affect living organisms and pose environmental risks. Towards biomedical use, we investi
gated nanobubble generation through a mini-extruder in amino acid solutions. Herein, we considered glycine 
(having two acid dissociation constants, i.e. pKa values) and lysine (having three pKa values) as two model amino 
acids, conducting experiments with various concentrations (0.1 M, 0.5 M and 1 M), along with different pH 
values (above, equal to, and below the isoelectric points of each amino acids; 5.97 for glycine and 9.74 for 
lysine). Our results showcased the proof of concept that amino acids can stabilise nanobubbles in bulk for a few 
days. We achieved remarkable products of nanobubbles via nanopores by extrusion, with reproducible size 
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distribution and stability. We also compared the extrusion protocol with the commonly used ultrasound method. 
It turned out that extrusion generated samples with smaller sizes and higher concentrations than sonication. This 
study provides a reliable protocol for generating small-scale nanobubbles for biomedical use, showing great 
potential in drug delivery for medical treatment.   

1. Introduction 

Utilising micrometre-scale monodisperse gas bubbles as contrast 
agents in biological ultrasound imaging has been a well-established 
technique for decades [1]. However, the anticipated applications of 
these gas spheres, with sizes ranging from micrometres to hundreds of 
nanometres, extend far beyond this scope. Recent reports have demon
strated various nanobubble applications in enhancing the effectiveness 
of disease treatment at the cellular and molecular levels. Additionally, 
due to their biocompatibility combined with the ability to functionalise 
their surface to decrease detection in vivo, nanobubbles are considered 
suitable for various types of drug delivery, including controlled and 
targeted delivery [2]. Additionally, in some studies, nanobubbles have 
been suggested to possess anti-inflammatory, antibacterial, and wound 
healing-promoting effects [3]. However, despite the current advanced 
techniques for industry-scale preparation of nanobubble solutions, their 
biocompatibility is the greatest challenge in applying these products in 
biological fields [4]. In other words, nanobubbles intended for in vivo 
applications must ensure sterility and high stability, maintaining a 
consistent concentration and size over a certain period of time. 

To date, the stability of bulk nanobubbles generated in pure water 
remains controversial [5–11]. Internal gas pressure will significantly 
increase to tens of bars when the bubble size reduces to 100 nm as a 
result of the Laplace pressure over the reduced curvature. Classic 
diffusion theory predicts that nanobubbles will shrink rapidly in water 
in a timescale of less than 1 ms [12]. However, experimentalists reported 
the existence of nanobubbles over a larger timescale [13–15]. Rather 
than attempting to produce bubbles in pure water, a more common 
approach is to stabilise them with surfactants [16–19]. However, the 
widespread use of surfactants such as sodium dodecyl sulphate or 
cetyltrimethylammonium bromide typically has the serious downside of 
biological toxicity. Although some reports have utilised phospholipids 
or polymers to enhance the stability of nanobubbles, complex macro
molecules may lead to changes in bubble size [20], affecting the 
controllability of fabrication. Moreover, introducing lipids is non-trivial 
and may involve organic solvents. In addition, it may be necessary to 
introduce several other molecules may to meet biocompatibility re
quirements [21–23]. We hypothesise that non-toxic and biocompatible 
small molecule amino acids (such as glycine and lysine) may be a safer 
and more convenient approach to meet the biocompatibility re
quirements put forth for biological application of nanobubbles. 

Amino acids are natural biological components that not only come 
together to synthesise proteins but are also found in neurotransmitters 
and hormones [24]. They vary in size and configuration, each having 
their own unique feature that determines its function within the 
generated compound. Amino acids, with the exception of glycine, can be 
found in both L and D conformations, with the former being used for 
protein synthesis in mammals, and the latter generally being found in 
bacterial cell walls. In addition, D amino acids are associated with en
ergy breakdown, as well as diseases such as Alzheimer’s, and are 
therefore considered toxic to humans [25]. Applying the L conformation 
of amino acids as a protective or targeting layer on nanobubbles lowers 
the risk of adverse effects as degradation of this layer in vivo simply 
releases low concentrations of non-toxic components. In addition, as 
amino acids function to bind to each other, the generation of custom
isable coatings is a possibility. 

This study pursues a simple approach to produce low-toxic 
biocompatible nanobubbles for biomedical applications, addressing 
the challenge of creating stable nanobubbles with conventional 

technology. Traditional methods such as hydrodynamic cavitation, 
compression-decompression cycling, or probe sonication often require 
large and expensive equipment that is difficult to sterilise and poses a 
risk of contaminating cell cultures. To overcome these limitations, we 
are inspired by our previous work on lipid bilayers using a mini-extruder 
that is commonly used to generate monodispersed liposomes at the 
nanoscale [26,27]. The mini-extruder is cheap, easy to handle at various 
temperatures, and can be sterilised in an autoclave, making it ideal for 
small-scale production in a lab. The 200 nm nanopore membrane 
incorporated in the mini-extruder system of our work renders a credible 
size control of nanobubbles and, meanwhile, filters out the bacteria, 
preventing contaminations. In addition, this method allows for easy 
fusion of various gases for different purposes. The integration facilitates 
the research of nanobubbles in biomedical engineering for drug de
livery, ultrasound imaging, and cancer therapy. 

In this study, we utilise common amino acids to generate bulk 
nanobubbles with a mini-extruder in conjunction with nanopore mem
branes. Herein, we chose glycine (with two pKa values: pK1 = 2.34, pK2 
= 9.60, and pI of 5.97) and lysine (with three pKa values: pK1 = 2.18, 
pK2 = 8.95, pK3 = 10.53, and pI of 9.74) as two model amino acids [28]. 
Amino acids have a key property that they are positively charged at a pH 
below pK1 and negatively charged above the pK2 or pK3, and exist on 
average as neutral zwitterionic molecules at the isoelectric point (IEP or 
PI). This characteristic enables amino acids to interact with gas bubbles 
differently depending on the pH. Thus, we hypothesise that nanobubbles 
can be stabilised with surface charges under varying pH conditions. In 
our experiment, the mini-extruder, commonly used to prepare mono
disperse vesicles and liposomes, is utilised to generate nanobubbles in 
amino acid solutions after being equipped with a submicron porous 
membrane. We characterised and compared the bubble size, concen
tration, and solution zeta potential of the nanobubble solutions obtained 
at different concentrations and pH levels of amino acids and compared 
them with the corresponding control group. 

2. Materials and methods 

2.1. Materials 

Glycine (≥ wt 99 %) and L-lysine (≥ wt 99 %) were directly pur
chased from the Sigma-Aldrich. Milli-Q water was from the Milli-Q® 
Direct Water Purification System with a conductivity of 18.2 MΩ. The 
stock solution for amino acids was prepared with a concentration of 1 M. 
Hydrochloric acid (HCl, 37 % w/w) was purchased from Sigma-Aldrich, 
and sodium hydroxide (NaOH, ≥ 99 wt%) was purchased from Chem
Supply for solution pH adjustment. 

2.2. Nanobubble solution generation 

The stock solutions of the amino acids were made with Milli-Q water 
(measured pH = 7 ± 0.1) at a concentration of 1 M. For the stock so
lution and the corresponding diluted solutions, the pH measured by pH 
metre (HI5521, HANNA) is 6.2 ± 0.01 in glycine and 10.3 ± 0.01 in 
lysine. Based on the glycine’s IEP of 5.97 and that of lysine is 9.74, we 
prepared three different pH samples (above, near, and below the IEP of 
the amino acid) solutions for glycine at pH = 1.9 (< IEP), pH = 5.9 (~ 
IEP), and pH = 10.0 (> IEP), and another three for lysine at pH = 1.9 (<
IEP), pH = 9.8 (~ IEP), and pH = 11.4 (> IEP), to verify the pH effect on 
the nanobubble’s size and concentration. The pH of the samples was 
adjusted by sodium hydroxide solution (1 M) and the hydrochloric acid 
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solutions (10 % w/w). 
The mini-extruder (Avanti Polar Lipid, Inc.) was used to generate 

nanobubbles. We first prepared a 200 nm polycarbonate membrane 
filter (Isopore™) and placed it into the centre of the mini-extruder be
tween the two syringe tips (inset, Fig. 1). We then filled three-quarters of 
one syringe (Fig. 1, left) with the desired amino acid solution and one- 
quarter of the other syringe (Fig. 1, right) with air. Subsequently, we 
assembled both syringes onto the mini-extruder, pushing the solution in 
the left syringe slowly through the membrane to the syringe on the right, 
followed by the reverse operation of pushing solution/air in the right 
syringe through the filter to the syringe on the left. The liquid was cycled 
between the two syringes 10 times. Finally, the solution is collected from 
the syringe on the right for characterisation. 

A Probe sonicator (VCX 750, Sonics & Materials, Inc.) was used to 
generate nanobubble solutions for comparison. The amplitude was set to 
100 %, and a 5-second pulse wasapplied when sonicating. The amino 
acid solutions were sonicated for 10 minutes in total, and an ice bath 
was applied to maintain the temperature of the samples. 

2.3. Characterisation 

The generated nanobubble solutions and the control group samples 
(stock solutions with no nanobubbles) were characterised by a Nano
particle Tracking Analysis (NTA) system (Nanosight NS300, Malvern 
Panalytical) and Dynamic Light Scattering (DLS) instrument (LiteSizer 
500, Anton Paar). The zeta potential was measured with LiteSizer 500. 

3. Results and discussion 

We hypothesise that: (i) nanobubbles can be generated when gases 
infuse in water by passing through nanopores; (ii) amino acids can act as 
biological surfactants to stabilise nanobubbles. In this study, we tried to 
verify our hypothesis and generate nanobubble in amino acid solutions 
through nanopores via a mini-extruder. We examined the size distri
bution and zeta potential of nanobubbles at different pH levels. Addi
tionally, we compared the efficacy of nanobubble generation between 
the mini-extruder and sonication methods. 

The mini-extruder is commonly employed for the preparation of 

monodisperse vesicles, liposomes, and lipid bilayers [27,29,30]. As 
illustrated in Fig. 1, a porous polycarbonate membrane filter is placed 
between two Teflon O-rings and positioned within the sealed chamber of 
the extruder, with needles of glass syringes attached to both sides in an 
air-tight manner. As pressure increases inside the extruder during the 
advancement of one piston toward the other, gas oversaturation occurs, 
leading to cavitation and bubble formation as the solution passes 
through the porous membrane. Utilising a substantial amount of lipids 
and surfactants, nanobubble production using the mini-extruder has 
been demonstrated to be feasible [31]. Therefore, we attempted to 
prepare nanobubble solutions solely using simple amino acid solutions 
via the mini-extruder and validated their feasibility through various 
characterisation techniques. 

3.1. Nanobubbles by extrusion 

The solutions produced by the mini-extruder were analysed using 
NTA to obtain the concentration of nanobubbles. Fig. 2 shows that both 
glycine (pH = 6.2) and lysine (pH= 10.3) solutions demonstrated a large 
concentration of nanoparticles after ten extrusion cycles at the three 
concentrations (0.1 M, 0.5 M, and 1 M), with sizes ranging from 
approximately 70 to 150 nm. The results show that the nanobubble size 
shifts towards larger values as the concentration increases for both 
glycine and lysine solutions. Meanwhile, at the lowest amino acid con
centration of 0.1 M (black curve), the nanobubble size distribution 
exhibited excellent uniformity, with the half-width being smaller than 
other concentrations within the same group. This is particularly evident 
in the lysine solution, where the peak intensity reached nearly 8 × 106 

particles/ml. However, compared to the lysine solution, the peak of the 
nanobubble size distribution in the glycine solution was lower, 
approaching 4 × 106 particles/ml. Nevertheless, the peak intensity in 
lysine solution at all three concentrations exceeded 5 × 106 particles/ml. 

The concentration data (Fig. 2c and d), clearly indicates that the total 
concentration of nanobubbles in the lysine solution is higher than that in 
the glycine solution. In the glycine solution, the concentration of 
nanobubbles is similar for both 0.1 M and 0.5 M, at approximately 1.5 ×
108 particles/ml. In contrast, the concentration in the 1 M solution is 
significantly higher, reaching 2.6 × 108 particles/ml. In lysine solution, 

Fig. 1. Schematic description of the generation of amino acid nanobubble solutions generation using a mini-extruder. The inset shows the internal setup of the mini- 
extruder, and the SEM image illustrates the pores on the polycarbonate membrane with a scale bar of 500 nm. Made with Biorender.com. 
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the concentration of nanobubbles in lysine solution exhibits a distinctly 
different phenomenon. Although the concentration of nanobubbles in 
the 1 M solution (4.6 × 108 particles/ml) remains higher than other 
concentrations, the nanobubble concentration in the 0.5 M solution (3.0 
× 108 particles/ml) is less than that in the 0.1 M solution (3.6 × 108 

particles/ml), corresponding to the outstanding size distribution of the 
0.1 M lysine solution shown in Fig. 2. It is interesting that sizes of 
nanobubbles increase with the concentration of amino acids (Fig. 2), 
independent of the type of amino acids. In glycine solution, the average 
size of nanobubbles increases from approximately 82.1 ± 1.7 nm (0.1 M 
glycine) to approximately 122.4 ± 1.5 nm (1 M glycine). In lysine so
lution, the average size of nanobubbles increases from 91.6 ± 1.1 nm 
(0.1 M lysine) to 160.8 ± 0.8 nm (1 M lysine). 

Compared to glycine, the average size of nanobubbles in lysine 
samples is larger, consistent with the findings of Nafi et al. regarding the 
inhibition of bubble coalescence in amino acid solutions [32]. The team 
investigated the transmittance of bubble solutions in different amino 
acid solutions using a bubble column evaporator method and found that 
the free state of amino acids is highly efficient in preventing bubble 
aggregation and generating smaller bubbles. Due to its smaller size and 
weak hydrophilic properties, glycine, even in high-concentration solu
tions, forms aggregations around the bubbles, but the thickness of these 
aggregation layers is smaller than that of long-chain lysine. With its long 
carbon chain, aggregates in high-concentration lysine nanobubble so
lutions can be quite large, potentially protruding into the solution and 
causing some steric hindrance [33], making the aggregates appear 
longer. In the case of bubbles, they are predominantly located on the 
bubble surface, with side chains extending out, similar to their 

behaviour in proteins [34,35]. 
Spontaneous aggregation of amino acids may occur due to the 

presence of hydrogen bonds. However, without bubbles or other ho
mogeneous media, there is no effective way to control the size of amino 
acid spontaneous aggregation, leading to a broad size distribution 
observed in the NTA results. In systems containing bubbles, bubbles may 
mediate the behaviour of amino acids. Our previous paper found 
nanobubbles can effectively remove proteins from surfaces and prohibit 
proteins from attaching to surfaces under water [36], indicating a strong 
interaction between proteins and nanobubbles. Amino acid molecules 
are basic components of proteins, but smaller in size so that they can 
perform similarly to proteins. Interactions between bubbles and amino 
acids can prevent them from randomly aggregating. Comparing the data 
of the two groups of amino acids, we can conclude that lysine exhibits 
better concentration and more uniform size distribution. 

3.2. Lifespan of nanobubbles 

To evaluate the lifetime of nanobubbles, we continuously monitored 
the size of generated nanobubbles using a DLS instrument for 72 hours 
(Fig. 3). During these three days, the nanobubble solution generated by 
the mini-extruder was kept in the same cuvette in the DLS instrument 
and measured at a set temperature 25℃. Fig. 3 clearly shows uniform 
size at initial and dynamic size changes during the lifespan. The DLS 
mode size of nanobubbles in the glycine solution is smaller than that in 
the lysine solution, which is consistent with NTA results. Fig. 3a shows 
the size of nanobubbles in glycine solutions gradually increases, indi
cating the dynamic changes of bubbles, suggesting the Ostwald ripening 

Fig. 2. Concentration of nanobubbles (from NTA) generated by the extruder in 0.1 M, 0.5 M, and 1 M (a) Glycine and (b) Lysine solution (solid) and the control 
group results (hollow). The control group shows negligible amounts of bubbles. The total concentration of nanobubbles generated by the extruder in 0.1 M, 0.5 M, 
and 1 M (c) Glycine and (d) Lysine solution and the control group. The pH of glycine groups has a pH of 6.2, and the lysine groups have a pH of 10.3. 
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of the nanobubbles. An outlier at 72-hour in Fig. 3a indicates the 
emergence of some large-size domains, which could be bubble growing 
due to the coalescence of nanobubbles along with the Ostwald ripening 
over time. Fig. 3b shows that the lysine-nanobubble particles are rela
tively stable in a lifespan of 72 hours, but intensity gradually reduced, 
suggesting good stability of the lysine nanobubble solution. The dy
namic changes in size also render the colloids under characterisation as 
gas nanobubbles that are subject to diffusion by molecules other than 
nanoparticles or nanodroplets. 

We measured the zeta potential distribution of nanobubble solutions 
at different concentrations of amino acids, as shown in Fig. 4. It is 
interesting that, regardless of whether it was glycine or lysine, the 
nanobubble solutions exhibited zeta potential values above but close to 
0 mV. In the 0.1 M, 0.5 M, and 1 M glycine nanobubble solutions, the 
zeta potential values were 1.9 mV, 2.1 mV, and 2.7 mV, respectively. 
The lysine solutions were 1.1 mV, 0.8 mV, and 1.6 mV, respectively. The 
two sets of data did not show significant differences, suggesting bubble- 
induced changes in the groups present in the two amino acids. It is 
uncertain whether the interface of gas/water affects the charges linked 
to the dissociation of amino acids, which are specific to pH. 

3.3. pH study 

Amino acid molecules have both -NH2 (basic functional) and -COOH 
(acidic functional) groups that present in different forms at different pH. 
Since these groups have different acid dissociation abilities, so it is 
possible, via manipulation of the pH, to generate an amino acid that 
carries no net charge; i.e. they are in zwitterion form at their IEP. In 
solutions where pH determines the ions as H+ or OH-, amino acids 
exhibit different behaviours based on the pH relative to their isoelectric 
point. When the pH is higher than the isoelectric point, the acidic 
functional groups of the amino acids are fully neutralised, resulting in a 
net negative charge. Conversely, when the pH is lower than the iso
electric point, the basic functional groups are no longer dissociated, 
causing the amino acids to carry a net positive charge. Here, we chose 
the samples with a concentration of 0.1 M for both amino acid solutions 
to observe the effect of pH on the nanobubble generation[37,38]. In 
glycine, we chose three different pH samples of 1.9 (<IEP), 5.9 (= IEP) 
and 10.0 >IEP; in lysine, we chose another three different pH samples of 
1.9 (<IEP), 9.8 (= IEP) and 11.4 >IEP. 

Fig. 5 shows the concentration and size distribution of nanobubbles 
generated in glycine and lysine solutions under varying pH. At pH > IEP, 

Fig. 3. Stability of nanobubble Dynamic light scattering spectra of the particle sizes, tracked over 72 hours when the nanobubbles are generated by the extruder in 
0.1 M (a) Glycine at pH 6.2 and (b) Lysine solution at pH 10.3. 

Fig. 4. Zeta potential distribution of nanobubbles generated by the extruder in 0.1 M, 0.5 M, and 1 M (a) Glycine and (b) Lysine solution and the control group 
results. The pH of glycine groups has a pH of 6.2, and the lysine groups have a pH of 10.3. 
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both cases of glycine and lysine exhibit high concentrations. Nano
bubbles in glycine solutions (Fig. 5a) have a large concentration peak of 
~5 × 106 particles/ml at a size of ~73 nm at pH 10.0. Nanobubbles in 
lysine solutions have a concentration peak of ~4 × 106 particles/ml at a 
size of ~54 nm at pH 11.4 (Fig. 5b). At IEP, the glycine nanobubbles 
have a concentration peak of ~1.8×106 particles/ml at a size of 

~71 nm, and lysine nanobubbles have a concentration peak of 
~2.3×106 particles/ml at a size of 74 ± 2 nm. However, at pH < IEP (pH 
1.9), both cases show negligible peak concentration of the nanobubble 
solution < 5×105 particles/ml. It is a significant decrease at pH 5.9 
compared to pH 6.2. In the case of lysine (Fig. 5b), the particle con
centrations at pH 9.8 and pH 11.4 are also lower than those at pH 10.3 

Fig. 5. NTA concentrations of nanobubbles at different pH generated by the extruder in (a) 0.1 M Glycine with pH 1.9, pH 5.9, and pH 10.0 and (b) 0.1 M Lysine 
solution with pH 1.9, pH 9.8, and pH 11.4. Effect of pH on total nanobubbles concentration of nanobubbles generated by the extruder in (c) 0.1 M Glycine with pH 
1.9, pH 5.9, and pH 10.0 and (d) 0.1 M Lysine solution with pH 1.9, pH 9.8, and pH 11.4. 

Fig. 6. Zeta potential distribution of nanobubbles generated by the extruder in (a) 0.1 M Glycine with pH 1.9, pH 5.9, and pH 10.0 and (b) 0.1 M Lysine solution with 
pH 1.9, pH 9.8, and pH 11.4. 
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(Fig. 2b). 
For the mean size of the nanobubbles in each group, we do not 

consider the size at acidic conditions (pH 1.9), as their concentrations 
are negligible. Near the IEP, their sizes are 80 ± 4 nm (glycine) and 93 ±
2 nm (lysine). In basic environments (pH > IEP), the lysine nano
bubble’s average size decreases to around 72 ± 2 nm while the size of 
the glycine nanobubble grows a little to 87 ± 2 nm. The average sizes 
near IEP are comparable to the sizes of nanobubbles in unadjusted pH 
0.1 M amino acid solutions, suggesting that when the pH is close to IEP, 
changes in pH do not significantly affect nanobubble size. However, for 
lysine nanobubbles, the basic solution leads to a considerable shrinking 
of the bubble’s size around 20 nm, implying an impact of negative 
charge on lysine nanobubbles. 

Fig. 6 illustrates the zeta potential of nanobubble solutions of 
different amino acids at various pH values. We observe that under 
varying pH values, except for the glycine nanobubble solution at the IEP, 
almost all groups exhibit a positive zeta potential, above and close to 
0 mV. The glycine solution at IEP shows a zeta potential of − 20 mV. At 
the IEP, there are no net ions on glycine molecules, and glycine mole
cules are small, and their binding to nanobubbles may not add any zeta 
potential to bubbles. The measured zeta potential is close to that of 
uncoated nanobubbles of − 20 mV as previously reported [39]. This may 
explain the large shift in zeta potential in Fig. 6a for glycine and Fig. 6b 
with lysine samples at the IEP. 

At pH 1.9, we deem there are no nanobubbles as their concentration 
is negligible (Fig. 5a and b). The pH of 1.9 is lower than the IEP of both 
bubbles (pH 2 ~ 3) and amino acids; thus, the two are positively 
charged. Such a low pH value can significantly change the Stern layer 
structures and reduce the thickness of the electrical double layer, 
resulting in a strong positive charge density at the gas-water interface. 
Once nanobubbles were formed, the outward electrostatic pressure 
could be large enough to tear them apart as the inward Laplace pressure 
cannot counteract it [9,11]. Consequently, nanobubbles rupture, which 
is reflected in Fig. 5., where both glycine and lysine solutions exhibit 
negligible total concentrations at pH 1.9. 

At the IEP of amino acids, they (pH 5.9 for glycine) exist as zwitterion 
molecules, carrying no net charge. This will add marginal surface 
charges to nanobubbles, and the measured zeta potential of nanobubbles 
could be nanobubble themselves with a glycine skin. Similarly, at pH 
9.8, lysine molecules are at their IEP. Unlike glycine, lysine molecules 
have a longer side chain, and their interactions are slightly stronger than 
those of glycine, leading to slightly larger nanobubble sizes. The formed 
encapsulating lysine layer around nanobubbles will also interfere with 
zeta potential. 

At pH > IEP of amino acids, both amino acids carry a net negative 
charge (glycine at pH 10.0 and lysine at pH 11.4). This negative charge 
stabilises nanobubbles with electric repulsion between them. The 
repulsion leads to nanobubbles remaining small and numerous, akin to 
the behaviour of glycine. However, in some studies, nanobubbles’ long 
lifespan is associated with hydrogen bonds forming at the gas-liquid 
interface with the aqueous solution, forming a barrier that reduces gas 
diffusion[40]. The side chain of lysine sometimes participates in forming 
hydrogen bonds with negatively charged non-protein atoms[41,42]. The 
naturally occurring hydrogen bonds between nanobubbles and the 
water environment might add an extra layer of stability to the 
nanobubble-amino acid particles. This stability layer takes over the 
hydrogen bonds generated by the nanobubbles, allowing the amino 
acids to interact with the nanobubbles and partially encapsulates the 
hydrophobic chains around the nanobubbles. Therefore, at pH values 
higher than the IEP, lysine solutions exhibit larger nanobubble sizes and 
higher particle concentrations compared to glycine solutions. 

In comparing the sizes of nanobubble-amino acid particles, it is 
observed that the average sizes of the particles under different proton
ation states are very similar, with lysine-containing particles being only 
about 25 nm larger in each case. Glycine is the smallest and simplest 
amino acid, while lysine is one of the longest, so it seems 

counterintuitive that they should result in similarly sized particles. 
However, lysine possesses a long hydrophobic chain, which likely in
teracts with and wraps around the hydrophobic nanobubbles. In this 
way, the interaction of the amino acid does not result in hair-like par
ticles. Similar to glycine, the backbone is the only part of lysine that 
interacts with the aqueous solution, leading to particles with a similar 
appearance. This interaction mechanism, combined with the filter in the 
extruder, defines the size of the generated bubbles, resulting in particles 
of similar sizes. The only difference lies in the packing of the amino acids 
and the presence of the additional amine group in lysine. Given that the 
concentrations of negatively charged amino acids are relatively similar 
(see Fig. 5c and d), and knowing that the amino acid concentration is the 
same for all samples, it can be inferred that if the hydrophobic side chain 
of lysine wraps around the bubble, there might be additional unbound 
lysine in the solution. Alternatively, the side chain might enter the 
bubble to avoid the aqueous environment, leaving the backbone on the 
surface. This configuration would result in lysine’s outward structure 
being similar to glycine’s but smaller in size. 

3.4. Comparison of extrusion and sonication 

To further explore the characteristics of nanobubble solutions 
generated by the extruder, we processed 0.1 M amino acid solutions 
using extruder and probe ultrasound methods, yielding different out
comes. As depicted in Fig. 7a, probe sonication produces a broader size 
distribution and lower concentration than the extrusion protocol. The 
nanobubble size distribution induced by probe sonication appears 
broader, ranging from approximately 50 nm to 200 nm, with multiple 
size distribution peaks evident in the lysine solution. In contrast, the 
nanobubble size distribution generated by the extruder exhibits higher 
peak intensities and better uniformity in size distribution. Fig. 7b illus
trates that the average size of nanobubbles produced by the extruder is 
smaller than those produced by probe sonication. Furthermore, in 
Fig. 7c, the total concentration of nanobubble solutions generated by the 
mini-extruder in lysine solutions demonstrates superior results 
compared to the other three groups. Fig. 7d shows the zeta potentials of 
the four samples. The two samples treated with probe sonication have a 
negative zeta potential of ~ − 30 mV. 

This greater uniformity observed by the extruder system is attributed 
to the use of a filter, which was not applicable to the probe sonicator. 
However, we note that the two methods result in relatively similar-sized 
particles, with the sonicator samples only being ~40 nm larger. This 
indicates the readiness of the free amino acids to bind to the generated 
nanobubbles, as well as the preference of amino acids for bubble size, 
without the need for mechanical sheer to drive the interactions. The 
major difference is observed in the particle’s zeta potential (Fig. 7d). The 
particles produced by probe sonication have a much lower zeta poten
tial, − 30 mV, which is comparable to the zeta potential of naked 
nanobubbles [43,44]. The extruder particles exhibit positive zeta po
tential but close to 0 mV in this study (Figs. 4 and 6), indicating different 
stability mechanisms from ultrasound. 

Ultrasonic mechanical waves have been applied in the modification 
of proteins, which led to the unfolding of proteins, and the side chains of 
amino acids were altered or enhanced hydrogen bond [45]. The change 
in the amino acid would then affect the interaction and subsequent 
orientation of the amino acid on/in the generated nanobubbles. During 
ultrasound treatment, cavitation occurs and generates free radicals that 
facilitate hydrogen bonding between water molecules and/or amino 
acids. Gathering -OH at the interface of the gas bubble and water 
possibly induces a negative zeta potential, which further stabilises the 
bubbles. 

4. Conclusion 

In summary, this paper presents the generation of nanobubbles sta
bilised by amino acids using a mini-extruder. We successfully generated 
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stable, monodispersed nanobubbles of a high concentration that can 
persist for a few days in amino acid solutions. When comparing the 
glycine and lysine solutions, the latter produced a higher nanobubble 
concentration. Increasing the amino acid concentration leads to larger 
sizes and more bubbles. Again, lysine gave rise to higher concentrations 
and larger sizes than glycine. We achieved an acceptable concentration 
of nanobubbles (~ 100 nm) using a small number of amino acids (~ 
0.1 M). Our pH study shows that nanobubbles are not favourable at low 
pH ~ 2. At a pH close to the IEP of amino acids, where they are pre
dominantly found in their zwitterionic configuration, glycine contrib
utes minimally to the size and concentration of nanobubbles as 
manifested by negative zeta potential, while lysine has slightly larger 
nanobubbles due to its longer side chain. We achieved a substantial 
amount of nanobubbles at a pH above the IEP of amino acids as the 
negative charge stabilises nanobubbles through electrostatic repulsion. 

When comparing sonication and extrusion, we found that extrusion 
produced a sample with a narrower size distribution and higher con
centration in both glycine and lysine solutions. The biggest difference 
between extrusion and sonication was the resulting zeta potential. 
Sonication produced negatively charged bubbles, while extrusion pro
duced slightly positive charges. This study provides evidence of gener
ating nanobubbles coated with amino acids. It is a relatively simple 
process that allows small-scale production of nanobubbles, offering an 
opportunity for future drug delivery using nanobubbles as carriers sta
bilised by amino acids. 
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10.3) nanobubble solutions. The data of (a), (b), and (c) were collected using a nanoparticle tracking analysis (NTA) system. The (d) data was collected using a 
dynamic light scattering (DLS) system. 
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